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Abstract

Proteins are large macromolecules consisting in one or more chains of amino acids. Their

role is of great importance in cells, accomplishing specific tasks which are coded in the

genes. To understand the function of a protein, knowing its 3D structure is a key point.

Solid - state NMR provides powerful techniques that can be applied to determine the

structure of protein fibrils and protein complexes that cannot be solved with standards

methods, as X - ray crystallography and solution - state NMR. In fact, solid - state NMR

does not require the protein to form nice crystal for diffraction or high solubility of the

sample.

Structure calculation based on NMR data combines chemical information from the sam-

ple (amino acid sequence, bond length and bond angles) with restraints and constraints

derived from experimental data. The most commonly used classes of constraints and

restraints are torsion angle restraints and distance restraints and constraints. These data

can be obtained from the analysis of solid - state NMR spectra.

In the first part of the thesis we present two examples of applications of solid - state NMR

methods for protein structure determination. In Chapter 1 we present the structure of

the Amyloid β (1 - 42) fibrils. This protein belongs to the amyloid fibrils family, which

play a role in different neurodegenerative diseases, including Alzheimer’s disease. Firstly,

we obtained the chemical shifts of the fibrils from 2D and 3D spectra. These spectra

show a well formed fibrils, with 13C line width in the order of 0.5 ppm. We identified

the presence of 5 β - strands in the protein and we deduced the parallel in - register β

sheets architecture. The stretch of residues 11 - 14 are not rigid and invisible in solid

state NMR spectra, therefore we calculated the structure of the rigid part of the protein

(residues 15 - 42).

In Chapter 2 we introduced a new hybrid approach that combines solid - state NMR

methods with cryo - electron microscopy data. We described this method and applied it

for the structure determination of the filaments composed by the PYRIN domain of the

mouse ASC protein. The two techniques provide complementary information, leading

to an overall comprehensive description extending beyond the power and resolution of

cryo - EM or solid - state NMR alone. In the first step of this approach, we used the

dihedral angle restraints obtained from solid - state NMR together with the structural

information of the cryo - EM density map. This leaded to a well converged structure of

the backbone. To increase the precision of this approach, we refined the initial structure
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adding solid - state NMR distance restraints and distance constraints. These two final

steps were important to obtain more information on the side chains position.

In the second part of the thesis, we proposed two new approaches that can be applied in

solid - state NMR, efficient in the fast MAS regime. In this regime, the main factor that

limits resolution in 13C spectra is the presence of the homonuclear J - coupling. This

interaction is challenging to remove during the detection of the NMR signal. In Chapter

3 we discuss the applications of a family of J - decoupling sequences, the Spin State

Selective Excitation, to obtain high resolution 13C spectra. We present here possible

applications of these sequences to obtain highly resolved correlation spectra that can be

used for the assignment of proteins backbone atoms.

In Chapter 4 we present a new approach to obtain highly resolved 15N - 13C intermolec-

ular correlations. These correlations can be used in structure determination of proteins

as source of information on the stacking of the monomers. The 3D TEDOR experiment

we performed combined information on long range inter molecular 15N - 13C contacts

with a intra residue 15N - 1H correlations. The strong restriction that the 15N and 1H

have to belong to the same residue allowed to dramatically reduce the ambiguities of the

inter molecular 15N - 13C constraints, which is usually a limiting factor in distance re-

straints experiment. We have used the so-obtained correlations in an automatic structure

calculation of the HET-s fibrils.
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Sommario

Le proteine sono grosse macromolecole, consistenti in una o più catene di amino acidi. Il

loro ruolo è di fondamentale importanza nelle cellule, svolgendo compiti specifici che sono

codificati nei geni. Per determinatre la funzione di una proteina, la conoscenza della sua

struttura in 3D è un punto fondamentale. RMN stato solido fornisce potenti tecniche che

possono essere applicate per determinare la struttura di fibrille e complessi di proteine

che non possono essere determinate con metodi standard, come cristallografia a raggi X e

RMN stato liquido. Infatti, RMN stato solido non richiede che la proteina formi cristalli

per la cristallografia e non richiede una sua alta solubilità

Il calcolo di strutture basato su dati da RMN combina informazioni chimiche del cam-

pione (sequenza di amino acidi, lunghezzae dei legami e angoli dei legami) con vincoli

ottenute da dati sperimentali. Le classi più comune di vincoli sono su angoli di torsione e

vincoli di distanza. Questi dati possono essere ottenuti dall’analisi degli spettri di RMN

stato solido.

Nella prima parte della tesi, presentiamo due esempi di applicazioni di metodi da RMN

stato solido per la determinazione di strutture di proteine. Nel Capitolo 1 presentiamo la

struttura delle fibrille dell’amiloide β (1 - 42). Questa proteina risiede nella famiglia di

fibrille amiloidi che giocano un ruolo nelle malattie neurodegenerative, come la sindrome

di Alzheimer. In primo luogo abbiamo ottenuto gli spostamenti chimici (chemical shifts)

delle fibrille da spettri in 2D e in 3D. Questi spettri presentano fibrille ben formate con

una linea spettrale di 0.5 ppm. Abbiamo identificato la presenza di 5 fogli β nella pro-

teina e abbiamo dedotto la struttura parallela in - registrata di fogli β. I residui tra 11

- 14 non sono rigidi e sono invisibili negli spettri di RMN stato solido, dunque abbiamo

calcolato la struttura della parte rigida della proteina (residui 15 - 42)

Nel Capitolo 2 abbiamo introdotto un nuovo approccio ibrido che combina metodi di

RMN stato solido con dati di crio - microscopia elettronica. Abbiamo descritto questo

metodo e applicato per la determinazione di struttura dei filamenti composti dal dominio

PYRIN della proteina ASC del topo. Le due tecniche forniscono informazioni comple-

mentari, portando a una descrizione di insieme che va oltre il potere di risoluzione della

singola crio - microscopia elettronica o di RMN stato solido. Nel primo passo di questo

approccio, abbiamo usato i vincoli per gli angoli diedri ottenuti da RMN stato solido con

le informazioni strutturali della densità elettronica della crio - microscopia elettronica.

Questo ha portato a una struttura convergente della catena dorsale (backbone). Per
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aumentare la precisione di questo approccio, abbiamo rifinito la struttura inziale aggiun-

gendo vincoli di distanza da RMN stato solido. Questi due passi finali sono importanti

per ottenere più informazioni sulla posizione delle catene laterali.

Nella seconda parte della tesi, abbiamo proposto due nuovi approcci che possono essere

applicati nella RMN stato solido, efficienti nel regime di MAS veloce. In questo regime,

il fattore principale che limita la risoluzione negli spettri di 13C è la presenza del ac-

coppiamento J omonucleare. Questa interazione è complessa da rimuovere durante la

detezione del segnale di RMN. Nel Capitolo 3 discutiamo le applicazioni di una famiglia

di sequenze per il disaccoppiamento J durante l’acquisizione in spettri di 13C, le sequenze

di eccitazione selettiva di stati di spin. Presentiamo qui possibili applicazioni di queste

sequenze per ottenere spettri di correlazione ad alta risoluzione che possono essere usati

per l’assegnazione di atomi del bacbone delle proteine.

Nel Capitolo 4 presentiamo un nuovo approccio per ottenere correlazioni intermolecolari

tra 15N - 13C ad alta risoluzione. Queste correlazioni possono essere usate per il calcolo

di strutture di proteine come una sorgente di informazioni sulla simmetria dei monomeri.

L’esperimento in 3D TEDOR che abbiamo misurato combina informazioni su contatti a

lunga distanza fra differenti molecole di 15N - 13C con correlazioni nello stesso residuo

di 15N - 1H. La stringente restrizione che il 15N e il 1H debbano appartenere allo stesso

residuo ha permesso di ridurre drasticamente le ambiguità dei vincoli intermolecolari tra
15N - 13C, che solitamente rappresenta un fattore limitante negli esperimenti di vincoli

di distanza. Abbiamo utilizzato le correlazioni cos̀i ottenute in un calcolo di struttura

automatico delle fibrille del HET-s.
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Chapter 1

General introduction

1.1 Interactions in solid - state NMR

The relevant interactions for a spin-1/2 can be described with a Hamiltonian

Ĥ = ĤZ + ĤCS + ĤRF + ĤD + ĤJ . (1.1)

where ĤZ is the Zeeman Hamiltonian, which describes the interaction of the spins with

the static magnetic field B0, ĤRF is the radio frequency (RF) Hamiltonian, which de-

scribes the interaction of the spins with an applied RF field, ĤCS is the chemical shift

(CS) Hamiltonian, ĤD is the dipolar coupling Hamiltonian, which describes the through

space interactions between spins and ĤJ is the isotropic J-coupling Hamiltonian, which

describes the interaction mediated by binding electrons. The CS Hamiltonian, ĤCS, can

be written as

ĤCS = −
∑
k

γk
~̂
Ikσk ~B0 =

=
∑
k

γk (̂Ikx, Îky, Îkz)

σ
(k)
xx σ

(k)
xy σ

(k)
xz

σ
(k)
yx σ

(k)
yy σ

(k)
yz

σ
(k)
zx σ

(k)
zy σ

(k)
zz


 0

0

B0

 . (1.2)

Here γk is the gyromagnetic ratio of the nucleus k,
~̂
Ik represents the nuclear spin angular

momentum operator and σk is the chemical-shift tensor. The anisotropy δ of the tensor

is defined by

δ = σ(k)
zz − σ̄, (1.3)

where σ̄ is the trace of the tensor. The asymmetry η is given by

η =
σ

(k)
yy − σ(k)

xx

δ
. (1.4)

The CS observed in the spectrum depends therefore on the orientation of the chemical

shift tensor with respect to the external magnetic field.
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The dipolar coupling Hamiltonian, ĤD, can be written as

ĤD =
∑
ij,i<j

di,j

(
2Îiz Îjz −

1

2
(Î+
i Î
−
j + Î−i Î

+
j )

)
(1.5)

for the homonuclear case, where di,j is

di,j =
δ

(i,j)
D

2

1− 3 cos2 θi,j
2

(1.6)

and the dipolar coupling constant δ
(i,j)
D is

δ
(i,j)
D = −2

µ0γiγjh̄

4πr3
ij

, (1.7)

where γi represents the gyromagnetic ratio of spin i, rij the distance between spins i

and j, µ0 the magnetic permeability constant, h̄ the Planck’s constant and θij the angle

between the vector joining the spins and the external magnetic field B0.

Equation 1.5 can be simplified in the heteronuclear case to

ĤD =
∑
ij,i<j

di,j2Îiz Îjz (1.8)

since the terms Î+
i Î
−
j + Î−i Î

+
j become time dependent due to the different Larmor fre-

quencies and can be neglected as non-secular.

In the general case, the J-coupling Hamiltonian, ĤJ , can be written as follows

Ĥ (i,j)
J = 2πJ(i,j)Îi · Ŝj, (1.9)

where J(i,j) is the J-coupling constant between atom i and j. In the heteronuclear case,

the Hamiltonian can be simplified into

Ĥ (i,j)
J = 2πJ(i,j)ÎizŜjz, (1.10)

In the case of nuclei 1
2

in solution, the anisotropic part of the CS tensor (Equation 1.2)

as well as the dipolar coupling (Equation 1.5) are averaged out because of molecular tum-

bling. In the case of a powder sample, in which all possible orientation of the molecules

are present, the angular dependence of these interactions have to be taken into account.

Static spectra of samples containing multiple spins are challenging to investigate, due to

severe overlapping and line broadening. To circumvent this issue, Magic-Angle Spinning

(MAS) was introduced in the 1950s [1], [2]: the sample is spun at an angle θM ≈54.7◦ with

respect to the static magnetic field B0. Under this condition, the angular dependence of

the dipolar interaction as well as the anisotropy of the chemical shifts are averaged out

zero in a first-order approximation. This approximation is only valid if spinning rate is

much higher then the strength of the interactions.
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Nowadays, MAS frequencies up to 130 kHz are achievable [3]. Under this condition, the

anisotropy part of the chemical shift tensor as well as the dipolar interaction between low

γ nuclei (e.g. 13C and 15N) are averaged out in first order approximation.

The 1H - 13C and 1H - 15N dipolar coupling, on the other hand, is not averaged out effi-

ciently by MAS alone. Therefore, additional decoupling must be applied on 1H to obtain

high resolved 13C and 15N spectra. Examples of the multi pulse sequences commonly used

in solid state NMR are SPINAL-64 [4], TPPM [5], XiX [6]. Under slow MAS condition

(νr ≤ 40 kHz) the rf power used in these decoupling sequences is ∼ 100 kHz. On the

other hand, if νr ≥ 50 kHz, low - power decoupling can be applied [7], [8], as shown in

Chapter 4 and 5. The strong 1H - 1H dipolar coupling is also not completely averaged

out on this MAS regime. Therefore, to obtain high resolution 1H spectra, it is necessary

to dilute the proton network (i.e. by partial deuteration [9]) or to set the MAS frequency

to νr ≥ 100 kHz.

1.2 Recoupling techniques in solid - state NMR

To transfer the magnetization between nuclei, one can choose to use dipolar based or J

- coupling based experiment. In solid - state NMR the first type of transfer is normally

preferred, since the strength of the dipolar coupling is usually higher then the J - coupling

and permits faster transfer. On the other hand, INEPT [10] based experiment can be

implemented in fully protonated samples to obtain information on the flexible regions.

Since the MAS averages out in a first - order approximation the dipolar couplings, we

need to design experiments to recouple this interaction. The most common recoupling

experiment in solid - state NMR is the cross polarization (CP) [11], which transfers

magnetization between different type nuclei (i.e. 1H - 13C). Under MAS the resonance

condition is

nIωI + nSωS + nrωr = 0, (1.11)

where ωI , ωS are the rf fields applied on the I and S spin, respectively, ωr is the MAS

frequency and nI , nS, nr are natural numbers. To obtain dipolar recoupling nI , nS can

have the value of ±1, while nr can be ±1 or ±2.

At the chosen resonance condition, the magnetization oscillates between I and S and the

frequency of this oscillation is given by the dipolar coupling constant δD, defined in Equa-

tion 1.7. Due to the orientation dependence of the dipolar coupling, for a powder sample

a super position of the different transfer curves is observed. The maximum transfer effi-

ciency for the CP is 73%, while for long mixing time a equilibrium at 50% is eventually

reached. The transfer efficiency can reach 100% using an adiabatic version of the CP, as

shown in [12]. Another possibility to transfer magnetization directly reintroducing the

dipolar coupling is the TEDOR [13], as discussed in Chapter 5.

In literature, several mechanism for homonuclear transfer are proposed and can be di-

vided roughly in two groups. The first group reintroduces directly the dipolar coupling
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in the first - order average Hamiltonian theory. In the heteronuclear case, the CP and

TEDOR mentioned above belong to this group.

In these experiment, an interference between the rf applied and the MAS frequency is cre-

ated, leading to a non-zero effective dipolar coupling Hamiltonian. A frequently used first

order recoupling sequence is the DREAM experiment [14], in which one sweeps through

the HORROR condition (ωHORROR = ωr
2

in an adiabatic way. Possible applications of

this sequence are shown in Chapter 2 and 3 and leads to transfer mainly between directly

bonded 13C nuclei. The reason is that first - order recoupling techniques are subjected

to dipolar truncation.

Dipolar truncation is the effect that in the presence of a strong dipolar coupling, the

transfer of magnetization between spins which are weakly coupled (i.e. longer distance)

is strongly attenuated [15]. An easy way to understand this effect is to look at the effect

of a first - order dipolar recoupling techniques in a 3 - spins system, with r13 � r12. A

possible example would be to use a sequence which creates a zero - quantum first order

Hamiltonian on the form ( [16], [17], [18])

Ĥ (1)
ZQ =

3∑
i,j=1,i<j

di,j[Î
+
i Î
−
j + Î−i Î

+
j ] (1.12)

The density operator for this system, after having set the coupling between 2 and 3 (d23)

to zero, can be calculated using the Liouville von Neumann equation,

d

dt
ρ̂(t) = −i[Ĥ , ρ̂(t)] (1.13)

which gives the solution

ρ̂(t) = exp
(
−iĤ t

)
ρ̂(0)exp

(
iĤ t

)
(1.14)

for a time independent Hamiltonian. We can now calculate the transfer between spin 1

to 2 and 3 evaluating the density operator ρ̂(t) using Equation 1.14, with ρ̂(0) = Î1z.

Thus, we obtain the magnetization of spin 2 and 3 as

< Î2z > =
d212

d212+d213
sin2(ωt) (1.15)

< Î3z > =
d213

d212+d213
sin2(ωt) (1.16)

with ωt =
√
d2

12 + d2
13.

We can evaluate now the ratio between < Î2z > and < Î3z > as, since the dipolar coupling

constant is proportional to r−3

< Î2z >

< Î3z >=
(
r13
r12

)6 (1.17)

According to equation 1.17, if r13 � r12, the transfer from spin 1 to spin 3 is greatly

quenched. Therefore, to measure long distance 13C contacts in UL proteins, another
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approach has to be applied. The second family of recoupling techniques, the so called

second - order recoupling experiments, have been developed for this purpose. Additional

examples of these sequences are used in Chapter 2 and 3.

1.3 Sequential assignment

Solid - state NMR techniques can be used for protein structure determination. However

the information on the chemical shifts of the 13C and 15N are essential to achieve this goal.

The procedure, called sequential assignment, can be described by the following steps:

(i) Identify CS of backbone atoms belonging to the same residue (spin system)

(ii) Connect different spin system sequentially

(iii) Complete the assignment of spin system with side chains CS.
The goal is to identify chains of spin systems of sufficient length with a particular amino

acid sequence that happens only once in a protein. For small proteins, this procedure can

be obtained by 2D spectroscopy. However, for larger system, one needs a combination of

2D and 3D spectroscopy, as shown in Chapter 2 and 3. The identification of CS of back-

bone of the same residue can be achieved by a combination of 2D NCA and 3D NCACB:

both NCA and the CA-CB DREAM transfer the magnetization between directly bonded

atoms, rendering possible the identification of the N, the Cα and Cβ of the same residue.

For deuterated protein, an assignment strategy based on 2D [ 15N - 1H] can be used [19].

Additional 3D experiment, namely NCACO, CANCO and NCOCA allow to connect dif-

ferent spin systems sequentially. The procedure is to keep two known CS fixed (i.e. N and

Cα of the same residue, found in the NCACB) and find the third connected frequency in

the chosen experiment (i.e. the C′ of the previous residue in the CANCO).

As shown in Chapter 3, the small dispersion of CS in the carbonyl region can cause se-

vere overlap and increase the difficulty in the sequential assignment procedure. Therefore,

another set of experiments can be measure in which the C′ frequency is not recorded,

adding an additional transfer step. Examples of these experiment are the N(CO)CACB

and CAN(CO)CA.

The assignment of the residues can be completed by the CS of the side chains. To accom-

plish this task, additional 2D and 3D experiment can be measured, namely 2D DARR and

CCC and the relayed N(CA)CBCX, in which the Cα dimension is not recorded. With

the information on the CS of the backbone atoms, the assignment of the side chains can

be obtained in a similar way as for the backbone walk (i.e. two known frequency used to

connect with one unknown CS).
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Structure Calculation
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Chapter 2

Structure determination of the

Amyloid β (1-42) fibril

This chapter is based on two manuscripts by Francesco Ravotti, Marielle A. Wälti, Peter

Güntert, Roland Riek, Anja Böckmann, B. H. Meier and by Marielle A. Wälti, Francesco

Ravotti, Hiromi Arai, Charles Glabe, Joseph Wall, Anja Böckmann, Peter Güntert, Beat

H. Meier and Roland Riek.

Marielle prepared the samples for the screening and the one used for the assignment and

structure calculation. I measured the NMR spectra used for the assignment and the

structure calculation. Together with Marielle, we have assigned the protein and analysed

the distance restraints spectra. Together with Marielle and Peter, we have performed the

structure calculation and written the initial manuscripts.

2.1 Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder with still no known cure and

increasing incidence. The disease is characterized by the development and accumulation

of extracellular plaques in the brain. The senile plaques consist mainly of amyloid beta

(Aβ) fibrils [20], [21]. The Aβ is a peptide of 39-43 amino-acid residues and is generated

from the amyloid precursor protein (APP) by the proteolytic activities of β- and α-

secretase [22].

The amyloid fibrils of Aβ are a pathological hallmark of AD disease and may play a

central role in cell-to-cell transmissibility (reviewed in [23]) while their precise role in

toxicity is unclear. The characterization of the structure of Aβ fibrils is therefore crucial

for a detailed understanding of the aggregation process and the AD disease, as well as

for devising strategies for the development of interacting compounds.

The Aβ (1-42) fragment is the dominant Aβ species in the amyloid plaques of AD patients

[24], [25], [26], [27]. Although a generalized discussion of the biological activity of Aβ is

complicated by the presence of different polymorphs, Aβ(1-42) typically displays a higher
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propensity to form amyloid fibrils in vitro [28] [29], [30], and appears to be a more toxic

species than Aβ(1-40) and to aggregate faster. Most high-resolution structural studies

have been performed on Aβ(1-40) amyloid fibrils [31], [32], [33].

In addition to low resolution structural information on Aβ(1-42) fibrils from methods

such as mutagenesis studies, H/D exchange measurements, electron microscopy, solid

- state NMR, and X-ray fiber diffraction [34], [35], [36], [37], [38], [39], [40] recently a

solid - state NMR-based structural model based on 11 long-range distance restraints

became available [41]. It shows a single Aβ(1-42) molecule within a protofilament of the

fibril comprising a double horseshoe-like cross-β-sheet structure. Interestingly, a familial

mutant of Aβ(1-40) amyloid fibril shows a similar fold [33].

In this chapter we determine the 3D structure of a disease-relevant polymorph of Aβ(1-

42) amyloid fibrils at atomic resolution usind solid - state NMR techniques combined

with supplementary methods.

2.2 Results and discussion

2.2.1 Screening of conditions

Biophysical investigations of Aβ amyloids often indicate the presence of several poly-

morphs within a single sample. On the mesoscopic scale polymorphs distinguish them-

selves by the amount of twisting observed by electron microscopy (EM), the number of

filaments per fibril, and the diameter and MPL of the fibrils [42].

In solid - state NMR spectra different chemical-shift fingerprints and mixtures of poly-

morphs can be distinguished by the appearance of more than one resonance line per spin

probe [43], [44]. Therefore differences on the atomic scale are can be detected, leading to

a NMR-guided optimization of the fibrillization conditions using seeding steps.

In a first trial uniformly [13C,15N]-labeled Aβ (1-42) was fibrillized in phosphate buffer

(condition 0, Appendix A.1). We performed a 2D [13C-13C] 20ms DARR spectrum [45],

[46] on this condition, as shown in Figure 2.1 A - D, where the serine-containing part of

the 2D spectrum is highlighted. Aβ (1-42) comprises two serines and concomitantly two
13Cα-13Cβ cross peaks are expected, but under these conditions at least 6 cross peaks are

observed (Figure 2.1 A). This indicates the presence of at least three polymorphs under

this conditions.

We made a second attempt using 100 mM sodium chloride (NaCl) and seeding decreased

the polymorphism in the sample dramatically. However, still six serine peaks were ob-

servable (Figure 2.1 C).

In contrast, Aβ (1-42) at concentrations of either 30 or 100 M in phosphate buffer with

100 mM NaCl and 100 M ZnCl exhibited a single set of cross peaks as demonstrated for

the two serine cross peaks assigned to Ser 8 and Ser 26 (Appendix A.1, conditions 2 and

4; Figure 2.1 B - D). Finally, we choose condition 2 for further studies because the seeds
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were prepared under identical buffer conditions and yielded reproducible solid - state

NMR spectra of high quality without batch-to-batch variability. Moreover, as shown in

Appendix A.2, there are evidences that the chosen condition is relevant for AD disease.

Fibrils treated with heparin (condition 1, Appendix A.1), although clearly visible by EM,

did not sediment by centrifugation, and therefore no spectra could be recorded.
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Figure 2.1: Particular of serine’s region of 2D 20ms DARR spectra measured on different

samples. The spectra were measured on the same conditions at a magnetic field of 14.0 T and

MAS frequency of 13 kHz. In (A) and (C), at least 6 correlation are visible, while (B) and (D)

show only 2 serine cross peaks. Details on the sample preparation are shown in Appendix A.1

2.2.2 Sequential assignment

The selected [UL 13C-15N] fibrils of Aβ (1-42) show in average a linewidth of 0.5 ppm in

[13C-13C] correlation spectra (Figure 2.2).
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Residue N Nγ Nη Nζ C Cα Cβ Cγ Cδ Cε Cζ
1 Asp 34.7 - - - 171.8 54.1 41.6 179.0 - - -
2 Ala 117.3 - - - 175.0 50.5 23.8 - - - -
3 Glu 120.3 - - - 173.5 54.6 33.5 35.8 182.9 - -
4 Phe 122.8 - - - 175.3 56.9 41.7 139.5 132.8 130.73 127.6
5 Arg 127.0 - 69.8 - 174.6 55.3 33.1 27.4 44.1 - 159.7
6 His 125.8 - - - 171.8 50.8 29.9 134.4 116.7 - -
7 Asp 109.0 - - - 117.2 58.9 38.8 180.0 - - -
8 Ser 112.3 - - - 173.4 56.6 64.3 - - - -
9 Gly 120.8 - - - 173.5 43.3 - - - - -
10 Tyr - - - - 174.7 57.1 35.7 129.1 133.2 117.4 157.8
11 Glu - - - - - - - - - - -
12 Val - - - - - - - - - - -
13 His - - - - - - - - - - -
14 His - - - - - - - - - - -
15 Gln 123.9 - 107.5 - 173.9 54.1 31.5 34.1 177.7 - -
16 Lys 129.8 - - - 172.2 54.8 37.6 - - - -
17 Leu 123.7 - - - 174.9 54.7 45.2 29.1 25.86, 22.8 - -
18 Val 128.5 - - - 174.2 60.0 35.7 20.9 - - -
19 Phe 115.4 - - - 174.7 60.2 40.6 140.0 131.0 130.0 128.4
20 Phe 121.6 - - - 174.6 56.7 40.5 140.0 134.1 130.7 127.4
21 Ala 116.3 - - - 177.2 52.7 21.4 - - - -
22 Glu 120.0 - - - 175.4 54.4 32.4 35.5 180.8 - -
23 Asp 116.3 - - - 175.7 55.9 41.5 180.2 - - -
24 Val 115.6 - - - 177.2 59.3 35.8 22.9, 20.9 - - -
25 Gly 111.9 - - - 174.1 48.1 - - - - -
26 Ser 117.0 - - - 172.8 56.2 65.7 - - - -
27 Asn 129.2 109.9 - - 174.0 53.1 43.0 175.4 - - -
28 Lys 111.1 - - 32.2 175.6 54.9 35.3 26.7 30.7 42.2 -
29 Gly 123.6 - - - 171.3 48.5 - - - - -
30 Ala 119.4 - - - 175.9 50.8 21.6 - - - -
31 Ile 124.1 - - - 173.7 59.7 44.7 27.8, 18.9 14.6 - -
32 Ile 119.1 - - - 174.5 60.1 41.4 27.7, 19.1 14.4 - -
33 Gly 109.2 - - - 172.7 45.8 - - - - -
34 Leu 116.2 - - - 178.7 56.9 42.0 26.3 21.2, 27.6 - -
35 Met 122.6 - - - 173.4 54.8 36.6 30.9 - 17.2 -
36 Val 113.9 - - - 175.1 60.7 34.5 21.7 - - -
37 Gly 112.6 - - - 172.6 45.4 - - - - -
38 Gly 116.5 - - - 175.2 48.7 - - - - -
39 Val 125.2 - - - 174.1 59.5 35.8 20.9 - - -
40 Val 126.6 - - - 174.0 61.1 35.2 21.2 - - -
41 Ile 127.8 - - - 173.6 60.0 40.1 27.9, 19.2 14.6 - -
42 Ala 130.8 - - - 182.0 53.3 23.7 - - - -

Table 2.1: Chemical shifts of Aβ (1-42) fibrils in ppm
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Figure 2.5: Sequential assignment graph showing all carbon and nitrogen atoms of Aβ (1-42)

by circles. The assigned atoms are shown in black, whereas the unassigned ones are shown in

grey. The graph was designed with the software CcpNMR 2.3 analysis [47], [48]

A single set of resonances can be identified in the DARR and NCA of in Figures 2.2

and 2.3 with a few additional resonances, which were visible in 2D spectra, but not be

detected in 3D spectra. We believe that these resonances represent a minor polymorph.

The intensity of the intra-residue cross peaks of those resonances is less than 5% of the

main form.

NCOCX, NCACX, NCACB, and CANCO spectra allowed the sequential assignment of

the backbone atoms of the protein (excluding residues 11-14, which were not visible in

any of the spectra). 3D CCC and 2D DARR spectra were recorded to complete the

assignment of the side-chains, as proposed in [49], [50] Using this procedure, we assigned

90.5 % of the backbone and 77% of the side-chains atoms (90.5% of nitrogen, and 80.5 %

of all carbon atoms, respectively). A representative sequential walk using the NCACX,

NCOCX, and CANCO spectra is depicted in Figure 2.4. Furthermore, the sequential

assignment graph reflecting the completeness of the assignments on a residue-per-residue

basis is shown in Figure 2.5.

The experimental details are shown in Table 2.2. The assigned chemical shifts can be

seen in Table 2.1.

In order to assess whether the resonances for residues 11-14 are missing due to fast

dynamics, we performed a 1H-15N INEPT-based 2D correlation experiment to check for

the presence of highly flexible residues in the fibrils. However, this spectrum was devoid

of any peaks. Therefore we concluded that the missing 4-residues stretch presents an

intermediate range (µs correlation times) of motion, rendering it invisible in CP- as well

as INEPT-based experiments.

A comparison of the chemical shifts of this Aβ (1-42) with previously published Aβ (1-42)

and Aβ (1-40) is depicted in Appendix A.3.

2.2.3 Secondary structure determination

We performed the identification of secondary structure elements by the analysis of the

so-called secondary chemical shifts (∆δCα - ∆δCβ): that is defined as the difference be-

tween measured 13Cα chemical shifts and corresponding random coil 13Cα chemical shifts
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and subtracted the difference between measured 13Cβ chemical shifts and corresponding

random coil 13Cβ chemical shifts [51].

In this approach, we defined a β strand by at least three consecutive resonances with a

value of the secondary shifts difference ∆δCα - ∆δCβ < -1.4 ppm [51].

We could identify five β-sheets using this approach, namely between residues 2 - 6 (β1),

15 - 18 (β2), 26 - 28 (β3), 30 - 32 (β4), 39 - 42 (β5). Just requesting that ∆δCα - ∆δCβ

is negative would add another beta strand at residues 20 - 22, as shown in light red in

Figure 2.6.
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Figure 2.6: Secondary structural elements for Aβ (1-42) fibrils from secondary chemical shifts.

The line is interrupted where data are missing. β-strands are assumed where the secondary

chemical shifts are lower than -1.4 ppm for three residues in a row (red arrows). An additional

putative beta strand with three negative values in a row but not reaching the -1.4 ppm limit is

indicated in light red. For the glycines, the ∆δCα shifts are displayed in grey.

Next, we performed [13C-15N]-PAIN and [13C-15N]-TEDOR experiment [52] on a mixed

labeled sample (ML) of fibrils composed by exclusively 13C-labeled and exclusively 15N-

labeled Aβ (1-42) monomers in a 1 : 1 ratio. We then compared the resulting spectra with

a NCA spectrum of the UL sample. All the intraresidual 13C-15N-cross peaks identified

in the NCA spectrum and labeled with black letters in Figure 2.7 are also present in the

[ML 13C-15N]-PAIN spectrum. This indicates that nitrogen and carbon frequencies of the

same residue, but from different monomers, are in close spatial proximity, as in the case

of in-register parallel β-sheets.

This was found for β-strands β2 to β5. No cross peaks belonging to β-strand β1 could

be obtained from these experiments, therefore no information about its in registry could

be obtained.

In addiction, no cross-peaks for the residues Leu 17, Asp 23, Met 35, Ile 41, and Ala

42 could be seen in these spectra, most of which are not located in β-strands (Figures

2.7). Full details of these experiments are shown in Table 2.3. Additional information

extracted from the hydrogen/deuterium (H/D) exchange are presented in Appendix A.4.
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2.2.4 Distance restraints spectra

We performed long distance [13C-13C] experiments, such as 200 ms DARR, 400 ms

DARR [53], 8 ms PAR [54] and 400 µs CHHC to obtain distance restraints to use in

the structure calculation procedure.

We defined as restraint a spectral unambiguous (i.e. only one possibility of assignment in

each dimension, with 0.2 ppm of tolerance) correlation between 13C atoms which belong

to amino acids that are far apart in the primary sequence (i.e. more than 3 residues).

The experiments were measure on [UL 13C-15N] and on a diluted samples. The diluted

sample contains uniformly [13C-15N]-labeled Aβ (1-42) and natural abundance (NA) Aβ

(1-42) monomers in a ratio of 1:3.

We classified restraints as inter- or intra-molecular (or ambiguous in this respect) accord-

ing to the intensity ratio between the UL sample and the diluted sample. Cross-peaks

were classified as intra-molecular contacts if the intensity ratio IDil/IUL > 0.8 with a

standard deviation margin above 0.4. Cross-peaks were classified as inter-molecular con-

tacts if the intensity ratio IDil/IUL < 0.4 with a standard deviation margin below 0.8. No

classification was done in any other cases. Corresponding traces of the individual spectra

of the two samples are compared in Figures 2.8 (C) and (D) . Details on the experiment

condition are shown in Table 2.3.

From the dilution analysis we could identify three spectrally unambiguous inter-molecular

cross peaks, defining contacts between two pairs of residues (Gln 15 - Met 35, Leu 17

- Met 35). Moreover, 7 intra-molecular correlations defining contacts between 6 residue

pairs were found (Figures 2.8 (E), 2.11 (A) and Table 2.5). A detailed analysis of repre-

sentative traces for the correlations can be found in Appendix A.5, while a summary of

all the restraints is shown in Figure 2.9 .
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Figure 2.9: Overview of all the maually assigned distance restraints. The x- and y-axes

show the amino acid sequence of Aβ (1-42). Filled squares display an interaction between the

respective residues. Intra-molecular contacts are depicted in black and inter-molecular distances

in red, whereas distances with ambiguities are colored in cyan.

2.2.5 Mass-per-length measurement

One important parameter necessary for the structure determination of an amyloid fibril

is the mass-per-length (MPL) measurement using Scanning Transmission Electron Mi-

croscopy (STEM) [55], [56], [57]. The number of molecules per layer (i.e. per 0.48 nm)

can be determined combining the result of this measurement with the knowledge that Aβ

(1-42) amyloid fibrils are composed of an in-register intermolecular parallel cross-β-sheet

entity with a repetition rate at every 0.48 nm (i.e. the distance between two β-strands

across the β-sheets), as shown in Paragraph 2.2.3.

The MPL measurements were done on two Aβ (1-42) amyloid fibrils samples coming

from two independent batches: one sample was fully 13C,15N-labeled and the other one

unlabeled. Both samples were evaluated separately (with a MWTheor = 4772 Da for the

30



13C,15N-labeled sample, and a MWTheor = 4517 Da for the unlabeled sample).

A total of 537 MPL measurements were manually performed on single filaments, which

were distinguished from multimeric fibrils by eye. The analysed data, visible in Figure

2.10, show a clear peak at an MPL value of 1.9 kDa/Å. This suggests the presence of

two Aβ (1-42) molecules per 0.48 nm .

A small peak at MPL of 3.8 kDa/Å, which would correspond to four molecules per 0.48

nm, was attributed to a lateral stacking of two filaments.
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Figure 2.10: (A) STEM image of unstained, freeze-dried Aβ (1-42) fibrils. Only the ends of

the fibrils are used for the MPL measurements and are marked with white lines. (B) Result of

the MPL experiment with number of measurements with a given mass per length as indicated.

The number of monomers per layer of a cross-β-sheet fibril is highlighted with green dotted

lines. The MPL measurements indicate two monomers per layer.
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2.2.6 The 3D structure of Aβ (1-42) fibril

We used the following information for the first 3D structural model of Aβ (1-42) fibrils:

(i) The measure of two molecules per layer (STEM) and the presence of a single

set of resonances positions two symmetrically equivalent Aβ (1-42) molecules per

subunit.

(ii) Dihedral angle restraints −200◦ ≤ φ ≤ −80◦ and 40◦ ≤ ψ ≤ 220◦ (45) were

applied for the residues involved in a β-strand, as defined in paragraph 2.2.3.

(iii) 2 x 32 inter-molecular hydrogen bond restraints were implemented for residues

in these five β-strands.

(iv) 81 either spectrally unambiguous medium- and long-range distance restraints

or restraints with low spectral ambiguity (Table 2.5) identified in 200 ms DARR,

400 ms DARR, 8 ms PAR and [ML 13C-15N]-PAIN spectra.

(v) partially unstructured N-terminus (residues 1-10), seen in the [ML 13C-15N]PAIN

spectrum and in limited proteolysis with proteinase K experiments. The result of

this experiment is shown in Appendix A.6.
Using this information, we calculated a manual 3D structure composed of 2 x 3 Aβ

(1-42) molecules with CYANA [58]. The restraints we used in the calculation are shown

in Figure 2.11 (A) plotted onto the structure.

In a second step, we performed an automatic structure calculation using, in addition to the

input data described above, automatically picked peak lists from [13C-13C] CHHC, [13C-
13C] PAR and [ML 13C-15N] PAIN spectra and assigned using an iterative process [59].

This procedure yielded 551 additional restraints (Table 2.4) and resulted in a well con-

verged structure with an average target function of 1.90 Å2 for the final bundle comprising

the 10 best conformers and a backbone RMSD of 0.89 Å for residues 15 - 42 of the two

molecules in the central layer, as shown in Figure 2.13-2.14-2.15 and Table 2.4.

The 3D structure of the automatic calculation superimposes well with the structure from

the manual calculation (Figure 2.12). Residue pairs supported by automatically assigned

cross peaks are displayed in Figure 2.11 (B).
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Figure 2.11: (A) Unambiguous distance restraints used for the manual structure calculations

are plotted onto the final 3D structure. Distance restraints between residues (indicated by one

letter code) are color coded in red for inter-molecular restraints, in black for intra-molecular ones,

and in blue for unambiguous restraints, which could be either of inter- or intra-molecular nature,

respectively. Solid lines indicate spectrally unambiguous restraints (within 0.2 ppm), dashed

lines restraints with low ambiguity as shown in Table 2.5. The 3D structure is represented

by the backbone of the two symmetric Aβ (1-42) molecules in one layer color-coded yellow

and orange. In (B) distance restraints assigned during the automatic structure calculation by

CYANA are displayed onto its corresponding 3D structure.
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2.3 Conclusions

In this chapter, we presented the sequential assignment of Aβ (1-42). Using 2D and 3D

experiments, we fully assigned two stretches of residue 1-10 and 15-42. Intermolecular

contacts coming from the [13C-15N]-PAIN and [13C-15N]-TEDOR experiments suggest a

parallel in-register β-sheet architecture.

We performed structure calculation using input coming from STEM measurement, H/D

exchange, limited proteolysis together with NMR-based data, such as dihedral angles,

hydrogen bonds and distance restraints and constraints.

The dimeric double horseshoe Aβ (1-42) structure that we obtained, shown in Figure

2.13-2.14-2.15 and2.16, is of much greater complexity than the peptide amyloid struc-

tures determined by X-ray crystallography [39].

It comprises some of the amyloid-typical structural motifs such as in-register cross-β-sheet

secondary structures and Asn/Gln ladders, but the complexity of the fold appears to be

dictated by burying maximally the hydrophobic side-chains, a feature usually assigned

to soluble evolved proteins and functional amyloids [60].

If maximizing hydrophobic compactness is requested to a sequence that has not been

functionally evolved, rather unique structural features may thus arise. Such as the two

sequential aromatic side-chains (i.e. Phe 19 and Phe 20) facing both the hydrophobic

core, or the two negatively charged side-chains (i.e. Glu 22 and Asp 23) facing both the

solvent, as well as the rather now well documented cross-β-sheet motifs and Asn/Gln

ladders mentioned above [39].

While not evolutionary evolved, it is noteworthy to mention that also the structure pre-

sented here has been undergoing a selection pressure (albeit a rather primitive one)

through three cycles of seeded polymerization starting from a series of polymorphs, which

are distinct in the core structure since there are significant differences in the chemical

shifts for residues Leu 17, Ser 26, Ile 31, and Leu 34 in the various samples and poly-

morphs, as shown in Figure 2.1.

Further support for the indication that the presented structure is ”fit” in a seeded poly-

merization, is the high similarities of chemical shifts and concomitantly structural sim-

ilarities with the Aβ (1-42) fibril samples of the Ishii and the Griffin groups (Appendix

A.3), which also were prepared via seeded polymerization albeit under different aggrega-

tion conditions [41], [61].

Based on this discussion, the 3D structure of Figure 2.13-2.14-2.15 and 2.16 may thus

represent the conformation of a fast-replicating and ”fit” polymorph. Since replication

and cell-to-cell transmissibility are believed to be key mechanisms in AD [62], [63] it

is not surprising that the presented Aβ (1-42) polymorph is recognized by the same

conformation-specific antibodies as the plaques in AD brain slices (Appendix A.2). Thus,

the presented 3D structure may be regarded as the culprit of Aβ (1-42) fibril replication

in AD.
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Within this hypothesis it is interesting to note that all the known familial Alzheimer’s

mutations that are localized in the core of the presented core structure (i.e. K16N, A21G,

E22Q, E22G, E22K, E22∆, D23N) may favor the determined 3D structure (Figure 2.16,

pink colored side chains). While most of them may attenuate inter-molecular charge re-

pulsion (i.e. K16N, E22Q, E22G, D23N and E22K), A21G and E22G may rather relax

the backbone restraints due to the quite peculiar side-chain arrangements of F19-F20 and

E22-E23 (Figure 2.13), respectively.

In contrast, the further known non AD-linked single nucleotide polymorphism within

this segment that cause a missense mutation (i.e. V39I, G38V, G38S, G38C, V36M,

I32V, I31V, F19L, V18M) are all conservative mutations (with the exception of G38S

and G38C) without expected structural consequences on the Aβ (1-42) fibril structure.

In summary, we obtained a 3D structure of a Aβ (1-42) fibril polymorph composed of a

complex interplay of hydrophobic interactions and Asn/Gln ladders, that hold together

four in register cross-β-strands, may be regarded the causative agent of Aβ (1-42) fibril

replication in AD. It could thus open an avenue for a comprehensive understanding at

atomic resolution of key aspects of AD including replication, and cell-to-cell transmissibil-

ity as well as structure-assisted developments of potent anti-AD drugs and AD diagnostic

markers.

2.4 Experimental Methods

2.4.1 Expression and purification

The plasmid construct containing a N-terminal His-tag followed by a solubility tag

(NANP)19 was inserted in Escherichia coli and purified as described previously [64].

The peptide was produced according to the required labeling schemes: UL peptide for

the resonance assignment and collection of restraints for the structure calculation, ML

peptide in a ratio of 1:1, and a diluted sample with UL monomers diluted in unlabeled

ones in a ratio of 1:3 for the differentiation of intra- and inter-molecular restraints.

The lyophilized material was dissolved with 10 mM NaOH with the help of a sonication

bath (3 times 30 s sonication with 50-60 % power, interrupted by 1 min cooling on ice).

To remove large aggregates, the sample was ultracentrifuged for 1 h at 126,000 g. The

concentration was adjusted as listed in Appendix A.1.

Further phosphate buffer was added to a final concentration of 100 mM at pH of 7.4

and the required additives were added in the sample. Fibrillization was performed un-

der various shaking conditions at 37◦ as indicated in Appendix A.1. Seeding was done

for 3 generations, 10% of the grand-parent generation was used as seeds for the parent

generation, and again 10% for the daughter generation, respectively.
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2.4.2 Rotor filling

After the last seeding step, the fibrils, made up of 1520 mg peptide, were centrifuged

at 30,000 g over night (SW41-TI swinging bucket, optima L90-K, Beckmann) and re-

suspended in MilliQ water. The fibrils were washed for 3 days by gentle shaking. The

pellet was again centrifuged at 30,000 g over night, the supernatant was discarded and

the fibrils were packed into a 3.2 mm Bruker rotor by ultracentrifugation using a filling

device [65]. The drive tip was sealed with epoxy glue (Araldit blue) in order to prevent

dehydration of the sample.

2.4.3 Solid - state NMR spectroscopy

The 2D NCA and DARR experiment, performed for sample screening and the TEDOR

were measured on a Bruker AVANCE III 600 MHz spectrometer using a 3.2 mm triple

resonance probe.

All spectra for the sequential assignment, as well as the experiments measured to derive

distance restraints were measured on a Bruker Avance II+ 850 MHz using a Bruker 3.2

mm triple-resonance probe. The sample temperature was determined, using the water

resonance frequency, to be around 4◦C. All spectra were apodized with a Shifted Sine

Bell window function (SSB of 2.2 2.7). The processing was done by TopSpin 3.1 (Bruker

Biospin) and the analysis was performed with CcpNMR analysis 2.3 [47], [48].

All experimental parameters are displayed in Table 2.2 and Table 2.3.

2.4.4 Structure calculation

Structure calculations followed the protocol established for fibril structure determinations

by solid - state NMR with CYANA [33].

A first structure calculation was performed using only the manually assigned distance

restraints listed in Table 2.5. This structure was subsequently used as additional input

for a structure calculation with automated distance restraint assignment [59].

The first cycle of combined automated distance restraint assignment and structure cal-

culation was skipped and replaced by the aforementioned manual structure calculation.

In all calculations hydrogen-bond restraints for the β-sheets, backbone torsion angle re-

straints, and symmetry restraints [66] were used. 500 conformers were calculated using

35,000 torsion angle dynamics steps in CYANA [58].

The final structure was calculated as a consensus structure bundle [67] of 10 conformers

with lowest target function values that are used to represent the 3D structure of Aβ

(1-42) fibrils. Structural statistics are given in Table 2.4.
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Table 2.4: Restraint and structure statistics.

  

Quantity manual and automated 
analysis 

manual analysis 

Conformational restraints (per monomer):a   

   Distance restraints from solid state NMR spectra:a 632 81 

      intraresidual 18 0 

      sequential (|i – j| = 1) 215 1 

      medium range (2 ≤ |i – j| ≤ 4) 202 21 

      long range (|i – j| ≥ 5) 197 59 

      intramolecular 507 20 

      intra- or intermolecular 108 58 

      intermolecular 17 3 

   Restrained hydrogen bondsb 16 16 

   Dihedral angle restraints (ϕ/ψ) 38 38 

Restraint violations:c   

   CYANA target function value (Å2) 1.90 ± 0.04 0.95 ± 0.34 

   RMS distance restraint violation (Å) 0.0023 ± 0.0005 0.0022 ± 0.0006 

   Maximal distance restraint violation (º) 0.19 0.09 

   RMS dihedral angle restraint violation (Å) 0.10 ± 0.08 0.018 ± 0.035 

   Maximal dihedral angle restraint violation (º) 1.99 1.01 

RMSD to mean for the central 2 monomers:   

   Backbone of residues 15–42 (Å) 0.89 ± 0.19 1.01 ± 0.16 

   All heavy atoms of residues 15–42 (Å) 1.14 ± 0.16 1.26 ± 0.14 
aEach group of symmetrically equivalent distance restraints is counted as a single restraint. Distance 
restraints with multiple assignments are classified by the assignment spanning the shortest residue range. 
aEach hydrogen bond was restrained by two upper and two lower distance bounds. 
cWhere applicable, the average value and the standard deviation over the 10 conformers that represent the 
NMR structure are given. 
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PAR ω1 ω2

I31,I32 - V36 I31 Cγ2 V36 Cγ1

I31 Cγ2

L17 - M35 L17 Cγ L17 Cε

L17 - I31, 32, 41 L17 Cγ I31 Cδ1

I32 Cδ1

I41 Cδ1

CHHC ω1 ω2

K16, L17, K28, K16 Hα I41 Qγ2

M35 - I41 L17 Hα

K28 Hα

M35 Hα

L17 - D23, I32 L17 Hγ D23 Hβ

I32 Hβ

L17, V24 - D23, I32 L17 Qδ1 D23 Hβ

I32 Hβ

V24 Qγ2 D23 Hβ

I32 Hβ

K28 - I32, I41 K28 Cγ I32 Qγ2

I41 Qγ2

G29 - I41 G29 Qα I41 Hβ

A30, V36 - G33 A30 Hβ G33 Qα

V36 Qγ2

G33 - V36 G33 Qα V36 Qγ1

Q15 - M35 Q15 Qε M35 Qε

L17 - M35 L17 Hγ M35 Qε

F19 - N27 F19 Qδ N27 Qβ

F19 - I32 F19 Qζ I32 Hβ

K28 - I41 K28 Qδ I41 Qγ2

I31 - V36 I31 Qγ2 V36 Qγ1

L17, V24 - N27 L17 Qδ1 N27 Qβ

V24 Qγ1

V18, V24 - N27 V18 Qγ1 N27 Qβ

V24 Qγ1
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DARR ω1 ω2

L17 - L34 L17 Cγ L34 Cβ

K28 - I41 K28 Cδ I41 Cβ

K28 - A42 K28 Cδ A42 C

G29 - I41 G29 Cα I41 Cβ

I31 - V36 I31 Cβ V36 Cγ1

N27, A42 - A30 N27 Cα A30 Cα

A42 Cα

G29 - I32, I41 G29 Cα I32 Cγ2

I41 Cγ2

Q15 - M35 Q15 Cδ M35 Cε

L17 - M35 L17 Cγ M35 Cε

L17, V24 - M35 L17 Cδ1 M35 Cε

V24 Cγ2

F19 - G29 F19 Cε G29 Cα

F19 - I31 F19 Cδ1 I31 Cβ

K28 - I41 K28 Cδ I41 Cγ2

K28 - A42 K28 Cγ A42 C

G33 - V36 G33 Cα V36 Cγ1

L17, V24 - N27 L17 Cδ1 N27 Cβ

V24 Cγ2

G29, G38 - A42 G29 Cα A42 C

G38 Cα

L17 - I32, L34 L17 Cγ I32 Cγ1

L34 Cδ2

F19 - A30, V36 F19 Cζ A30 Cβ

V36 Cγ2

Table 2.5: Manually assigned restraints for the structure calculation. In grey are the intra-

molecular restraints, in pink the inter-molecular ones, and no color shows that the restraint can

not be classified as inter- or intra-molecular. The restraints have been collected from the PAR,

the CHHC or the DARR spectra as indicated and each restraint in the PAR and DARR are

derived from four cross peaks.
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Chapter 3

Structure determination of the

mouse ASC-PYD filament

This chapter is based on two publications:

Lorenzo Sborgi, Francesco Ravotti, Venkata P. Dandey, Mathias S. Dick, Adam Mazur,

Sina Reckel, Mohamed Chami, Sebastian Scherer, Matthias Huber, Anja Böckmann,

Edward H. Egelman, Henning Stahlberg, Petr Broz, Beat H. Meier, and Sebastian Hiller

2015. Structure and assembly of the mouse ASC inflammasome by combined NMR

spectroscopy and cryo-electron microscopy. Proceedings of the National Academy of

Sciences of the United States of America doi: 10.1073/pnas.1507579112.

Francesco Ravotti, Lorenzo Sborgi, Riccardo Cadalbert, Matthias Huber, Adam Mazur,

Petr Broz, Sebastian Hiller, Beat H. Meier, and Anja Böckmann 2015. Sequence-specific

solid - state NMR assignments of the mouse ASC PYRIN domain in its filament form.

Biomolecular NMR Assignments doi: 10.1007/s12104-015-9647-6. Me and Lorenzo wrote

the initial manuscript, which were revised by Sebastian, Anja and Beat. I performed

solid state NMR experiments and analysed the restraints spectra, Lorenzo the solution

state NMR experiments and Adam performed the structure calculation, combining cryo

EM and solid state NMR data.

3.1 Introduction

Inflammasomes are multiprotein complexes that control the innate immune response by

activating caspase-1, thus promoting the secretion of cytokines in response to invading

pathogens and endogenous triggers. Many of these complexes present a receptor to the

adapter protein ASC (Apoptosis - associated speck - like protein), that plays a central

role in eukaryotic innate immune response. Upon infection, multiple ASC molecules as-

semble to long filaments which facilitate procaspase-1 recruitment. ASC is composed

of two domains, the C-terminal caspase-recruitment domain (CARD), which is involved

in the recruitment of the caspase, and the N-terminal PYRIN domain (PYD), which is
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responsible for the formation of the filament.

In this chapter we present the structure of the mouse ASC filament produced in vitro

at atomic resolution. We describe furthermore a new hybrid approach between solid -

state NMR techniques and cryo - electron microscopy (cryo - EM) that have been used

to calculate the structure. Cryo - EM density maps do not recover disordered or dynamic

polypeptide segments, but solid - state NMR spectroscopy renders data from both the

rigid and dynamic parts of a molecular assembly. The two techniques thus can provide

complementary information.

Further comparison of solid - state NMR and solution - state NMR data are used to iden-

tify the interactions sites for the formation of the filament. Finally, the characterization

of the CARD domain using solid - state NMR experiments is presented.

3.1.1 Biological context

The innate immune system detects and responds to different types of pathogen - and

danger - associated molecular patterns (PAMPs and DAMPs, respectively) at minimal

concentrations via specific, germline - encoded pattern - recognition receptors (PRRs)

[68], [69], [70]. A subset of cytosolic PRRs respond to PAMPs and DAMPs by initiating

the assembly of cytosolic macromolecular inflammasome complexes [71], [72], [73] and

eventually leads to an inflammatory cascade. This cascade starts with the activation of

caspase-1 and the maturation of the inflammatory cytokines Interleukin 1β (IL-1β) and

Interleukin 18 (IL-18), leading eventually to apoptosis of the cell. It has been shown that

the structures of inflammasome complexes are crucial for the efficiency of the immune

response [71] [74]; moreover, malfunctions of such oligomers are related to human dis-

ease, such as cancer and autoimmune syndromes [75],. The signaling pathway from the

PRRs to the activation of caspase-1 is mediated in many cases by the bipartite adaptor

protein ASC (Apoptosis - associated speck - like protein), which consists of an N - ter-

minal PYD and a C - terminal CARD. The structure of the PYD and ASC monomer

has been determined by solution - state NMR methods ( [76], [77]), showing that these

domains tumble independently in solution and are connected by a flexible linker. In ASC

- dependent inflammasomes, the PYD oligomerizes upon interaction with the receptor

to form the so-called ASC speck, and the C-terminal CARD subsequently recruits the

inflammatory caspase. The large ASC filament thus forms the structural core of the ASC

- inflammasome [78].

3.2 Results and discussion

3.2.1 NMR screening of the filaments

In general, the atomic structure of filaments depends on the assembly conditions in vivo

and in vitro, and polymorphism is common in some systems [44], [79]. We characterized
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the homogeneity of the sample preparation by measuring solid - state NMR spectra,

namely 2D 13C - 13C 20 ms DARR (Figure 3.1) and 2D NCA (Figure 3.2), on the filaments

composed by the PYD alone (red spectra) and on the full length (FL) ASC (blue spectra).

These correlation spectra of both samples present narrow lines (line width of cross peaks

on the order of 0.5 ppm for 13C), which is a clear indication of a homogeneous sample.

The spectra of the filaments composed by the PYD alone look extremely similar to the

FL filaments, indicating that the CARD domain is essentially invisible in solid - state

NMR experiments. Further information on the CARD domain is shown in Paragraph

3.2.7. From the perfect correspondence of cross peaks, we can deduce that the presence

of the CARD does not perturb the structure of the PYD. We can conclude from the

analysis of the spectra that the scaffold of the filament is formed by the PYD alone and

the two domains are independent, as also shown in [76] for the monomeric form of ASC.
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3.2.2 Sequential assignment

After the observations presented in Paragraph 3.2.1, we used the UL [13C - 15N] sample

formed without the CARD domain.

We performed the standard set of 2D and 3D experiments [49], [50] to perform the

backbone walk, namely NCACO, NCACB, CANCO and NCOCA. The relayed 3D ex-

periments (NcoCACB and CANcoCA) where no evolution of the C′ was recorded due to

small dispersion of chemical shifts in this region, were fundamental to reduce the ambi-

guities in some stretches of the protein. For the C′-Cα transfer, which is critical for these

experiments, we have used the efficient band selective homonuclear cross polarization [80].

Experimental details are shown in Table 3.4.

We assigned all backbone atoms of residue 3 - 85 using these experiments. In Figure 3.3

a representative strip plot of the sequential backbone assignment is shown.

The assignment was completed by measuring 2D 13C - 13C DARR spectrum and 3D

N(CA)CBCX and CCC, obtaining 80% of all the 13C sidechains (92% of the assigned

backbone residues) as shown in Figure 3.4. The missing nuclei were either not visible in

the spectra due to local dynamics (as for side chains of 5 Arg 5, Met 25 Cε, Met 70 Cε)

or not assignable due to spectral overlap (as for Cγ Asp 6, Asp 51 and Asp 54).

A summary of the assigned atoms is shown in Figure 3.5 and the assigned chemical shifts

are presented in Table 3.1. The filaments present no polymorphism: all the peaks present

in the 20 ms DARR (Figure 3.6) and NCA (Figure 3.7) were assigned, with the exception

of two additional weak threonine signals present in the DARR. Most likely, these two

signals arise from Thr 87 and Thr 88, but no nitrogen resonance and no connectivity

information could be obtained from the different spectra.

The first 3 and the last 6 residues were only visible in some of the dipolar - transfer -

based NMR spectra and could not be sequentially assigned with certainty. We performed

an INEPT - type [15N 1H] spectrum of the ASC PYD filaments to investigate the flex-

ibility of these stretches, but it was devoid of peaks. We concluded that these residues

experience dynamics on the intermediate time scale, and are thus line - broadened below

the detection limit using either solution - or solid - state NMR methods.
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Figure 3.5: Sequential assignment graph showing all carbon and nitrogen atoms of ASC -

PYD filaments by circles. The assigned atoms are shown in black, whereas the unassigned ones

are shown in grey. The graph was designed with the software CcpNMR 2.3 analysis [47], [48]
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Residue N Nγ Nη Nζ C Cα Cβ Cγ Cδ Cε Cζ
3 Arg - - - - 177.6 - - - - - -
4 Ala 126.1 - - - 179.5 56.3 18.6 - - -
5 Arg 113.8 - - - 177.4 59.7 30.7 - - - -
6 Asp 114.8 - - - 178.0 57.2 40.8 - - - -
7 Ala 121.8 - - - 180.1 54.6 19.0 - - - -
8 Ile 119.7 - - - 176.7 66.1 38.4 30.6, 17.6 13.2 - -
9 Leu 119.9 - - - 177.7 58.0 40.0 26.9 26.3, 24.1 - -

10 Asp 116.1 - - - 178.1 57.1 42.3 179.5 - - -
11 Ala 119.0 - - - 179.4 55.0 17.8 - - - -
12 Leu 115.7 - - - 181.3 57.6 41.1 26.2 20.7, 25.4 - -
13 Glu 117.4 - - - 177.5 58.4 30.0 37.5 183.2 - -
14 Asn 116.8 - - - 173.5 54.2 41.1 - - - -
15 Leu 120.6 - - - 177.4 54.1 41.7 26.0 24.0, 26.3 - -
16 Ser 117.2 - - - 175.0 57.1 65.0 - - - -
17 Gly 108.3 - - - 177.3 47.8 - - - - -
18 Asp 121.1 - - - 179.0 57.0 40.3 179.6 - - -
19 Glu 122.0 - - - 178.6 58.8 30.2 36.9 181.9 - -
20 Leu 121.6 - - - 178.2 57.7 40.5 27.3 25.5, 23.7 - -
21 Lys 118.5 - - 34.2 178.9 60.6 32.3 26.0 29.7 41.7 -
22 Lys 121.6 - - 35.2 176.1 60.3 32.7 25.4 30.3 42.0 -
23 Phe 121.9 - - - 176.5 61.4 39.3 138.1 132.0 130.3 128.6
24 Lys 114.6 - - 33.0 178.0 60.6 32.7 27.1 30.2 41.9 -
25 Met 118.0 - - - 179.5 58.8 32.1 31.5 - - -
26 Lys 118.7 - - 32.6 179.5 57.3 31.9 25.5 28.3 42.2 -
27 Leu 120.0 - - - 178.8 56.7 40.3 27.8 25.8, 21.8 - -
28 Leu 117.1 - - - 178.2 56.0 41.6 25.9 25.3, 22.8 - -
29 Thr 107.9 - - - 176.0 61.1 69.2 23.9 - - -
30 Val 125.1 - - - 174.0 61.8 31.2 20.8, 19.3 - - -
31 Gln 127.2 - - - 175.1 56.6 28.2 33.6 180.3 - -
32 Leu 126.8 - - - 178.1 52.9 45.4 26.5 24.0, 25.8 - -
33 Arg 121.9 - 84.6 - 176.0 56.4 31.7 27.7 43.3 - 158.9
34 Glu 122.9 - - - 177.1 58.0 29.5 36.1 183.8 - -
35 Gly 111.6 - - - 173.8 44.7 - - - - -
36 Tyr 117.5 - - - 175.7 58.0 40.1 131.5 134.2 118.2 157.8
37 Gly 110.6 - - - 171.4 43.8 - - - - -
38 Arg 120.2 - - - 175.9 53.7 31.3 - 42.1 - 159.6
39 Ile 132.3 - - - 173.5 60.1 38.4 27.7, 13.7 13.7 - -
40 Pro 136.6 - - - 177.9 62.4 32.9 27.5 50.8 - -
41 Arg 119.9 - - - 176.8 59.8 32.0 28.4 42.2 - 159.6
42 Gly 102.5 - - - 176.3 48.2 - - - - -
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Residue N Nγ Nη Nζ C Cα Cβ Cγ Cδ Cε Cζ
43 Ala 121.8 - - - 180.0 53.7 18.2 - - - -
44 Leu 119.6 - - - 179.7 57.9 43.0 26.8 24.2, 25.4 - -
45 Leu 115.7 - - - 178.6 57.8 41.8 26.3 21.9, 25.7 - -
46 Gln 113.7 - - - 176.3 55.3 30.1 33.8 180.3 - -
47 Met 118.4 - - - 176.8 57.7 34.8 32.8 - 17.7 -
48 Asp 122.5 - - - 175.8 51.5 41.0 178.8 - - -
49 Ala 116.6 - - - 179.1 55.6 18.2 - - - -
50 Ile 120.5 - - - 177.0 65.3 38.5 29.8, 18.5 15.1 - -

51 Asp 119.5 - - - 179.5 57.0 41.1 - - - -
52 Leu 119.1 - - - 177.2 57.1 42.4 27.4 26.7, 23.3 - -
53 Thr 116.8 - - - 175.3 68.4 68.1 23.4 - - -
54 Asp 116.2 - - - 178.5 57.4 41.8 - - - -
55 Lys 118.7 - - 32.9 177.9 57.3 30.8 24.2 27.6 41.1 -
56 Leu 118.3 - - - 178.9 58.3 42.8 27.4 23.5, 26.5 - -
57 Val 116.9 - - - 177.4 65.7 30.8 24.1, 23.1 - - -
58 Ser 118.0 - - - 176.4 62.3 62.8 - - - -
59 Tyr 121.7 - - - 178.6 58.9 37.1 131.9 134.4 116.5 156.7
60 Tyr 115.8 - - - 175.5 57.3 38.0 131.4 134.2 117.9 157.6
61 Leu 111.4 - - - 176.0 57.1 40.6 29.3 24.7, 25.9 - -
62 Glu 114.8 - - - 177.9 60.5 30.2 37.2 179.6 - -
63 Ser 110.6 - - - 177.3 60.7 62.1 - - - -
64 Tyr 123.0 - - - 176.8 57.8 35.1 129.5 132.3 117.9 155.5
65 Gly 108.9 - - - 176.6 47.7 - - - - -
66 Leu 122.6 - - - 177.8 58.8 42.3 27.7 26.5 - -
67 Glu 119.9 - - - 179.4 59.7 30.0 35.7 182.8 - -
68 Leu 123.1 - - - 178.3 57.8 41.8 26.3 23.8, 25.8 - -
69 Thr 115.1 - - - 176.2 68.5 67.7 21.2 - - -
70 Met 118.5 - - - 177.0 60.7 35.6 32.6 - - -
71 Thr 116.8 - - - 176.7 66.9 68.7 - - - -
72 Val 123.0 - - - 178.2 66.5 31.2 23.4, 21.5 - - -
73 Leu 118.5 - - - 179.2 58.3 41.2 26.8 23.6 - -
74 Arg 117.0 - - - 179.9 60.6 29.3 26.7 43.3 - 159.3
75 Asp 121.8 - - - 178.4 56.8 41.5 179.8 - - -
76 Met 116.1 - - - 174.9 57.3 34.5 32.2 - 15.8 -
77 Gly 105.2 - - - 173.4 43.0 - - - - -
78 Leu 122.8 - - - 176.0 53.1 38.0 26.7 22.4 - -
79 Gln 120.0 - 109.8 - 178.3 57.6 27.5 33.0 179.5 - -
80 Glu 121.1 - - - 179.7 60.1 30.2 36.0 183.3 - -
81 Leu 119.8 - - - 179.3 56.9 42.9 26.9 23.4, 22.0 - -
82 Ala 121.0 - - - 179.1 55.9 18.5 - - - -
83 Glu 116.4 - - - 179.2 58.8 29.2 36.7 183.2 - -
84 Gln 120.3 - 110.9 - 179.5 58.7 28.1 33.5 179.9 - -

Table 3.1: Chemical shifts of mouse ASC - PYD filaments in ppm

3.2.3 Secondary structure determination

We performed the identification of secondary structure elements by the analysis of the

so-called secondary chemical shifts (∆δCα - ∆δCβ): that is defined as the difference be-

tween measured 13Cα chemical shifts and corresponding random coil 13Cα chemical shifts
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and subtracted the difference between measured 13Cβ chemical shifts and corresponding

random coil 13Cβ chemical shifts [51].

In this approach, we defined a α helix by at least four consecutive resonances with value

of the secondary shifts difference ∆δCα - ∆δCβ > 1.4 ppm [51]. Moreover, we perform

a database analysis using the software TALOS+ [81], obtaining similar result of the sec-

ondary chemical shifts analysis, with the exception of residue 61. This residue, according

to the secondary chemical shifts analysis, is the first one of the 5th helix, while TALOS+

puts it in a loop region. We resolved this issue in the structure calculation, where this

residue was put outside of the 5th α helix. From the combination of these methods, 6 α

helices were defined at position 3 - 14 (α1), 17 - 29 (α2), 41 - 46 (α3), 49 - 59 (α4), 62 -

76 (α5), 80 - 84 (α6), as shown in Figure. These locations are similar to those observed

in the monomeric human ASC PYD, where helices were defined including residues 3 - 14,

17 - 26, 41 - 46, 49 - 59, 62 - 76, 80 - 89. The last helix for the mouse ASC presumably

extends until residue 89, but resonances that could correspond to the segment 85 - 89

were not found in any of the spectra [77].
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Figure 3.8: Secondary chemical shifts analysis of labeled filaments of ASC - PYD made.

For glycine ∆δCα is plotted and the corresponding bars are plotted in gray. Four consecutive

resonances with value of the secondary shifts difference ∆δCα - ∆δCβ > 1.4 ppm defined a

α helix. Blue squares are drawn for TALOS+ [81] predicted α - helix regions. Only residues

without warning and with small dispersion of predictions were included.

3.2.4 Distance restraints spectra

We performed long distance [13C-13C] experiments, namely 8 ms PAR [54] and 200 µs

CHHC to obtain distance restraints to combine with the additional data from cryo - EM
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CHHC ω1 ω2

F23 - M76 F23 Hβ M76 Qε

T69 - I8 T69 Hβ I8 Qδ1

E19 - M76 E19 Qγ M76 Qε

F23 - M76 F23 Hα M76 Qε

PAR ω1 ω2

F23 - M76 F23 Cβ M76 Cε

E19 - M76 E19 Cγ M76 Cε

F23 - V72 F23 Cα V72 Cγ1

F23 - M76 F23 Cα M76 Cε

I8 - T53 I8 Cγ1 T53 Cβ

I8 - T53 I8 Cγ2 T53 Cα

F23 - T69 F23 Cζ T69 Cγ2

F23 - V72 F23 Cε V72 Cγ1

I8 - T69 I8 Cγ1 T53 Cγ2

Table 3.2: Manually assigned restraints for the structure calculation. In grey are the intra -

molecular restraints that have been collected from the CHHC and PAR spectra

for the structure calculation.

We defined as restraint a spectral unambiguous (i.e. only one possibility of assignment in

each dimension, with 0.2 ppm of tolerance) correlation between 13C atoms which belong

to amino acids that are far apart in the primary sequence (i.e. more than 3 residues).

The experiments were measure on [UL 13C - 15N] and on a diluted samples. The di-

luted sample contains uniformly [13C - 15N] - labeled ASC - PYD and natural abundance

(NA)ASC - PYD monomers in a ratio of 1:3.

We classified restraints as inter- or intra-molecular (or ambiguous in this respect) accord-

ing to the intensity ratio between the UL sample and the diluted sample. Cross-peaks

were classified as intra-molecular contacts if the intensity ratio IDil/IUL > 0.8 with a

standard deviation margin above 0.4. Cross-peaks were classified as inter-molecular con-

tacts if the intensity ratio IDil/IUL < 0.4 with a standard deviation margin below 0.8. No

classification was done in any other cases, similarly to Chapter 2. From the analysis of

the spectra, we could identify 4 and 9 spectral unambiguous restraints from the CHHC

and PAR experiment, respectively. All this restraints were classified as intra molecular

from the dilution analysis (Figure 3.9) and are shown in Table 3.2. Experimental details

are shown in Table 3.5.

3.2.5 Structure calculation of the mouse ASC - PYD filament

We proposed the following hybrid approach between solid state NMR and cryo - EM for

structure determination of proteins, as shown representatively in Figure 3.10. In the first
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step, the cryo - EM data (shown in Figure 3.11) is combined with solid state NMR data

to obtain the first of the 3 - steps model.

We obtained model 1 of the ASC - PYD filament monomer based on the EM electron

density map and on the location of the six α helices in the amino acid sequence, as deter-

mined in paragraph 3.2.3. The model was built by placing the helices interactively into

the cryo - EM density map using Coot [82] and connecting them as indicated by electron

density. Because some of the side chains were well resolved in the electron density map,

matching them allowed a tentative rotational orientation. The full - filament coordinates

were created from this monomer by application of the helical symmetry (C3, 53◦ rotation,

14.2 - Å rise).

We refined the resulting model 1 further by using the X-PLOR-NIH program [83] under

continuous symmetry enforcement, using the cryo - EM structure factors (i.e. the Fourier

transform of the density map) as restraints, as well as the TALOS+ dihedral angles from

solid - state NMR chemical shifts for a total of 70 residues and i, i+4 backbone hydrogen

- bond restraints for residues in α - helical secondary structure, obtaining the model 2,

as depicted in Figure 3.10.

In order to increase the precision of this model, we used the set of spectrally unambiguous

cross - peaks found in the CHHC and PAR spectra, presented in Table 3.2. All these

restraints are validated in the structure. The resulting model 2 shows a well defined

backbone structure, as indicated by a backbone rmsd of 0.23 Å and an overall heavy

atom rmsd of 0.94 Å for the conformer bundle.

For the final step of this procedure, we included in the calculation the automatic picked

peak lists from the distance restraints spectra. The 674 correlation were assigned auto-

matic by the CANDID [84] algorithm, using the 3D structure of model 2 as a starting

point. A summary of the assigned peaks can be seen in Table 3.3.

We therefore performed a structure calculation with X-PLOR-NIH [83] under symmetry

enforcement and we obtained the model 3. In model, the ensemble of the 10 lowest energy

conformers of the ASC - PYD filament featured a backbone rmsd of 0.17 Å and an overall

heavy atom rmsd of 0.63 Å (Figure 3.12, 3.13, 3.14).

A comparison of model 3 with model 1 showed significant improvements. The models

differ by backbone and all heavy atom rmsds of 0.84 Å and 1.04 Å, respectively. The

comparison of model 3 with model 2 showed only small differences overall (backbone and

all heavy atom rmsds of 0.27 Å and 0.33 Å, respectively). Visual inspection showed that

the improvement is not uniform but that a number of side - chain orientations were better

defined in model 3 through the integration of the distance restraints.
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Figure 3.10: Flowchart of the ab initio structure determination of the mouse ASC - PYD

filament. The data contributions from solid - state NMR spectroscopy and cryo - EM are

indicated by yellow and green rectangles, respectively. The individual structural models 1 - 3

are shown in light blue. Software packages are identified in gray rectangles.
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Figure 3.11: Cryo - EM with the mouse ASC - PYD filament. (A) Filaments of the ASC -

PYD obtained by dilution of denatured protein with phosphate buffer are well - ordered and

separated. (Scale bar, 100 nm.) (B) Cryo - EM image of ASC - PYD filaments. (Scale bar, 50

nm.) (C) Layer - line analysis of average power spectra of ASC - PYD filaments, showing the

axial rise per subunit of 14.2 Å (n = 0 layer line). Because of the well - ordered nature of the

filaments, there is no variable twist feature. (D) Statistics of filament segments divided into

separate bins according to out-of-plane tilts of −12◦ to 12◦.
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Table 3.3: Structural statistics for the mouse ASC - PYD filaments for model 3.
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A B

C

Figure 3.13: Top (A) and side (B) views of the ASC - PYD filament in surface representation.

The three helical oligomer strands are colored blue, teal, and dark blue, and individual ASC -

PYD subunits have alternating darker and lighter shades. C Four ASC - PYD monomers are

shown in surface representation as part of the filament using the color code in A and B. Three

interaction interfaces I-III are indicated by dashed square rectangles.

3.2.6 The structure of mouse ASC filament

The so obtained structure of the mouse ASC filament forms a triple-stranded, right-

handed helical filament in which each PYD interacts with six adjacent subunits through

three asymmetric interfaces, types I-III (Figure 3.13, 3.15, 3.16). The first interface (type

I) is formed by interactions between helices 1 and 4 on one monomer and helix 3 in

the adiacent one. This interactions happens between residues of opposite charges that
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contribute to the stability of the filament: the solvent - exposed positively charged side

chains of Lys 22, Lys 26 and Lys 21 from helix 2 and Arg 41 from helix 3 are involved in

electrostatic interactions with the negatively charged side chain of residues Glu 13 and

Asp 6 from helix 1 and residues Asp 48 and Asp 54 from helix 4 of the neighbouring

monomer. In addition, a network of hydrophobic interactions is formed by Leu 9, Met

25, Val 30, and Ile 50.

The lateral contact of strands parallel to the filament axis emerges from interface type II.

Residues in helices 4 and 5 and in the central part of the loop between helices 2 and 3 on

one subunit interact with residues at the corner of helices 5 and 6 of the next subunit by

specific hydrophobic interactions. The interactions of Tyr 59 and Tyr 60 from the loop

between helices 4 and 5 and Gly 77 and Leu 78 from the loop between helices 5 and 6 of

the neighbouring subunit define the contact surface between two helical layers.

The type III interface is formed by residues from the end of helix 1 and the sequential

short loop on one subunit with helix 3 on the adjacent subunit, mediating the contact

of a helical strand with an adjacent helical layer. It is defined by interactions involving

both polar and hydrophobic side chains. The charged residues Glu 13, Glu 19, and Arg

41 are located close to this interface but do not form specific salt-bridge interactions.

The so obtained structure of the mouse ASC filaments present similarities with the fila-

ment of the human ASC [85], suggesting a functional conservation of the ASC polymer-

ization mechanism as part of the innate immune response system in mouse, human, and

possibly other species.

Moreover, the comparison of 15N, 13Cα and 13Cβ chemical shifts of the mouse ASC fila-

ment with the mouse ASC monomer, shown in Figure 3.16, suggested that the structure

of the monomeric form of the PYD is preserved in the filament form. Notable difference

of chemical shifts (i.e. ΣN,Cα,Cβ|δsolid − δsolution| ≥ 2.5 ppm) pointed towards residue

responsible of the intra - monomer interactions.
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A

B C

Figure 3.16: A Chemical shift differences between solution - and solid - state chemical shifts

for the nucleus 15N, 13Cα and 13Cβ. Chemical shift variations larger than the mean value are

marked with different color codes on the secondary structure elements. Residues that belong to

the type I, II, and III interfaces are marked in orange, yellow, and red, respectively. B Structural

location of the residues with significant chemical shift differences between the monomeric and

filament forms, as identified and using the color code in A. C Structural details of interface

type I as indicated by the dashed square rectangle in B. Side chains involved in inter subunit

salt bridges are shown as stick models and with their sequence labels.
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3.2.7 The CARD domain

The sample of mouse ASC - FL filament shows similar dipolar based spectra then the

ASC - PYD filament, as discussed in Paragraph 3.2.1. These type of experiment filter for

rigid parts of the assembly while J - coupled based experiments are sensitive to flexible

regions.

We therefore performed INEPT - based experiments [10] to obtain spectral information

on the conformation and dynamics of the CARD domain. The [15N - 1H] double INEPT

spectrum of mouse ASC - FL filaments, shown in Figure 3.17, presents ∼ 105 strong

backbone amide correlation cross peaks. The chemical shift distribution is small ( i.e.

typical of flexible polypeptide chains) and is in the random coil region.

These correlations must arise from the CARD domain or the flexible linker, since the

[15N - 1H] double INEPT spectrum of ASC - PYD is devoid of peaks. Furthermore, the

narrow dispersion of amide proton chemical shifts indicates that the linker and probably

a major part of or all the CARD populates a conformational ensemble of flexibly unfolded

structures in fast equilibrium, similar to a random coil ensemble. Similarly, the 2D [13C

- 1H] INEPT we measured on the ASC - FL sample shows no major chemical shifts

dispersion and the correlations fits the random coil shifts.

We conclude that in our preparations of the mouse ASC filament, the CARD thus is

flexible while attached to the well - folded, rigid filament core.
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3.3 Conclusions

The integration of solid - state NMR data with a cryo - EM density map proposed in this

chapter and applied on the structure determination of the mouse ASC filament is one of

the very few recent example of this approach. The other published example comprises

structural studies of the type III secretion needle, also a helical arrangement [86], [87].

Importantly, the two techniques provide complementary information, leading to an over-

all comprehensive description extending beyond the power and resolution of cryo - EM

or solid - state NMR alone. The information obtained from the EM density map in com-

bination with the identification of secondary structure elements and the use of individual

dihedral backbone angle restraints from solid - state NMR data allowed us to determine

the backbone structure de novo.

Solid state NMR can provide additional information about side chains orientation and

inter molecular correlation via distance restraints spectra. However, the information from

the secondary structure elements and the dihedral angle restraints was proven to be suf-

ficient for the convergence of the backbone of the protein.

3.4 Experimental methods

3.4.1 Expression and purification

The production of full-length protein ASC (residue 1 - 193) and for the PYD domain

(residues 1 - 91) was performed using a PET28a vector under the control of a T7 promoter.

A GSGSLE linker and a His6 - tag was added to the C - termini of the sequences. ASC

- FL and ASC - PYD were produced in BL21(DE3) E. coli strains and expressed by

growing the cultures at 37◦C to an OD600 of 0.8 and by inducing with 1 mM IPTG

for 4 hours. The uniform [15N - 13C] - labeling was obtained using 13C - glucose and

15NH4Cl. The cells were harvested by centrifugation and the pellet was resuspended in 50

mM Phosphate buffer pH = 7.5, 300 mM NaCl, 0.1 mM protease inhibitor. The obtained

cells were incubated for 1 h at room temperature with DNase I and then sonicated on

ice and centrifuged at 13,000 rpm at 4◦C for 30 minutes. The pellet was resuspended

in 50 mM phosphate buffer pH = 7.5, 300 mM NaCl, 6M guanidinium hydrochloride

and centrifuged at 13,000 rpm at 4◦C for 30 minutes. The supernatant was incubated

for 2 hours at room temperature with pre - equilibrated Ni-NTA affinity resin (Thermo

Scientific) and than passed through a plastic body column for gravity flow purification.

The column was washed with 20 column volumes of resuspension buffer containing 20 mM

imidazole and the fusion protein was eluted with 3 column volumes of the same buffer

with 500 mM imidazole. To avoid aggregation, all the purification steps were carried out

at 4◦C and further addition of 2 mM DTT to all the buffers were used for the ASC - FL

purification.
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For the preparation of the filaments of ASC - FL and ASC - PYD, two different approaches

were used, based on a pH - or dialysis - step. For the pH - step based method, the

elution fraction from NiNTA column was concentrated to half of the volume (∼5 ml)

using Vivaspin and then diluted in a volume ratio of 1 to 9 with 150 mM acetic acid

pH = 2.5. The neutral pH condition was achieved by the addition of 3M Tris buffer

pH = 8 in a volume ratio of 1 to 5. The solution was incubated overnight at room

temperature under continuous stirring condition to facilitate filament formation. The

solution was centrifuged at 13,000 rpm at 4◦C for 30 minutes yielding a gel - like pellet

of ASC filaments that was resuspended in water for a wash step and stored at 4◦C.

For dialysis based filament formation, the elution fraction of NiNTA purification was

dialysed overnight against 25 mM phosphate buffer pH = 7.5, 100 mM NaCl. The gel -

like containing ASC filament were centrifuged, washed and stored as previously described.

3.4.2 Rotor filling

The filaments so obtained were packed into 3.2mm ZrO2 rotors (Bruker Biospin) by

ultracentrifugation using a homemade filling device [65] in a SW41 - T1 swing - out rotor

in an optima L90 - K ultracentrifuge (Beckmann). The sample was spun for 12h, setting

the spinning to 25,000 rpm at 4◦C. The drive tip of the rotor was finally sealed with

epoxy glue (Araldit) in order to prevent the dehydration of the sample.

3.4.3 Solid - state NMR spectroscopy

All spectra for the sequential assignment, as well as the experiments measured to derive

distance restraints were measured on a Bruker Avance II+ 850 MHz using a Bruker 3.2

mm triple-resonance probe. The sample temperature was determined, using the water

resonance frequency, to be around 14◦C. All spectra were apodized with a Shifted Sine

Bell window function (SSB of 2.2 2.7). The processing was done by TopSpin 3.1 (Bruker

Biospin) and the analysis was performed with CcpNMR analysis 2.3 [47], [48].

All experimental parameters are displayed in Table 3.4 and Table 3.5.
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Experiment CHHC 200µs CHHC 200µs PAR 8ms PAR 8ms
1H Larmor frequency 850 MHz 850 MHz 850 MHz 850 MHz

Isotope labeling [UL 13C-15N] Diluted [UL 13C-15N] Diluted

MAS frequency [kHz] 15 15 15 15

Transfer 1 HC-CP HC-CP HC-CP HC-CP

Field [kHz] - 1H 82.3 83.2 78.7 73.4

Field [kHz] - X 63.5 63.5 68.8 68.6

Shape tangent tangent tangent tangent

Carrier [ppm] Cα Cα - -

Time [ms] 0.5 0.5 0.9 0.9

Transfer 2 H-H mixing H-H mixing PAR PAR

Field [kHz] - 1H - - 59.6 58.7

Field [kHz] - 13C - - 57.6 55.8

Shape - - - -

Carrier [ppm] - - 60 60

Time [ms] 0.2 0.2 8 8

t1 increments 2048 2048 2048 2048

Sweep width (t1) [kHz] 100 100 100 100

Max acq time (t1) [ms] 10.24 10.24 10.24 10.24

t2 increments 3072 3072 2560 2560

Sweep width (t2) [kHz] 100 100 100 100

Max acq time (t2) [ms] 15.36 15.36 12.80 12.80
1H SPINAL64 Dec. [kHz] 90 90 90 90

Interscan delay [s] 2.3 2.3 2.5 2.5

Number of scans 48 120 80 168

Measurement time [h] 72.2 128.0 104.0 218.3

Table 3.5: Experimental parameters for the NMR spectra used for structure calculation. All

fields in kHz are calculated from reference fields (100 kHz, 62.5 kHz, 50.0 kHz). Actual values

might deviate significantly from calculated ones.
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Part II

Methods development for solid -

state NMR
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Chapter 4

Higher resolution 13C spectra by

removing the J - couplings

Dr. Jacco van Beek was working on this project when I started my PhD. We performed

together the first experiments on alanine. I performed the S3E and analysed the DS3E

performances on alanine. I have finally applied these sequences on ubiquitin.

4.1 Introduction

13Carbon detected experiments are widely used in solid - state NMR for sequential reso-

nances assignment [49] and for structure determination of repetitive filaments, including

protein fibrils [88], [31], [33], membrane [89] and protein complexes [90], [91] and injecto-

some [60]. A factor that hampers these applications is the lack of resolution, caused by

anisotropic and isotropic interactions. Many methods have been developed in the past

to decrease the linewidth in solid - state NMR, such as semple preparation [92], partic-

ular isotope labelling [93], use of faster MAS rate [94] and developing of sequences for

homonuclear and heteronuclear decoupling [5], [8].

The combination of these methods have contributed to a narrowing of 13C linewidth,

in the order of 150Hz. Under this regime, the main factor that limits resolution is the

presence of homonuclear 13C scalar J-coupling. These coupling are typically ∼55 Hz for

Cα-C’ and ∼35 Hz for Cα-Cβ [95]. The need to decouple this isotropic interaction is

becoming more important in solid - state NMR, to obtain high resolution 13C spectra.

A possibility to obtain a J-decoupled spectrum without using particular sequences is

to apply special labelling procedure, in which each 13C nucleus is directly bonded to
12C nuclei [93]. Moreover, the use of these special labelling reduces the dipolar trunca-

tion, rendering them useful for obtaining distance information. However this requires a

different sample and limites the application for distance restraints information, since a

uniformly labeled [15N - 13C] is required for assignment purposes [49].

The combination of hard and selective refocusing pulse placed in the middle of the t1
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evolution can be used to obtain a J-decoupled [13C - 13C] spectrum in the indirect di-

mension [96]. The removal of the homonuclear J-coupling during acquisition is a more

complex tasks: methods based on soft irradiation [97] or taken from Solution State

NMR [98], [99] have been discussed. In this chapter, we show a procedure to obtain high

resolution solid - state NMR J-decoupled 13C spectra using variations of the Spin State

Selective Excitation (S3E), initially proposed in [100], [101] for solution-state NMR. These

sequences rely on selecting coherences using fixed evolution times and selective π pulses.

We finally present a possible application for backbone walk assignment of ubiquitin.

4.2 Theoretical background

Let us consider a system of 13C nuclei coupled with 15N and 1H in a solid sample (i.e. an

amino acid).

As shown in Paragraph 1.1, under average MAS rate, the 13C - 13C and 15N - 13C dipolar

coupling, as well as the anisotropy of the chemical shifts, are averaged out in first-order

Average Hamiltonian Theory (AHT).

Moreover, the application of designed composite pulse sequences on 1H can suppress the

strong heteronuclear 1H - 13C dipolar coupling. Under the regime of fast MAS (νr ≥ 55

kHz), low-power decoupling schemes becomes efficient and can be used as an alternative

of high power ones. This allows to reduce dramatically the amount of rf-load during an

experiment and permits longer acquisition times for 15N- and 13C- detected experiments.

Typical examples of such low-power sequences are SWfTPPM [102] and XiXCW [8].

Using this assumptions, the general Hamiltonian ?? for this system without rf-irradiation,

can be simplified onto

Ĥ = ĤCS + ĤJ,Hom. + ĤJ,Het.. (4.1)

The heteronuclear J-coupling ˆHJ,heteronuclear between 1H - 13C is removed during the

application of low-power rf decoupling, while the 15N - 13C J-coupling can be neglected

by low-level 15N sequences, as WALTZ [103].

Equation 4.1 can be simplified as follows

Ĥ = ĤCS + 2π
∑
i<j

J(i,j)Ŝi · Ŝj, (4.2)

where Ŝi is the operator describing a 13C nucleus (i.e. 13Cα). Equation 4.2 can be further

simplified, since the CS differences between 13C in an amino acid are much bigger then

the J-coupling value J(i,j). Therefore the terms ŜixŜjx and ŜiyŜjy become time dependent

and can be neglected. The effective Hamiltonian that we are going to use to describe

interactions in the system described above is of the form

Ĥ = ĤCS + 2π
∑
i<j

J(i,j)ŜizŜjz. (4.3)
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Further contributions for the J-coupling are the homonuclear 2 bonds J-couplings. In the

case of 13C, these couplings are usually quite small (≤ 2 − 3 Hz) and will be therefore

neglected in this work.

4.2.1 The S3E building block

The Spin State Selective Excitation (S3E) block, shown in Figure 4.1, can be used to fully

J-decouple 13C spins that are directly bonded with a single 13C nucleus (i.e. C′, which is

directly bonded to Cα).

13C’

13Cα

a a 13C’

13Cα

a a

A BφS3E(A) φS3E(B)

1 2 43 1 2 43

Figure 4.1: The S3E building block, composed by experiment (A) and (B) that are necessary

to separate, via linear combination, the two components of the C′ multiplet. The starting

magnetization has phase φS3E(A) and φS3E(B). The delay a is set to allow the evolution

of one-bond 13C′-13Cα coupling for a total evolution time 2a = 1/ (4JCαC′) = 4.5 ms. The

minimum phase cycle for this building block is φS3E(A) = −y, y, φS3E(B) = x,−x and the

phase at the end is φend = x,−x for both experiments. The black shaped pulses represent

selective π rotations on the irradiated spin. Numbers are added to aid in the analysis of the

pulse sequence.

The S3E block can be applied prior acquisition of any experiment with direct detection

on C′. It is composed by two experiments, (A) and (B), that have to be measured

independently. The key parts are the π rotations, which invert selectively the spins that

are irradiated, and the evolution time a, which is set to 1/ (8JCαC′). The main difference

with another J-decoupling sequence, IPAP [104], is the reduced total evolution time,

which has the effect to reduce relaxation.

Panel A

As depicted in Figure 4.2.1, the initial magnetization for (A) is on the C′ with phase −y:

(1) −Ĉ′y

The initial π pulse on Cα does not change the magnetization on the C′.
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(2) −Ĉ′y

Then there is the evolution for 2a = 1/ (4JCαC′) under the Hamiltonian 4.3. The central

πx pulse on the carbonyl is applied refocus the C′ CS, so that the effective Hamiltonian

is purely J-coupling. Moreover, this pulse change the sign of the original Ĉ′y, while the

central πx pulse on Cα changes the sign of the Ĉαz.

(3) +Ĉ′y cos (πJCαC′2a)− 2Ĉ′xĈαz sin (πJCαC′2a)

The final πx pulse on C′ changes the sign of Ĉ′y, obtaining

(4) −Ĉ′y cos (πJCαC′2a)− 2Ĉ′xĈαz sin (πJCαC′2a)

We obtain the final density operator for the panel (A) of S3E, substituting 2a = 1/ (4JCαC′):

ρAS3E = −
√

2

2
Ĉ′y +

√
2Ĉ′xĈαz (4.4)

Panel B

As depicted in Figure 4.2.1, the initial magnetization for (B) is on the C′ with phase x:

(1) Ĉ′x

The initial πx pulse on C′ and the following one on Cα do not change the sign of the

magnetization on the C′.

(3) Ĉ′x

Then there is the evolution for 2a = 1/ (4JCαC′) under the Hamiltonian 4.3. The central

πx pulse on the carbonyl is applied refocus the C′ CS, so that the effective Hamiltonian

is purely J-coupling. Moreover, this pulse does not change the sign of the original Ĉ′x,

while the central πx pulse on Cα changes the sign of the Ĉαz.

(4) +Ĉ′x cos (πJCαC′2a) + 2Ĉ′yĈαz sin (πJCαC′2a)

We obtain the final density operator for the panel (B) of S3E, substituting 2a = 1/ (4JCαC′):

ρBS3E =

√
2

2
Ĉ′x +

√
2Ĉ′yĈαz (4.5)
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A B

Figure 4.2: C′ patterns obtained measuring the experiments (A) and (B) of S3E on UL [15N

- 13C] alanine, relative to equation 4.4 and 4.5. Experiment details are presented in Paragraph

4.5.2

The operator obtained in the two blocks can be associated with the experimental

patterns, as shown in Figure 4.2. Performing linear combinations of the two experiments

(A+B and A-B, with 90◦ phase correction of the latter one) allows the separation of the

C′ components of the multiplet. They can then be shifted to the center of the original

multiplet by ±JCαC′/2 and summed together, as shown in Paragraph 4.3.1.
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4.2.2 The DS3E building block

The S3E block presented above cannot fully remove the homonuclear J-coupling in the

case of 13C nuclei directly bonded with two other 13C spins (i.e. Cα, which is directly

bonded to C′ and Cβ, with the exception of glycine). For this purpose, we have used the

Double Spin State Selective Excitation, presented in Figure 4.3

13Cα/β a c

A

13C’

13Cα

b 13Cα/β c a

B

13C’

13Cα

b

13Cα/β c a

C

13C’

13Cα

b 13Cα/β a c

D

13C’

13Cα

b

φDS3E(A) φDS3E(B)

φDS3E(C) φDS3E(D)

1 2 43

1 2 43 1 2 43

1 2 43

Figure 4.3: The DS3E building block, composed by experiment (A), (B), (C) and (D) that

are necessary to separate, via linear combination, the four components of the Cα multiplet. The

starting magnetization has phase φDS3E(A), φS3E(B), φDS3E(C), φS3E(D) respectively. The

delays a, b and c are set to allow the evolution of one-bond 13Cα-13C′ and 13Cα-13Cβ couplings

for a total evolution time of 1/ (4J) each (a + b + c = 1/ (4JCαCβ) = 7.2 ms and a − b + c =

1/ (4JCαC′) = 4.5 ms, with a + b = c). The minimum phase cycle are φDS3E(A) = −y, y,

φDS3E(B) = x,−x, φDS3E(C) = −x, x, φDS3E(D) = −y, y. The black shaped pulses represent

selective π rotations on the irradiated spin. Numbers are added to aid in the analysis of the

pulse sequence.

The DS3E block can be applied prior acquisition of any experiment with direct de-

tection on Cα. It is composed by four experiments, (A) - (D), that have to be measured

independently. Similarly for the S3E the key parts are the π rotations, which invert se-

lectively the spins that are irradiated, and the evolution times a, b and c, which are set

to allow the evolution of the one-bond 13Cα-13C′ and 13Cα-13Cβ couplings.
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The total evolution time is 1/ (4J) each (a+ b+ c = 1/ (4JCαCβ) = 7.2 ms and a− b+ c =

1/ (4JCαC′) = 4.5 ms, with a + b = c). The minimal duration of each experiment is

determined by the smaller J-coupling to be suppressed (i.e. JCαCβ ∼ 35 Hz). The four

experiments have the central π pulse on Cα/β placed in the middle of the evolution time

(a + b = c) to refocus the Cα CS and they differ because of the position of the π pulses

on C′ (that are always applied in pairs, to compensate for the Bloch-Siegert shifts [105])

and on Cα.

Panel A

As depicted in Figure 4.2.2, the initial magnetization for (A) is on the C′ with phase −y:

(1) −Ĉαy

The initial πx pulse on Cα changes the sign of the initial operator.

(2) Ĉαy

Then there is the evolution of the two couplings JCαCβ and JCαC′ : the central πx pulse on

the Cα/β is applied refocus the Cα CS and allows the evolution of the CαCβ coupling for

a+b+c = 2c = 1/ (4JCαCβ). Moreover, this pulse change the sign of the Ĉαy operator. On

the other hand, the JCαC′ coupling evolves for a total time of a−b+c = 2a = 1/ (4JCαC′):

the coupling evolves for a time a, then the it is partially refocused for a time b (due to the

πx pulse on C′) and finally evolves for a time c (after the πx pulse on Cα/β. Combining

this information, we obtain at position (3)

(3) −Ĉαy cos (πJCαC′2a) cos (πJCαCβ2c)

+2ĈαxĈ
′
z sin (πJCαC′2a) cos (πJCαCβ2c)

+2ĈαxĈβz cos (πJCαC′2a) sin (πJCαCβ2c)

+4ĈαyĈ
′
zĈβz sin (πJCαC′2a) sin (πJCαCβ2c)

The final πx pulse on C′ changes the sign of Ĉ′z, obtaining

(4) −Ĉαy cos (πJCαC′2a) cos (πJCαCβ2c)

−2ĈαxĈ
′
z sin (πJCαC′2a) cos (πJCαCβ2c)

+2ĈαxĈβz cos (πJCαC′2a) sin (πJCαCβ2c)

−4ĈαyĈ
′
zĈβz sin (πJCαC′2a) sin (πJCαCβ2c)

We obtain the final density operator for the panel (A) of DS3E, substituting 2a =
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1/ (4JCαC′) and 2c = 1/ (4JCαCβ):

ρADS3E = −1

2
Ĉαy − ĈαxĈ

′
z + ĈαxĈβz − 2ĈαyĈ

′
zĈβz. (4.6)

Panel B

As depicted in Figure 4.2.2, the initial magnetization for (B) is on the Cα with phase x:

(1) Ĉ′x

The initial πx pulse on Cα does not change the sign of the magnetization.

(2) Ĉ′x

The πx pulse on C′ invert the effective J-coupling Hamiltonian between Cα and C′.

Then there is the evolution of the two couplings JCαCβ and JCαC′ : the central πx pulse

on the Cα/β is applied refocus the Cα CS and allows the evolution of the CαCβ cou-

pling for a + b + c = 2c = 1/ (4JCαCβ). Moreover, this pulse does not affect the sign

of the Ĉαx operator. On the other hand, the JCαC′ coupling evolves for a total time

of c − b + a = 2a = 1/ (4JCαC′), in an analogue way as for panel (A). Combining this

information, we obtain at position (4)

(4)Ĉαx cos (πJCαC′2a) cos (πJCαCβ2c)

+2ĈαyĈ
′
z sin (πJCαC′2a) cos (πJCαCβ2c)

+2ĈαyĈβz cos (πJCαC′2a) sin (πJCαCβ2c)

−4ĈαxĈ
′
zĈβz sin (πJCαC′2a) sin (πJCαCβ2c)

We obtain the final density operator for the panel (B) of DS3E, substituting 2a =

1/ (4JCαC′) and 2c = 1/ (4JCαCβ):

ρBDS3E = −1

2
Ĉαx − ĈαyĈ

′
z + ĈαyĈβz − 2ĈαxĈ

′
zĈβz. (4.7)

Panel C

As depicted in Figure 4.2.2, the initial magnetization for (C) is on the Cα with phase x:

(1 - 2)- Ĉ′x

The πx pulse on C′ invert the effective J-coupling Hamiltonian between Cα and C′.

Then there is the evolution of the two couplings JCαCβ and JCαC′ : the central πx pulse

on the Cα/β is applied refocus the Cα CS and allows the evolution of the CαCβ cou-

pling for a + b + c = 2c = 1/ (4JCαCβ). Moreover, this pulse does not affect the sign
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of the Ĉαx operator. On the other hand, the JCαC′ coupling evolves for a total time

of c − b + a = 2a = 1/ (4JCαC′), in an analogue way as for panel (A). Combining this

information, we obtain at position (3)

(3)-Ĉαx cos (πJCαC′2a) cos (πJCαCβ2c)

−2ĈαyĈ
′
z sin (πJCαC′2a) cos (πJCαCβ2c)

−2ĈαyĈβz cos (πJCαC′2a) sin (πJCαCβ2c)

+4ĈαxĈ
′
zĈβz sin (πJCαC′2a) sin (πJCαCβ2c)

The final πx pulse on Cα changes the sign of the Ĉαy operator

(4)-Ĉαx cos (πJCαC′2a) cos (πJCαCβ2c)

+2ĈαyĈ
′
z sin (πJCαC′2a) cos (πJCαCβ2c)

+2ĈαyĈβz cos (πJCαC′2a) sin (πJCαCβ2c)

+4ĈαxĈ
′
zĈβz sin (πJCαC′2a) sin (πJCαCβ2c)

We obtain the final density operator for the panel (C) of DS3E, substituting 2a =

1/ (4JCαC′) and 2c = 1/ (4JCαCβ):

ρCDS3E = −1

2
Ĉαx + ĈαyĈ

′
z + ĈαyĈβz + 2ĈαxĈ

′
zĈβz. (4.8)

Panel D

As depicted in Figure 4.2.2, the initial magnetization for (D) is on the C′ with phase −y:

(1) −Ĉαy

Then there is the evolution of the two couplings JCαCβ and JCαC′ : the central πx pulse on

the Cα/β is applied refocus the Cα CS and allows the evolution of the CαCβ coupling for

a+b+c = 2c = 1/ (4JCαCβ). Moreover, this pulse change the sign of the Ĉαy operator. On

the other hand, the JCαC′ coupling evolves for a total time of a−b+c = 2a = 1/ (4JCαC′),

in an analogue way as for panel (A). Combining this information, we obtain at position (3)

(3) +Ĉαy cos (πJCαC′2a) cos (πJCαCβ2c)

+2ĈαxĈ
′
z sin (πJCαC′2a) cos (πJCαCβ2c)

−2ĈαxĈβz cos (πJCαC′2a) sin (πJCαCβ2c)

−4ĈαyĈ
′
zĈβz sin (πJCαC′2a) sin (πJCαCβ2c)

The final πx pulse on Cα changes the sign of Ĉαy, obtaining
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(4) −Ĉαy cos (πJCαC′2a) cos (πJCαCβ2c)

+2ĈαxĈ
′
z sin (πJCαC′2a) cos (πJCαCβ2c)

−2ĈαxĈβz cos (πJCαC′2a) sin (πJCαCβ2c)

−4ĈαyĈ
′
zĈβz sin (πJCαC′2a) sin (πJCαCβ2c)

We obtain the final density operator for the panel (D) of DS3E, substituting 2a =

1/ (4JCαC′) and 2c = 1/ (4JCαCβ):

ρDDS3E = −1

2
Ĉαy + ĈαxĈ

′
z − ĈαxĈβz − 2ĈαyĈ

′
zĈβz. (4.9)

C

A B

D

Figure 4.4: Cα patterns obtained measuring the experiments (A), (B), (C) and (D) of DS3E

on UL [15N - 13C] alanine, relative to equation 4.6 and 4.7. Experiment details are presented

in Paragraph 4.5.2

The operator obtained in the four blocks can be associated with the experimental

patterns shown in Figure 4.2. Performing linear combinations of the four experiments

allows the separation of the Cα multiplet, as shown in Paragraph 4.3.1: A+B+C+D

90



yields the first component of the multiplet from the left (after a correction of the phase

by 180◦), A+B-C-D yields the second one from the left (after a correction of the phase

by 90◦), A-B+C-D yields the third one from the left (after a correction of the phase by

−90◦) and A+B-C-D yields the final one.

The four components can therefore be shifted by ±JCαC′/2 and ±JCαCβ/2 to the center

of the original multiplet and sum together, as presented in Paragraph 4.3.1.

4.3 Results and discussion

The S3E and DS3E building block can be used prior to acquisition to homonuclear J-

decouple C′ and Cα respectively, as explained in Paragraph 4.2.1 and 4.2.2. In Para-

graph 4.3.1, we will analyse the effect of the value of J-coupling, JCαC′ and JCαCβ, which

regulates the total evolution time, on the efficiency of the experiments.

These measurement were performed at a magnetic field of 11.75 T, setting the MAS fre-

quency to 60 kHz and using [UL 15N - 13C] alanine as a model system.

In Paragraph 4.3.2 we will present possible applications of these sequences on a model

protein, ubiquitin, to obtain J-resolved high resolution 13C spectra. These measurements

were performed at a magnetic field of 20.0 T, and setting the MAS frequency to 60 kHz.

4.3.1 Sequence optimization

The basic pulse program used for this Paragraph is depicted in Figure 4.5:

φ1

φ2

φrec

13C

1H Decoupling

S3E / DS3E

Figure 4.5: 13C CP experiment followed by S3E / DS3E building block (Figures 4.1 and

4.3, respectively). 90◦ pulses are represented by white rectangle. 1H decoupling is applied

during the evolution period and the acquisition. Experiment details are discussed in Paragraph

4.5.2. All pulses, except indicated differently, have phase x, while φ1 = y, y,−y,−y and φrec =

x,−x,−x, x. φ2 is set equal to φS3E(X)/φDS3E(X), where X denotes the experiment of the

building block.
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The S3E applied on alanine

We performed the CP - S3E experiment to obtain a J-decoupled carbonyl region. The

experiments parameter are discussed in detail in section 4.5.2.

We initially applied a correction from the original sequence (Figure 4.1) changing the

value of the evolution time a, originally set to a = 1/ (8JCαC′), to a new value a′ to take

into account the finite length of the selective pulse τQ3 :

a′ = a− τQ3/2 (4.10)

The suggested value in literature is JCαC′ = 55 Hz, corresponding to a value a = 2.270

ms. Considering the length of the inversion pulse τQ3 = 300 µs, the theoretical value for

the delay, according to Equation 4.10, would be a′ = 2.120 ms.

We therefore performed the two experiments (A) and (B) using the condition described

above followed by a reference measurement without the S3E block. The total measure-

ment time for (A) and (B) is the same as for the reference experiment.

In Figure 4.6 (left) the reference experiment (in black) and the two components of the

C′ multiplet separated using the S3E sequence (in red and in green) are shown. The

signal loss of the green and red spectra compared to the reference one is mainly due to

transverse relaxation.

The components were then shifted towards the center of the original multipltet by

JCαC′/2 = 27.5 Hz and summed together (blue spectrum). The resulting S/N gain,

compared to a reference experiment without J-decoupling in the same experimental time,

is 1.34.
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180.5181.0181.5
δ 13C / ppm

180.5181.0181.5
δ 13C / ppm

Figure 4.6: S3E applied on alanine C′. Left: reference CP experiment without S3E building

block (black, NS = 32) and overlaid with the two components of the multiplets obtained with

S3E experiments, shown in Figure 4.1, after the linear combination (red and green). Each

experiment of S3E was measured with NS = 16. Right: Overlay of the reference experiment

(black) with the singlet obtained shifting the components by ±JCαC′/2 = 27.5 Hz and summing

the red and green spectra.

We then analysed the robustness of the sequence toward the choice of the value of

the J-coupling between Cα and C′. This parameter can be optimized experimentally to

obtain the best separation of the components.

We performed the S3E experiments and we analysed the efficiency of the obtained com-

ponents in function of the parameter a. The result of this optimization is shown in Figure

4.7, where the right component of the original multiplet is presented. In case of alanine,

a nice separation of the components is obtained for a broad range of J-couplings values

(53 Hz - 57 Hz).

The second component starts to appear for |JsetCαC′ − J theorCαC′ | ≥ 5 Hz.
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50.0 53.0 54.0 55.0 56.0 60.057.0
JCαC’ / Hz

2.500 2.358 2.314 2.272 2.232 2.0842.192

a’ / ms 

Figure 4.7: Right component of the multiplet obtaining by linear combination of the S3E

experiment in function of the evolution time a. The separation of the components is well

obtained for a broad range of couplings (53 Hz - 57 Hz).

The DS3E applied on alanine

We performed the CP - DS3E experiment to obtain the separation of the four components

of the Cα multiplets, which are due to the JCαC′ and JCαCβ couplings. In this case, there

are two independent variables, a and c, which are related to JCαC′ and JCαCβ, respectively:

a′ = 1/ (8JCαC′) and c′ = 1/ (8JCαCβ). The third parameters, b′, is defined as b′ = c′− a′,
as explained in Paragraph 4.2.1.

Similarly to the case of S3E, we have modified the theoretical values of the evolution

times a′, b′ and c′ to take into account the finite length of the selective pulses on C′, to

have the correct evolution time on the Cα: a = a′ − τQ3/2, b = b′ and c = c′ − τQ3 .

We have therefore performed the four DS3E experiments using the pulse sequence shown

in Figure 4.5. In the first try, we set the J-couplings to the average values suggested in

literature [95] (JCαC′ = 55 Hz, JCαCβ = 35 Hz) and we performed the DS3E experiments.
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53.254.255.2

δ 13C / ppm

53.254.255.2
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Figure 4.8: DS3E applied on alanine Cα. Left: reference CP experiment without DS3E

building block (black, NS = 64) overlaid with the four components of the multiplets obtained

with DS3E experiments, shown in Figure 4.3, after linear combinations (purple, red, orange and

green). Each experiment of DS3E was measured with NS = 16. Right: Overlay of the reference

experiment (black) with the singlet obtained by shifting the purple and green components by

±JCαC′/2 = 27.5 Hz and the red and orange by ±JCαCβ/2 = 17.5 Hz and summing them.

We performed linear combinations of the four DS3E experiments (Paragraph 4.2.2)

and, after phase corrections, we obtained the purple (A+B+C+D), the red (A+B-C-

D) the orange (A-B+C-D) and the green (A+B-C-D) components, shown in Figure

4.8 (left). In the right part of Figure 4.8, the purple and green components were shifted

by ±JCαC′/2 = 27.5 Hz and the red and orange by ±JCαCβ/2 = 17.5 Hz and summed

together. The resulting S/N gain of the so obtained singlet compared to the reference

experiment is 1.13.

Similarly to the S3E case, the J-decoupling of the Cα region can be achieved. On the other

hand, the separation of the components results less precise then the previous experiment

(Figure 4.8 left). We then carefully analyse the effect of the chosen value for the J-

couplings in the performance of the experiments, repeating the experiments varying the

evolution times a and c independently. We choose a range of ±5 Hz for JCαC′ and JCαCβ,

changing the value by 0.25 Hz for each series of DS3E experiments (data not shown).

From the qualitative analysis of the results, we concluded that the performance of the
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sequence is not strongly influenced by the chosen value for the J-couplings. Therefore, in

the following experiments, we defined JCαC′ = 55 Hz and JCαCβ = 35 Hz

4.3.2 Applications of S3E and DS3E

We applied the S3E and DS3E building blocks described above on [UL 15N - 13C] crys-

talline ubiquitin to obtain high resolution J-resolved 15N - 13C and 13C - 13C correlation

spectra.

We performed the following experiments, NCO - S3E, NCA - DS3E and DREAM - S3E, at

a magnetic field of 20.0 T and setting the MAS frequency to 60 kHz. Further experiment

details are shown in Paragraph 4.5.2. The pulse sequences used for these measurements

are shown in Figure 4.9 and 4.10

φ1

φ2

φrec

13C

15N

1H

φ3

Decoupling Decoupling

S3E / DS3E

Decoupling

Figure 4.9: 2D NCA - DS3E and 2D NCO - S3E pulse sequences. White and black rectangle

represent π
2 and π pulses respectively. All pulses have phase x, if not specified differently.

The pulse sequence starts with the initial 1H π
2 pulse, followed by CP to 15N. During the 15N

evolution time t1 XiXCW [8] is applied on 1H and a refocusing π pulse on the 13C channel is

placed in the center of the evolution. Then the 15N - 13C CP brings the magnetization on the

Cα / C′ followed by DS3E / S3E building block, according to the choice of experiment. The

minimum phase cycle for this pulse sequence is φ1 = y, y,−y,−y,φ2 = x, x, x, x,−x,−x,−x,−x,

φ3 = φS3E(X)/φDS3E(X) and φrec = x,−x,−x, x,−x, x, x,−x. X denotes the experiment of

the building block. XiXCW [8] and WALTZ [103] decoupling is applied on 1H and 15N during

acquisition.
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φ1

φ2

φrec

13C

1H Decoupling Decoupling

S3E 

φ3

Figure 4.10: 2D DREAM - S3E pulse sequences. White and black rectangle represent π
2 and π

pulses respectively. Shaped black pulse represents selective π pulse. All pulses have phase x, if

not specified differently. The pulse sequence starts with the initial 1H π
2 pulse, followed by CP to

13C. During the 13C evolution time t1, XiXCW [8] is applied on 1H. The combination of a selective

π pulse on Cα and hard π pulse are applied in the middle of 13C evolution [96] to refocus the

JCαCβ and JCαC′ in the indirect dimension. The DREAM transfer [14] brings the magnetization

on C′ and is followed by S3E building block. The minimum phase cycle for this pulse sequence is

φ1 = y, y,−y,−y, φ2 = φS3E(X), φ3 = x, x, x, x, y, y, y, y and φrec = x,−x,−x, x,−x, x, x,−x.

X denotes the experiment of the building block. XiXCW [8] decoupling is applied on 1H during

acquisition.

The DREAM S3E

We performed the DREAM S3E experiments to obtain high resolution Cα - C′ intra-

residue correlation spectrum. The pulse sequence starts with π
2

pulse on 1H, followed by

an optimized CP to Cα. In the center of the t1 evolution, a combination of soft and hard

π pulse is applied, as proposed in [96].

The selective π pulse is optimized to invert the Cα region, refocussing the homonuclear

J-couplings JCαCβ and JCαC′ in the indirect dimension. The presence of these pulses does

not create strong phase shifts in the spectrum and the effect of the non-zero minimal t1

evolution could be removed by moderate first order phase correction.

The following optimized DREAM [14] sequence transfers the magnetization from the Cα

to the C′ of the same residue. Note that, due to the regime of fast MAS (νr ≥ 55 kHz),

no CW decoupling is applied on 1H during the transfer, as shown in [106].

Prior to acquisition, the S3E building block is applied. As discussed previously, we set

JCαC′ = 55 Hz, leading to a total evolution time of 2a′ = 4.54 ms.

We finally performed a 2D DREAM reference experiment, with J-decoupling in the indi-

rect dimension but without the S3E building block, shown in grey in Figures 4.11, 4.12.

The total measurement time of the two S3E experiments was set equal to the reference

spectrum. Representative traces (dotted lines in Figure 4.11) are shown in Figure 4.13
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Figure 4.12: Overlap region of 2D DREAM (box of Figure 4.11) to show the gain in resolution.

A 2D Cα - C′ DREAM with J-decoupling in the indirect dimension. B 2D Cα - C′ DREAM with

S3E spectrum, obtained after shifting and summing the spectra obtained by linear combination

of the two S3E experiments.

The so-obtained S3E spectrum of Figure 4.11 presents excellent resolution and higher

S/N ratio compared to the reference experiment. The best resolved peak has a linewidth

of 20 Hz in the direct dimension and 22 Hz in the indirect one. The average linewidth of

the cross peaks is 32 Hz in the direct dimension and 37 Hz in the indirect one.

We automatically picked 61 correlations from 2D Cα - C′ DREAM - S3E spectrum of
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Figure 4.11 out of the 66 expected cross peaks, as shown in [107].

The NCO - S3E

We performed the 2D NCO S3E experiments to obtain high resolution N - C′ correlation

spectrum. The pulse sequence starts with π
2

pulse on 1H, followed by CP to nitrogen. A

hard π pulse is placed in the center of the 15N t1 evolution to refocus the heteronuclear
15N - 13C J-coupling (∼ −10 Hz).

The following optimized DQ DCP [108] transfers the magnetization from nitrogen to the

C′ of the previous residue. Similarly to the DREAM, no CW decoupling is applied on 1H

during the DCP.

Prior to acquisition, the S3E building block is applied. We set JCαC′ = 55 Hz without

further optimization, leading to a total evolution time of 2a′ = 4.54 ms.

We finally performed a 2D NCO reference experiment, with J-decoupling in the indirect

dimension but without the S3E building block, shown in grey in Figures 4.14, 4.15.

The total measurement time of the two S3E experiments was set equal to the reference

spectrum.
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Figure 4.15: Overlap region of 2D NCO (box of Figure 4.14) to show the gain in resolution.

A: reference 2D NCO. B 2D NCO with S3E spectrum, obtained after shifting and summing the

spectra obtained by linear combination of the two S3E experiments.

The so-obtained S3E spectrum of Figure 4.14 presents excellent resolution and higher

S/N ratio compared to the reference experiment, similarly as with the DREAM - S3E.

We automatically picked 60 correlations from 2D Cα - C′ DREAM - S3E spectrum of

Figure 4.11 out of the 66 expected cross peaks, as shown in [107].
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The NCA - DS3E

We finally performed the 2D NCA DS3E experiments to obtain high resolution N - Cα

correlation spectrum. The pulse sequence starts with π
2

pulse on 1H, followed by CP to

nitrogen. A hard π pulse is placed in the center of the 15N t1 evolution to refocus the

heteronuclear 15N - 13C J-coupling (∼ −10 Hz).

The following optimized DQ DCP [108] transfers the magnetization from nitrogen to the

Cα of the same residue. Similarly to the experiments listed above, no CW decoupling is

applied on 1H during the DCP.

Prior to acquisition, the DS3E building block is applied. We set JCαC′ = 55 Hz and

JCαCβ = 55 Hz without further optimization, leading to a total evolution time of 2c′ =

7.15 ms.

We finally performed a 2D NCA reference experiment, with J-decoupling in the indirect

dimension but without the DS3E building block, shown in grey in Figures 4.16, 4.17.

The total measurement time of the four DS3E experiments was set equal to the reference

spectrum.
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Figure 4.16: 2D NCA spectra. A: reference 2D NCA (NS = 32). B 2D NCA with DS3E

spectrum, obtained after shifting and summing the spectra obtained by linear combination of

the four S3E experiments. Each experiment of the DS3E has NS = 8.
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Figure 4.17: Overlap region of 2D NCO (box of Figure 4.14) to show the gain in resolution.

A: reference 2D NCA. B 2D NCA with DS3E spectrum, obtained after shifting and summing

the spectra obtained by linear combination of the four DS3E experiments.

The so-obtained DS3E spectrum of Figure 4.16 presents excellent resolution and higher

S/N ratio compared to the reference experiment, similarly to the spectra discussed above.

On the other hand, the presence of two independent evolution times a and c makes the

separation of the components more difficult: in Figure 4.17, for instance, it’s possible to

see that some of the singlets present a small component on the left of the main peak.

These artefacts are due to the non-perfect separation of the components during the DS3E
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experiments.

Moreover, as shown in Figure 4.19, the components from DS3E are not symmetric, in

comparison with the one extracted from S3E. Nonetheless, we automatically picked 53

highly resolved N-Cα crosspeaks. This correlations can be used, together with the one

obtained from the NCO - S3E and Cα - C′ DREAM - S3E, to identify spin systems and

to perform 2D backbone walk.
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4.4 Conclusions

In this chapter we presented some possible applications of spin state selective excita-

tion type sequences in solid - state NMR. These sequences are designed to suppress the

homonuclear 13C J-coupling during acquisition. Two variations of these sequences can be

applied on the C′ and on the Cα region, namely S3E and DS3E respectively. These are

based on the evolution of the operators for a fixed time and the presence of selective π

pulses during this evolution. We can separate the components of the original J-coupling

multiplets by linear combining the S3E and DS3E experiments, as described above.

We first tested both sequences on a simple amino acid, alanine, to J-resolve the Cα and

C′. We have investigated the role of the evolution times in the sequences, concluding that

both the S3E and DS3E do not require careful optimization of these parameters. This

fact allowed us to move to a more complex system, ubiquitin, with the aim to obtain high

resolution 13C spectra.

We added the spin state selective excitation blocks in standard 2D correlation experiments

for backbone atoms (NCA, NCO and Cα-C′ DREAM), obtaining J-resolved spectra in

both dimensions.

These sequences work best in a fast MAS regime (νr ≥ 55 kHz), where application of low

power decoupling sequences become effective. Under this regime, the maximum acquisi-

tion time is not limited by sample heating due to high power rf pulses.

With the homonuclear J-coupling, we obtained linewidth in the order of ∼ 25 Hz for 13C

and ∼ 35 Hz for 15N. Moreover, the overlapping was drastically reduced, with almost all

the peaks resolved in these 2D spectra.

Finally, the possibility of shifting and summing the components of the multiplet allowed

us to obtain higher S/N ratio then the reference experiment, rendering this method com-

petitive for samples screening in the case of low quantity of material where 1H detection

schemes [109] can’t be applied (i.e. low 1H resolution in proton detected spectra).

4.5 Experimental methods

4.5.1 Sample preparation

To prepare the ubiquitin sample, the procedure starts with an overnight pre - culture,

which is used to inoculate the desired medium. Cells are grown at 37◦C and 100 - 120

rpm until OD600 reaches 0.8 in LB. The culture is induced and grown for 3 - 4 hours in

LB and the cells are then centrifuged for 10 minutes at 6000 g and re suspended in lysis

buffer for the Microfluidzer.

Perchloric acid is added to the lysis supernatant to a concentration of 3.5 % w/v and vig-

orously shaken for a short time. After an incubation of 10 minutes at 40◦C, precipitated

proteins are pelleted 4◦C and 20 minutes at 48,000 g. The supernatant is neutralized

using saturated Tris buffer. The solution is exchanged with ubiquitin binding buffer by
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gel filtration using a HiPrep 26/10 desalting column. The protein is boiled at 85◦C for

10 minutes and the precipitated pelleted at 4◦C and 48,000 g.

The supernatant is loaded on a 6 ml Resource S ion exchange column, washed with 5

column volumes of binding buffer and eluted with a gradient of 0 - 100 % elution buffer

over 20 column volumes. The fractions containing ubiquitin are dialysed against MilliQ

water overnight at 4◦C and then lyophilized.

Ubiquitin is dissolved in 20 mM ammonium acetate buffer at pH 4.3 containing 0.05%

sodium azide. The final ubiquitin concentration is 25 mg/ml (Mubiquitin = 8.56 kDa).

The protein solution is filter sterilized and centrifuged for 5 minutes at 15,000 rpm at

4◦C.

The precipitation buffer consists of 2-methylpentanediol-2,4 and citrate buffer at pH 4.1

in a 3:2 volume ratio, containing 0.05% sodium azide. The citrate buffer can be prepared

from citric acid and adjusted carefully with 1M HaOH to the desired pH of 4.1. The final

concentration of citric acid in the precipitation buffer is 20 mM.

In each crystallization reservoir 500µl of precipitation buffer is added. 37µl of protein

solution and 10µl of precipitation buffer are mixed in the crystallization well. The crys-

tallization reservoir are sealed at 4◦C. After a few weeks the wells should contain crystals,

which were harvested and put in a 1.3 mm rotor by ultracentrifugation.

4.5.2 Solid - state NMR spectroscopy

All the experiments performed on alanine were measured at a static magnetic field of 11.75

T on a Bruker 1.3 mm probe. The MAS frequency was set to 60 kHz and no cooling was

added. The rf fields applied during the CP were set to ωH = 110 kHz and ωC = 52 kHz,

while the carrier was set to 55 ppm for DS3E and 175 ppm for S3E. The length of the CP

was optimized for Cα and C′ separately, τCαCP = 900 µs and τC
′

CP = 1700 µs.

The selective π pulses used in these experiments are Gaussian cascade Q3 [105], [110]

optimized experimentally for the best inversion of the Cα and C′ region. The length of

the pulses was set to τCαQ3
= 1.25 ms and τC

′
Q3

= 300µs, while the average rf field was

ωCαQ3
= 1.2 kHz and ωC

′
Q3

= 0.7 kHz. Care was taken to avoid phase distortions and partial

inversion on the Cβ while optimizing the selective π pulse on Cα.

We set the value of the J couplings to JCαCβ = 35 Hz for DS3E and JCαC′ = 55 Hz for

both DS3E and S3E, correspondin to a total evolution time of τS3E = 2a = 4.54 ms and

τDS3E = 2c = 7.14 ms. XiXCW [8] decoupling was applied on 1H during acquisition and

during the DS3E/S3E, with τXiX = 68µs, ωXiX = 10 kHz and ωCWXiX = 2 kHz. The total

acquisition time was set to 45 ms.

2D experiments

All the experiments performed on ubiquitin were measured at a static magnetic field of

20 T on a Bruker 1.3 mm probe. The MAS frequency was set to 60 kHz and the sample
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temperature was set to 10◦ C, calibrated on the position of the water line.

We used, as in the case of the experiments on alanine, Q3 selective π pulses for the inver-

sion of the Cα, C′ and Cα+Cβ regions. The length of the pulses was set to τCαQ3
= 1.25

ms and τC
′

Q3
= τCα+Cβ

Q3
= 300µs, while the average rf field was ωCαQ3

= 1.2 kHz and

ωC
′

Q3
= ωCα+Cβ

Q3
= 0.7 kHz. Details on the optimization of the selective pulses are shown

in Appendix B.1.

We set the evolution times during the DS3E and S3E for the three experiments to

τS3E = 2a = 4.54 ms and τDS3E = 2c = 7.14 ms, as described above in the case of

the experiments on alanine.

XiXCW [8] decoupling was applied on 1H during acquisition, t1 evolution and during the

DS3E/S3E, with τXiX = 68µs, ωXiX = 10 kHz and ωCWXiX = 2 kHz. 5 kHz 15N WALTZ

decoupling [103] was applied during acquisition and during the DS3E/S3E.

For the NCO and NCA experiments, the rf fields applied during the CP were set to

ωH = 110 kHz and ωN = 58 kHz, with τNCP = 1.2 ms for both NCO and NCA experi-

ments and ωH = 110 kHz and ωC = 55 kHz, with τCCP = 850 µs for DREAM experiment.

The length of the DCP to C′ and Cα was optimized to τDCP = 6.5 ms, using a double-

quantum (DQ) condition [108] ωN = 35 kHz, ωCα = 26 kHz and ωC′ = 29 kHz. No CW

irradiation on 1H was added during the DCP [106]. The maximum acquisition time for
15N was set to t

15N
1 = 35.2 ms, while the total acquisition time for 13C was set to t

13C
1 =

50.0 ms for both NCA - DS3E and NCO - S3E.

Each experiment of the NCO-S3E took 12 hours, while each of the NCA-DS3E took 6

hours. The NCO and NCA reference experiment took 1 day each. For the DREAM

experiment, the rf fields applied during the 1H - 13C CP were set to ωH = 110 kHz and

ωC = 49 kHz, with with τCCP = 900 µs. The DREAM transfer was optimized experi-

mentally to have maximum Cα - C′ transfer: the carrier was placed at 100 ppm and we

optimized the ωDREAM = 35 kHz and the contact time τDREAM = 3.5 ms. No 1H CW

decoupling was applied during the transfer.

The maximum evolution time for the Cα evolution was set to 40.5 ms, while the acqui-

sition time for the C′ detection was set to 50.0 ms.

Each experiment of the DREAM-S3E took 12 hours, while DREAM reference experiment

took 1 day.

112



Chapter 5

Applications of TEDOR sequence

I started this project with the aim to find a robust approach to obtain intermolecular long

range contacts at fast MAS. I thank Susanne Penzel and Matthias Ernst for discussions

about the TEDOR sequence. The chemical shifts of deuterated HET-s were obtained by

Dr. Albert Smith. The sample of HET-s was prepared by Riccardo Cadalbert.

5.1 Introduction

In recent years, advances in magic angle spinning (MAS) [3] together with the introduc-

tion of new methods for dipolar recoupling [52], have increased the possible applications

of solid-state NMR.

These approaches have been used to establish a standard procedure for resonances se-

quential assignment [49] and for measuring distance restraints [111], [45], [46] for proteins,

which are fundamental steps for the de novo structure determination.

These methods are particularly useful for systems that cannot be studied via other tech-

niques (such as X-ray crystallography and solution state NMR), namely big protein com-

plexes [90], [91], amyloid fibrils [88], [31], [33] and membrane proteins [89]. Furthermore,

the use of deuterated samples and the introduction of probes that can achieve MAS fre-

quencies of 50 - 100 kHz [3] have made feasible the use of multidimentional 1H detected

experiments [109], [94], [112], [113], [114] in solid - state NMR.

Consequentially this has stimulated interest in introducing a standard procedure for as-

signment [109] and for structure determination [94] in this regime. It has been shown

that the use of 3D and 4D 1H - 1H distance restraints spectra alone can lead to a de novo

structure determination of micro crystalline ubiquitin [94]. This approach, however, does

not provide any specific information on intermolecular contacts, which have been proven

fundamental for the structure determination of amyloid fibrils [33] and protein complexes.

In the slow MAS regime, this information can be obtained from 15N - 13C contacts of

a 50% 15N - 50% 13C labeled sample (ML sample), as shown in Chapter 2. This can

be achieved using sequences that either relies on 1H - 1H spin diffusion (NHHC [53])
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or on the effect of a third 1H spin (PAIN-CP [52]). Both approaches rely on a second

order recoupling technique which would be less effective in the fast MAS regime (νr >

55 kHz) and with the use of deuterated samples. It has been shown recently that third

spin assisted recoupling (TSAR) like the heteronuclear PAIN-CP and the homonuclear

PAR [115] can be used for (νr > 20 kHz). However, care has to be taken in the choice

of the used radio frequency fields, to avoid unwanted resonance conditions depending on

the spinning frequency. Furthermore, the transfer does not directly depend on the 15N -
13C coupling but on the geometry of the system and, in a less important way, also on the

presence of additional 1H spins.

In this chapter, we present a new approach to obtain long distance intermolecular 15N -
13C constraints based on a modified transferred echo double resonance TEDOR exper-

iment [13], [116] including 1H detection, differently from [117]. This sequence has been

applied for protein sequential assignment and we propose using this first order recoupling

technique in the context of structure determination. The aim is to propose a procedure to

obtain such information in the fast MAS regime for protein structure determination. We

tested this technique on a mixed 50% 13C and 50% 15N labeled 2H 100 % back exchanged

HET-s(218-289) sample.

5.2 Theoretical background

The basic TEDOR sequence transfers the magnetization from two heteronuclear-coupled

spins (I-S) and it consists of two REDOR [119] blocks separated by two π
2

pulses on I

and S. Recently, different variations of the original sequence have been proposed [116]

to overcome effects related with 13C - 13C dipolar coupling, 13C - 15N chemical shift

anisotropy (CSA) and homonuclear 13C -13C J-coupling. There, the initial magnetization

is on the 13C channel (I spin) and it is transferred to the 15N after the first TEDOR

block, followed by nitrogen evolution. Finally, it is back transferred on the carbon and

detected. In the two versions proposed, the effect of 13C - 13C homonuclear J-coupling

during the TEDOR period was solved by including a z-filter before the detection or by

adding a selective refocusing pulse in the middle of the TEDOR mixing.

The 3D - TEDOR version we propose (shown in Figure 5.1) is optimized to be efficient

in the fast MAS regime with a deuterated sample 100% back exchanged on the amide

proton. To obtain only intermolecular information, we consider a mixed 50% 13C and

50% 15N labeled (ML) sample.

The sequence starts with a cross polarization between 1HN - 15N of the nitrogen labeled

monomer, followed by the 15N evolution (t1). In this case, an initial CP between 1HN -
13C as proposed in the previous version [116], would be less effective due to the longer
1HN - 13C distance. Moreover, no selective π pulses or z−filter are used in this version.

We assumed that the effective Hamiltonian during the transfer contains only the het-

eronuclear 13C - 15N dipolar coupling terms since
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(i) The π pulse in the middle of the REDOR period refocusses the 15N chemical

shifts,

(ii) Homonuclear 15N J-coupling is not existing and heteronuclear 15N - 13C is not

present in a ML sample (neglecting the NA 13C in the 15N labeled molecule),

(iii) Heteronuclear 15N - 1H J-coupling and dipolar coupling are suppressed due to

the 1H decoupling in first order approximation.

The

effective Hamiltonian during the two REDOR blocks for spin I - S can be written as

ĤEff = ĤD = 2dIS ÎzŜz, (5.1)

where dIS is the dipolar coupling constant between the 15N - 13C intermolecular pair, as

defined in 1.1. Under this assumptions, we can calculate the propagator for the TEDOR

sequence for an isolated 15N (I) - 13C (S) pair.

In a powder sample, each crystallite is modulated in function of the mixing time tmix, as

described analytically in [120].

Ix
t1−→ Ixe

iΩI t1 REDOR−−−−−→
2IySz sin(δtmix/2)eiΩI t1

90x(I)90x(S)−−−−−−−→
−2IzSx sin(δtmix/2)eiΩI t1

t2−→

−2IzSx sin(δtmix/2)eiΩI t1eiΩSt2
90−x(S)−−−−→

−2IzSz sin(δtmix/2)eiΩI t1eiΩSt2
90x(I)−−−→

−2IySz sin(δtmix/2)eiΩI t1eiΩSt2
REDOR−−−−−→

Ix sin2(δtmix/2)eiΩI t1eiΩSt2 (5.2)

The magnetization after the initial 1H - 15N CP is in the nitrogen transverse plane. This

coherence is frequency labeled during t1 with the S spin chemical shift, ΩI . During the

first REDOR period, the heteronuclear dipolar coupling is reintroduced and an anti-phase

I coherence with respect to the S spin is generated, as shown in equation 5.2. The fol-

lowing couple of π
2

pulses on the I and S spins resulted in coherence transfer to the S

spin (∝ IzSy).

The selected coherence is frequency labeled during t2 with the S chemical shift, ΩS. The

time ∆, after the π
2

pulse on S (∝ IzSz) is used to keep the whole TEDOR block rotor

synchronised. The following π
2

pulse on I transfers the coherence back to the I spin

∝ IySz). The so-generated anti-phase coherence is back transferred to observable I x

magnetization after the second REDOR period. After a z-filter with water suppression

on 1H, the magnetization is back transferred to the amide proton and detected. The com-

bination of proton detected experiment and TEDOR has been used in [121] to measure
1H - 15N bond length.

We performed quadrature detection in t1 and t2 [95], [122] and a 3D Fourier transform

of the time-domain results in a 3D spectrum with cross peaks in the indirect dimensions

at frequency ΩI and ΩS, while the information on 1H chemical shift is recorded in the
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direct dimension.

In the version we propose, the rotor synchronized π pulses are situated on the 13C chan-

nel, while in the published 3D sequence [116] this approach was avoided. The reason was

to avoid any homonuclear 13C recoupling during the mixing period due to RFDR - type

effects [123], [16].

Having the magnetization on the 13C transverse plane, however, leads to homonuclear

J-coupling evolution during the TEDOR mixing time. This effect generates additional

frequencies, that reduce transfer efficiency and additional anti - phase multiple - quantum

(MQ) spin coherences, which leads to phase twisted lines and spurious cross - peaks. The

proposed solutions for these issues are either adding a z - filter prior to acquisition or

replacing the hard refocusing π pulse with a selective one [116].

We nonetheless decided to use the modified version shown in Figure 5.1 because, as

discussed above, the initial and final 1HN - 15N CP is more efficient in the case of a

deuterated 100% back - exchanged sample. Moreover, the selective π pulse will remove

all information of the 13C spins outside the inversion window and, furthermore, increase

the total length of the sequence (i.e. τCαQ3
∼ 1.5ms, as shown in Appendix B.1). The

effect of the z - filter is only to remove the MQ coherences, and it does not suppress the

J - coupling evolution.

We investigated the possibility of RFDR - type recoupling during the TEDOR period by

performing simulations with SIMPSON [124]. In the first calculation, we simulate the

TEDOR performance in function of the mixing time for an isolated 15N - 13C spin pair.

For the second calculation, we added two strongly coupled carbon atoms to the 13C spin

of interest (i.e Cα - C′ and Cα - Cβ). We set the values for dipolar coupling constants to

δN−C = 100 Hz, δCα−Cβ = 2100 Hz and δCα−C′ = 2200 Hz. In Figure 5.2 the normalized

intensities of the TEDOR transfer for the simulations described above are shown: the

black curve represents the case of an isolated 15N - 13C pair while the red curve represents

the simulation with two additional coupled 13C spins.
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Looking at Figure 5.2, one can see that the presence of π pulses on the 13C leads to

a loss in the signal due to RFDR - type recoupling. This effect, however, is much less

severe than the loss of signal due to the double CP to 13C (Appendix B.2) and the effects

of homonuclear J-coupling evolution.

5.3 Results and discussion

5.3.1 1H detected TEDOR
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Figure 5.3: 2D 15N - 1H TEDOR measured on a ML sample of deuterated 100 % back

exchanged HET-s(218-289) fibril. The experiment was performed at a magnetic field of 20.0 T

and setting the MAS frequency to 55.555 kHz. Cross peaks are present only if the 15N - 13C

transfer had taken place. Visible correlations are labeled with 1 - letter code from the assigned
15N - 1H chemical shifts.
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We performed a 2D variation of the pulse sequence shown in Figure 5.1 with only 15N

evolution on a ML sample of fully deuterated 100 % back exchanged HET-s(218-289)

fibril. The experiment was performed at a magnetic field of 20.0 T and setting the MAS

frequency to 55.555 kHz (corresponding to τr = 18µs). The TEDOR mixing time was set

to tmix = 14.4 ms and the resulting spectrum is shown in Figure 5.3.

A cross peak appears in the 2D 15N - 1H spectrum only if there was transfer between

the 15N of the nitrogen labeled molecule to the 13C of the carbon labeled monomer. The

relative transfer mechanism is depicted in Figure 5.4.
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Figure 5.4: Possible transfer mechanisms for TEDOR experiment. A cross peaks appear in

the spectrum only if 15N - 13C transfer had taken place. The wanted transfer is between the
15N of the nitrogen labeled molecule to the 13C of the carbon labeled molecule (plain arrow).

The unwanted transfer between 15N to the 13C NA of the nitrogen labeled molecule (dotted

arrow) could in principle take place.

In principle, cross peak might arise due to an intra - molecular transfer of the 15N

molecule, because of the presence of natural abundance 13C. This is a well known issue

in the structure calculation procedure with standard solid - state NMR methods. To

exclude this possibility we have initially performed a series of 1D TEDOR experiments,

varying the mixing time, in order to qualitatively identify the nature of the transfer. The

integration of the signal of the 1HN in function of the TEDOR mixing time (Figure 5.5)

shows that the maximum transfer happens at a mixing time of 14.4 ms. If the transfer

would happen mainly due to the short intramolecular 15N - 13Cα contacts (d ∼ 1.3Å),

then the maximum would appear at t = 2.4 ms, as also shown in [116].

120



 4.8  9.6  14.4 

 0
 

 2
 

 4
 

 6
 

 8
 

 1
0 

 1
2 

 1
4 

 Mix ing /  ms

 In
te

ns
ity

 / 
A

U
Figure 5.5: Integrated intensity of the 1HN region for 1D TEDOR in function of the mixing

time

We performed a 3D 15N - 13C - 1H TEDOR experiment to have site-specific long

distance intermolecular information between carbon of the 13C labeled molecule with

nitrogen of the 15N labeled molecule. This experiment was measured at a magnetic field

of 20.0 T and setting the MAS frequency to 55.555 kHz. The TEDOR mixing time was set

to tmix = 14.4 ms, according to the maximum of the transfer from the 1D optimization.

More experimental details are shown in Paragraph 5.5.2. Some representative 15N planes

of the 3D experiment are shown in Figure 5.6. A projection on the 15N - 13C plane is

shown in Figure 5.7. In total, we could identify and select automatically 81 cross peaks

in the spectrum, which corresponds to a intra - residue correlation 1HN - 15N with the

long range contact between the selected 15N frequency to the 13C. Most peaks are well

separated and can be manually assigned for the 1HN and 15N dimension, due to the pair

belongs to the same amino acid, which can be distinguished in a 2D spectrum (Figure

5.3). We were then able to neglect the presence of correlation coming from NA 13Cα

of the nitrogen labeled molecule: at the expected position, marked with a red cross in

Figure 5.3 A and in Figure 5.8, no peak is present. The spectrum has, moreover, good

S/N ratio, as shown in Figure 5.9 for two representative correlations.
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5.3.2 Intermolecular restraints

The so obtained correlations contain valuable inter - molecular information but, with

a few exceptions, the 13C dimension cannot unambiguously assigned (with 0.2 ppm of

tolerance). We therefore performed an automatic structure calculation of the HET-s(218-

289) fibril using the software CYANA [58] using the peak list obtained from 3D TEDOR

as an input. Additional inputs that we used come from the original calculation of the

HET-s(218-289) fibril, namely intra molecular 13C - 13C distance restraints as well as the

position of H - bonds, as shown in [60]. This allowed us to obtain a convergent structure

similar to the published one (RMSD to heavy atoms compared to the published one 1.1

Å).

We have used the 15N, 13Cα and 1H chemical shifts obtained from HNCA experiment [125]

of UL [2H - 13C - 15N] 100% back exchanged HET-s(218-289) fibrils. Additional 13C chem-

ical shifts were obtained by 2D DREAM [14] and 3D DREAM - TOBSY [126] measured

at a magnetic field of 14.0 T and setting the MAS frequency to 13 kHz (Appendix B.3).

The newly assigned 13C chemical shifts mainly belong to Cβ of serines, alanines and

threonines.

We tried to apply the so - called deuterium correction to predict the effect of the 2H on

the 13C chemical shifts [127]. This effect takes place from nuclei that are separated by as

many as four covalent bonds, according to the formula 5.3.

∆13C1H→2H =1 ∆13C d1 bond +2 ∆13C d2 bond +3 ∆13C d3 bond, (5.3)

where n∆13C represents the n-bond isotope effect per deuteron and d2 bond the number of

deuterons n bonds away from 13C nucleus. We therefore tried to apply this corrections

on the Cβ we have assigned ((Appendix B.3) and confront the values, finding out that

the agreement is not perfect and way above the desired precision (in average, |δassigned −
δcalculated| ≥ 0.2 ppm).

Moreover, the dihedral angles play a role in this correction for backbone atoms (i.e. Cα,

C′ and N) as shown in [128]. We therefore used only the assigned chemical shifts in the

calculation, shown in Table 5.2.

Furthermore, we defined the rule in CYANA for the assignment of the peaks as follows:

intra residue contact between the 15N and 1H dimension and long range intermolecular

contact between 15N and 13C dimension. The syntax used in CYANA for the defining

the contact is written as follows

The upper distance limit (upl) between the 15N and 13C was set to 7 Å. We set the

tolerance for the assignment to 0.55 ppm for the nitrogen dimension, 0.30 ppm for the

carbon dimension and 0.03 ppm for the proton dimension.
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The 81 correlations from TEDOR, shown in Table 5.1, were tentatively assigned and used

as constraints during the structure calculation procedure, obtained the results summa-

rized in Table 5.3.
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1 53.078 129.015 9.360 9 T 2.731e+06 0.00e+00 a 0 0 0 0 0

2 66.752 118.623 8.210 9 T 2.467e+06 0.00e+00 a 0 0 0 0 0

3 34.960 118.378 8.207 9 T 1.768e+06 0.00e+00 a 0 0 0 0 0

5 23.087 118.338 8.183 9 T 1.497e+06 0.00e+00 a 0 0 0 0 0

6 44.470 112.364 8.616 9 T 3.341e+06 0.00e+00 a 0 0 0 0 0

7 23.131 112.268 8.639 9 T 1.965e+06 0.00e+00 a 0 0 0 0 0

8 21.440 112.438 8.531 9 T 1.647e+06 0.00e+00 a 0 0 0 0 0

9 20.744 112.358 8.662 9 T 2.085e+06 0.00e+00 a 0 0 0 0 0

10 54.491 116.259 9.271 9 T 1.865e+06 0.00e+00 a 0 0 0 0 0

11 48.778 116.257 9.279 9 T 3.437e+06 0.00e+00 a 0 0 0 0 0

13 35.795 116.417 9.268 9 T 1.179e+06 0.00e+00 a 0 0 0 0 0

16 59.120 130.306 9.087 9 T 1.729e+06 0.00e+00 a 0 0 0 0 0

17 52.931 130.335 9.095 9 T 1.516e+06 0.00e+00 a 0 0 0 0 0

18 26.000 130.159 9.115 9 T 1.381e+06 0.00e+00 a 0 0 0 0 0

19 13.623 130.089 9.147 9 T 1.342e+06 0.00e+00 a 0 0 0 0 0

21 53.077 129.254 8.327 9 T 1.856e+06 0.00e+00 a 0 0 0 0 0

22 26.880 129.204 9.336 9 T 1.698e+06 0.00e+00 a 0 0 0 0 0

23 44.303 128.984 9.372 9 T 1.816e+06 0.00e+00 a 0 0 0 0 0

24 61.326 128.668 9.047 9 T 2.422e+06 0.00e+00 a 0 0 0 0 0

25 34.655 128.686 9.025 9 T 1.460e+06 0.00e+00 a 0 0 0 0 0

26 20.681 128.633 9.028 9 T 2.239e+06 0.00e+00 a 0 0 0 0 0

27 54.721 127.461 9.203 9 T 1.444e+06 0.00e+00 a 0 0 0 0 0

29 54.745 127.348 8.726 9 T 1.480e+06 0.00e+00 a 0 0 0 0 0

30 59.969 126.008 7.821 9 T 2.324e+06 0.00e+00 a 0 0 0 0 0

31 66.949 124.927 7.711 9 T 1.729e+06 0.00e+00 a 0 0 0 0 0

32 59.687 124.988 7.725 9 T 2.107e+06 0.00e+00 a 0 0 0 0 0

33 54.633 124.755 7.739 9 T 1.592e+06 0.00e+00 a 0 0 0 0 0

34 27.490 124.517 8.696 9 T 2.672e+06 0.00e+00 a 0 0 0 0 0

35 57.346 122.451 8.125 9 T 1.371e+06 0.00e+00 a 0 0 0 0 0

36 54.081 122.418 8.613 9 T 1.613e+06 0.00e+00 a 0 0 0 0 0

37 22.227 122.409 8.130 9 T 1.800e+06 0.00e+00 a 0 0 0 0 0

38 60.534 121.936 8.592 9 T 1.987e+06 0.00e+00 a 0 0 0 0 0

39 53.989 122.245 8.577 9 T 1.481e+06 0.00e+00 a 0 0 0 0 0

40 27.224 122.124 8.587 9 T 1.444e+06 0.00e+00 a 0 0 0 0 0

41 60.910 121.682 8.751 9 T 3.192e+06 0.00e+00 a 0 0 0 0 0

42 54.699 121.865 8.894 9 T 1.325e+06 0.00e+00 a 0 0 0 0 0

43 54.419 121.781 8.711 9 T 1.607e+06 0.00e+00 a 0 0 0 0 0

44 54.348 121.695 8.646 9 T 1.679e+06 0.00e+00 a 0 0 0 0 0

45 35.547 121.654 8.844 9 T 1.854e+06 0.00e+00 a 0 0 0 0 0

46 35.513 121.697 8.779 9 T 2.051e+06 0.00e+00 a 0 0 0 0 0

47 35.679 121.642 8.695 9 T 1.764e+06 0.00e+00 a 0 0 0 0 0

48 35.416 121.803 8.610 9 T 1.709e+06 0.00e+00 a 0 0 0 0 0

49 35.524 121.836 8.547 9 T 1.686e+06 0.00e+00 a 0 0 0 0 0

50 29.894 121.869 8.659 9 T 1.626e+06 0.00e+00 a 0 0 0 0 0

51 22.359 121.571 8.775 9 T 3.131e+06 0.00e+00 a 0 0 0 0 0

52 22.412 121.890 8.593 9 T 2.327e+06 0.00e+00 a 0 0 0 0 0

53 57.375 121.526 8.565 9 T 1.826e+06 0.00e+00 a 0 0 0 0 0

54 53.900 120.567 8.039 9 T 1.372e+06 0.00e+00 a 0 0 0 0 0

55 19.603 120.547 8.034 9 T 1.582e+06 0.00e+00 a 0 0 0 0 0

56 54.152 120.450 8.112 9 T 1.914e+06 0.00e+00 a 0 0 0 0 0

57 54.776 118.793 8.191 9 T 1.516e+06 0.00e+00 a 0 0 0 0 0

58 59.686 118.507 8.238 9 T 1.343e+06 0.00e+00 a 0 0 0 0 0

59 60.378 116.747 8.437 9 T 1.403e+06 0.00e+00 a 0 0 0 0 0

60 27.637 116.395 8.659 9 T 2.542e+06 0.00e+00 a 0 0 0 0 0

61 54.616 115.288 7.563 9 T 1.544e+06 0.00e+00 a 0 0 0 0 0

62 54.455 115.229 7.499 9 T 1.559e+06 0.00e+00 a 0 0 0 0 0

63 54.394 114.415 9.745 9 T 1.775e+06 0.00e+00 a 0 0 0 0 0

64 27.395 114.330 9.751 9 T 1.675e+06 0.00e+00 a 0 0 0 0 0

66 60.120 112.276 8.627 9 T 1.790e+06 0.00e+00 a 0 0 0 0 0

67 59.564 112.147 8.589 9 T 1.561e+06 0.00e+00 a 0 0 0 0 0

68 54.008 112.196 8.618 9 T 1.747e+06 0.00e+00 a 0 0 0 0 0

69 59.539 112.099 8.665 9 T 1.539e+06 0.00e+00 a 0 0 0 0 0

70 52.875 110.125 8.400 9 T 1.571e+06 0.00e+00 a 0 0 0 0 0

71 44.147 110.204 8.391 9 T 1.996e+06 0.00e+00 a 0 0 0 0 0

72 174.209 130.165 9.100 9 T 1.880e+06 0.00e+00 a 0 0 0 0 0

73 174.037 129.313 8.330 9 T 1.899e+06 0.00e+00 a 0 0 0 0 0

77 173.971 128.918 9.358 9 T 1.681e+06 0.00e+00 a 0 0 0 0 0

78 175.698 128.517 9.026 9 T 1.930e+06 0.00e+00 a 0 0 0 0 0

79 175.403 127.252 8.800 9 T 1.499e+06 0.00e+00 a 0 0 0 0 0

80 175.635 127.199 8.709 9 T 1.737e+06 0.00e+00 a 0 0 0 0 0

81 130.700 125.537 9.102 9 T 1.421e+06 0.00e+00 a 0 0 0 0 0

82 175.121 123.105 8.618 9 T 1.474e+06 0.00e+00 a 0 0 0 0 0

83 175.105 122.519 8.576 9 T 1.674e+06 0.00e+00 a 0 0 0 0 0

84 173.405 121.617 8.760 9 T 1.818e+06 0.00e+00 a 0 0 0 0 0

85 173.319 121.802 8.679 9 T 1.686e+06 0.00e+00 a 0 0 0 0 0

87 176.508 121.245 8.738 9 T 1.449e+06 0.00e+00 a 0 0 0 0 0

88 175.234 120.402 8.157 9 T 1.703e+06 0.00e+00 a 0 0 0 0 0

89 175.182 120.247 8.078 9 T 1.685e+06 0.00e+00 a 0 0 0 0 0

90 174.649 115.097 7.495 9 T 1.300e+06 0.00e+00 a 0 0 0 0 0

91 175.689 112.350 8.772 9 T 1.421e+06 0.00e+00 a 0 0 0 0 0

92 175.553 112.243 8.616 9 T 2.674e+06 0.00e+00 a 0 0 0 0 0

93 173.603 110.086 8.423 9 T 1.692e+06 0.00e+00 a 0 0 0 0 0

Table 5.1: 3D TEDOR peak list used for the structure calculation.
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Residue HN N Cα Cβ Cγ
224 Gly 8.64 111.31 42.62 - -
225 Arg - - - - -
226 Asn 9.04 124.60 51.75 - -
227 Ser 9.43 118.18 56.32 66.41 -
228 Ala 8.57 121.89 49.11 22.87 -
229 Lys 8.21 122.45 59.35 31.50 -
230 Asp 8.52 116.82 52.71 - -
231 Ile 8.70 121.71 60.45 40.70 26.51 / 16.76
232 Arg 9.03 128.64 53.67 32.91 32.16
233 Thr 8.62 112.35 59.30 71.23 22.84
234 Glu 8.20 118.72 53.45 - -
235 Glu 9.28 116.25 58.37 - -
236 Arg 8.75 122.01 54.17 - -
237 Ala 7.79 124.78 52.73 18.98 -
238 Arg 8.30 117.42 54.01 - -
239 Val 8.58 121.81 59.72 - -
240 Gln 9.12 125.63 52.37 - -
241 Leu 9.10 130.33 52.39 - -
242 Gly 8.71 112.60 43.41 - -
243 Asn 8.39 109.22 50.88 - -
244 Val 9.13 122.01 61.56 - -
245 Val 9.02 128.63 60.75 - -
246 Thr 8.32 115.61 62.02 70.44 20.08
247 Ala 8.73 119.93 55.53 16.30 -
248 Ala 8.34 118.91 54.49 17.57 -
249 Ala 7.72 119.43 53.58 18.23 -
261 Thr 8.37 123.30 61.00 70.11 20.44
262 Asn 8.95 126.78 52.12 - -
263 Ser 8.73 116.62 55.95 65.42 -
264 Val 8.71 124.41 56.69 34.63 19.69 / 22.19
265 Glu 7.87 126.40 58.98 - -
266 Thr 8.62 112.27 60.57 71.17 21.36
267 Val 8.66 123.71 60.01 34.96 21.37
268 Val 8.78 127.41 60.62 33.17 20.05
269 Gly 8.64 112.30 43.81 - -
270 Lys 8.12 120.51 53.96 34.41 -
271 Gly 9.75 114.40 48.01 - -
272 Glu 9.12 127.35 53.73 - -
273 Ser 7.57 115.30 58.85 66.17 -
274 Arg 8.66 117.29 54.59 - -
275 Val 8.86 121.95 60.02 - -
276 Leu 8.40 129.30 52.29 43.53 26.77
277 Ile 9.37 129.34 58.19 34.71 25.26 / 17.76
278 Gly 8.40 110.20 43.61 - -
279 Asn 8.53 113.84 51.36 - -
280 Glu 8.80 119.74 54.10 - -
281 Tyr 9.87 128.15 55.74 39.89 -
282 Gly 9.75 108.91 45.56 - -
283 Gly 8.37 111.85 43.36 - -
284 Lys - - - - -
285 Gly 9.12 107.79 43.90 - -

Table 5.2: Chemical shifts of deuterated HET-s (218-289) fibrils in ppm used for the calculation
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Unassigned 41

No assignment possibilities for 13C 40

Violations 1

Assigned 40

Unambiguous assignment 27

2 possibilities in the 13C dimension 10

Ambiguous assignment (≥ 3 possibilities) 3

Table 5.3: Summary of the structure calculation results for the TEDOR peak list assignment.

The 40 unassigned peaks are because of lacking of information about 13C assignment. The

violation corresponds to a 15N - 13C distance of 8.2 Å.

41 cross peaks were not assigned during this process, mostly due to of the lack of the
13C side chains information (18 peaks in the carbonyl region and 7 in the aromatic). We

had 1 correlation that violated the 7 Å distance limit: in the final structure, the distance

between the 15N - 13C pair was 8.2 Å.

40 cross peaks were assigned in the structure calculation process, 27 of them in an un-

ambiguous way (i.e. only one assignment possibility with the set tolerance). The other

13 correlations could be ambiguously assigned, mainly because of the 13C dimension.

We plotted the assigned correlations on the TEDOR spectrum, as shown representatively

in Figure 5.8 and on the resulting structure with the relative distances, as shown in Figure

5.10. It is interesting to note that the TEDOR transfer works for residue in β strands

(Figure 5.10 A) and in loops (Figure 5.10 B). As a comparison, we plotted the so obtained

restraints in the PAIN spectrum measured for [60] on a ML sample of HET-s(218-289)

fibrils (Figure 5.11).
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5.4 Conclusions

In this chapter we have presented a new approach to obtain highly resolved 15N - 13C

intermolecular correlations using a variation of the TEDOR sequence. This sequence

directly reintroduce the 15N - 13C dipolar coupling, differently from other sequenced

based on the 1H network (i.e. PAIN, NHHC). Therefore, it can provide complementary

information on the stacking of the protein.

This method works nicely in the fast MAS regime (νr ≥ 50 kHz) in combination with a

deuterated 100% back exchanged sample. In this regime, the use of low power decoupling

schemes reduces drastically the sample heating because of rf irradiation and the proton

detection boosts the sensitivity of the experiment.

The 3D TEDOR 15N - 13C - 1H experiment we performed shows good S/N and, due to the

high dimensionality of the spectrum, allowed us to obtain valuable structural information

with low ambiguity. We have used the so-obtained correlation in an automatic structure

calculation of HET-s(218-289) and subsequently assigned them. The strong restriction

that the 15N and 1H have to belong to the same residue allowed to dramatically reduce

the ambiguities of the inter molecular 15N - 13C constraints.

We have moreover demonstrated that correlation from NA 13C, that could provide wrong

information on the stacking, are too weak to be visible in the spectrum in this specific

compound.

A further improvement of the experiment can be obtained by scalar 2H decoupling during

the TEDOR mixing and the 13C evolution, as shown in [129]. In conclusion, the approach

we proposed provides low ambiguity intermolecular constraints and can therefore be used

in the context of protein structure determination in the fast MAS regime.

5.5 Experimental methods

5.5.1 Sample preparation

The competent cells were placed in BL 21 star (DE3) (50 µL) and the plasmid was put in

solution for ten minutes in the fridge. 0.5µL of the plasmid was addedto the competent

cells and kept in the fridge for 30 minutes. The preparation was incubated overnight

at 37◦C over. After that, the cells were harvested and centrifuged at 5000 rpm for 30

minutes. After that, the cells were re-suspended in a 150 mM NaCl / 50mM Tris-HCl,

pH 8 buffer .

The cells were lysed in 150 mM NaCl and 50 mM Tris-HCl, pH 8 and disrupted using

a microfluidizer (Microfluidics). The lysate was centrifuged for 120 min at 8,250 g. The

pellet was re suspended in buffer (150 mM NaCl and 50 mM Tris-HCl, pH 8) and guani-

dinium HCl powder was added until the solution had doubled the volume.

The sample was incubated overnight at 60◦C and rotated 1 hour at room temperature.

The supernatant was cleared by centrifugation for 5 hours at 186,000 g and filtered over
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0.2 µm pore-size filters.

Equilibrated Ni-Sepharose was added to the sample and the protein was binding over 72

hours to the resin. The sample was transferred to a column and the resin was washed

with eight times column volumes buffer (6M guanidinium HCl, 20 mM Imidazole, 0.5 M

NaCl, 50 mM Tris-HCl, pH 8). The protein was eluted with elution buffer (6M guani-

dinium HCl, 500 mM Imidazole, 0.5 M NaCl, 50 mM Tris-HCl, pH 8). 1 ml fractions

were taken and the fractions with protein were pooled in one falcon.

The buffer was exchanged with 150 mM acetic acid pH 2.5 using a HiPrep 26/10 desalting

column (GE Healthcare). The pH was then immediately adjusted to 7.4 by addition of 3

M Tris at room temperature, which triggers fibrilization. After fibrillation the sample was

stored at 4◦C. The protein was centrifuged at 30,000 g over night, the supernatant was

discarded and the fibrils were packed into a 1.3 mm Bruker rotor by ultracentrifugation

using a filling device. The drive tip was sealed with epoxy glue (Araldit blue) in order to

prevent dehydration of the sample.

5.5.2 Solid - state NMR spectroscopy

All experiments were performed at a magnetic field of 20.0 T using a commercial BRUKER

1.3 mm probe. The MAS frequency was set to 55.555 kHz (corresponding to τr = 18µs)

and the temperature of the sample was calibrated on the water line peak to 15◦C.

All π and π
2

pulses on 15N and 13C are 100 kHz pulses (τπ = 5.0µs and τπ = 2.5µs).

The rf fields for the first and last CP were optimized to ωH = 120 kHz and ωN = 68

kHz. Low power SWfTPPM [102] is applied during the TEDOR mixing and the t1 and

t2 evolution with ωTPPM = 12 kHz and τTPPM = 42µs. WALTZ-16 is applied during the

proton detection on the 15N channel with ωWALTZ = 6 kHz and τTPPM = 49µs.

For the 2D 15N - 1H experiment, the TEDOR mixing time was set to 14.4 ms. The

spectral width was set to 20 kHz for 15N and 100 kHz for 1H, with total acquisition time

of 12.5 ms for 15N ms and 51.2 ms for 1H. The recycle delay was set to d1 = 1.5 s and

NS = 64, corresponding to a total measurement time of 13.3 hours.

For the 3D 15N - 13C - 1H experiment, the TEDOR mixing time was set to 14.4 ms. The

spectral width was set to 8 kHz for 15N, 55.555 kHz for 13C and 100 kHz for 1H, with

total acquisition time of 7.18 ms for 15N ms, 2.6 ms for 13C and 20.48 ms for 1H. The

recycle delay was set to d1 = 1.0 s and NS = 16, corresponding to a total measurement

time of 148.8 hours.
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Part III

Conclusions and Outlook
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In the first part of this thesis we presented applications of solid - state NMR tech-

niques on the structure determination of proteins.

In Chapter 2, we measured solid - state NMR experiments on the amyloid β 1-42. The

first step was to obtain the sequential assignment of the protein, achieved by a combina-

tion of 2D and 3D spectroscopy. Residues between 11 to 14 were invisible in both solid -

and solution - state NMR experiments, implying that this stretch presents an intermedi-

ate range of dynamics.

Using the so obtained backbone chemical shifts, we identified the presence of five β-sheets,

namely between residues 2 - 6 (β1), 15 - 18 (β2), 26 - 28 (β3), 30 - 32 (β4), 39 - 42 (β5).

The identified beta - strands could be verified by measurements of 15N - 13C long range

spectra on a ML 50% 15N - 50% 13C sample, namely PAIN and NHHC.

We performed long range experiments on a UL and on a 1:3 diluted sample to obtain

distance restraints, namely CHHC, DARR and PAR. From the analysis of these spectra

we obtained 38 restraints with low spectral ambiguity (i.e. less than 2 assignment possi-

bilities per dimension with 0.2 ppm of tolerance).

We used the so obtained information, together with additional peak lists from the re-

straints spectra and dihedral angle restraints obtained from the assigned CS to perform

a structure calculation of the Aβ 1-42 fibrils. We furthermore used the information ob-

tained from M/L about the lateral stacking of 2 Aβ monomers per unit. This procedure

yielded 551 additional constraints and resulted in a well converged structure with an

average target function of 1.90 Å2 for the final bundle comprising the 10 best conformers

and a backbone RMSD of 0.89 Å for residues 15 - 42 of the two molecules in the central

layer.

In the second chapter, we have proposed a new hybrid approach for protein structure

determination, combining a iterative combination of solid - state NMR and cryo - EM

data.

This method was applied successfully for the structure determination of the mouse ASC

- PYD filaments, which would probably haven’t been possible with the single techniques

alone.

The solid state NMR part was performed by the sequential assignment of the ASC -

PYD filaments. The complete assignment of the backbone atoms between residue 4 to

84 was achieved, together with most of the side chains. Residues 1 - 3 and 85 - 91 were

not visible neither in solid - state or solution - state NMR experiments, implying that

these residues presented a intermediate range of motion that renders then invisible in the

experiments, similarly to what has been shown in Chapter 1.

From the combination of secondary CS and TALOS+ analysis, we could identify 6 α

helices at position 3 - 14 (α1), 17 - 29 (α2), 41 - 46 (α3), 49 - 59 (α4), 62 - 76 (α5), 80 -

84 (α6). This information was used, together with dihedral angle restraints, in the first

step of the calculation with the cryo - EM density map. The so obtained model was

converging and presented a well defined backbone structure.
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To increase the precision of the final structure, we performed 2D distance restraints spec-

tra, namely PAR and CHHC, to obtain distance restraints and constraints. The spectra

were measured on both a UL and a 1:3 diluted sample, so that the dilution analysis was

possible. From the analysis of these spectra, 13 spectral unambiguous (i.e. only 1 assign-

ment possibility for each dimensions with 0.2 ppm of tolerance) restraints were identified

and used in the second step of the calculation, together with structural information from

cryo - EM.

In the final step of the calculation, the peak lists obtained from the distance restraints

spectra were used as input and iteratively assigned by the program, giving additional

constraints. These constraints were used to better defined the position of the side chains

atoms, obtaining a backbone rmsd of 0.17 Å and an overall heavy atom rmsd of 0.63 Å

of the 10 best structures.

Furthermore, using INEPT - based experiments, we proposed that the CARD domain is

flexible and attached to the well - folded filament core, composed by the PYD domain.

Moreover, the CARD presence does not influence the structure of the PYD filament.

In the second part of the thesis we have proposed two techniques that can be applied in

solid - state NMR in the fast MAS regime.

In Chapter 3, we have proposed an approach to obtain high resolved 13C spectra. It is

based on the application of the Spin State Selective Excitation sequences, which were

developed for solution state NMR with the aim to obtain J - resolved 13C spectra by

suppressing the homonuclear J - coupling during acquisition.

We first have tested these sequences, namely S3E for the carbonyl region and DS3E for

the Cα region, on a simple amino acid, alanine. These experiments were performed to

test the sequences and to obtain information about their robustness towards the param-

eters, such as the evolution times and the selective π pulses.

We applied these sequences on a model protein, ubiquitin, to obtain high resolved 2D

correlation spectra for the bacbone atoms N, Cα and C′.

In Chapter 4 we proposed a new approach to obtain highly resolved long distance inter

molecular restraints using a variation of the TEDOR sequence. This sequence directly

reintroduce the 15N - 13C dipolar coupling, differently from other sequences. Therefore,

it can provide complementary information on the stacking of the protein.

This method has proven itself extremely efficient in the fast MAS regime (νr ≥ 50 kHz)

in combination with a deuterated 100% back exchanged HET-s(218-289) sample.

The 3D TEDOR 15N - 13C - 1H experiment we performed shows good S/N and, due to the

high dimensionality of the spectrum, allowed us to obtain valuable structural information

with low ambiguity. We have used the so-obtained correlation in an automatic structure

calculation of HET-s(218-289) and subsequently assigned them. The strong restriction

that the 15N and 1H have to belong to the same residue allowed to dramatically reduce

the ambiguities of the inter molecular 15N - 13C constraints.

In conclusion, the approach we proposed provides low ambiguity intermolecular con-
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straints and can therefore be applied for protein structure determination in the fast MAS

regime.
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Appendix

A Structure determination of the Amyloid β (1-42)

fibril

A.1 Screening of conditions

Nr. Seeding Aβ (1-42)

concentra-

tion [µM]

Shaking Additives /

salt

Polymorphisms

0 No 150 Gently No Many

1 Yes 30 350 rpm 100 mM NaCl,

30 µM heparin

-

2 Yes 30 350 rpm 100 mM NaCl,

100 µM ZnCl

1

3 Yes 30 350 rpm 100 mM NaCl ∼2

4 Yes 100 350 rpm 100 mM NaCl,

100 µM ZnCl

1

Table 5.4: Condition screening of Aβ (1-42) fibrils. All conditions are in a 100 mM phospate

buffer at pH 7.4 and fibrilization was performed at 37◦ C
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A.2 Dot blot measurement

Figure 5.12: (A) Dot blot results of the Aβ (1-42) fibrils used for the solid - state NMR

experiments show that the fibrils are OC+ and A11-. In addition to the solid - state NMR-

analyzed Aβ (1-42) fibrils, Aβ (1-40) oligomer mimics, Aβ (1-42) fibril standard (from the

Glabe lab), and Aβ (1-40) monomers were spotted as positive controls for antibodies on each

membrane. The Aβ samples on each membrane were then probed with one of the anti-Aβ

antibodies (6E10 and 4G8), anti-amyloid antisera (αAPF, A11, and OC), or anti-oligomer

monoclonal antibodies (mAs) (mA55,mA118, mA201, and mA204). The 6E10 and 4G8 are

commercially available anti-Aβ antibodies. Amyloid conformation specific antisera, αAPF, A11,

and OC, are specific for Aβ-annular protofibrils (APF), oligomer mimic, and fibrils, respectively.

The results show that the Aβ (1-42) fibrils used for the solid - state NMR analysis (top row) were

strongly detected by 6E10, 4G8, and OC but not by αAPF, A11, nor by majority of the A11-like

mAs. The same results show that the Aβ (1-42) fibrils were positive for mA201 (weakly) and

mA204. (B) Aβ (1-42 fibrils used for the solid - state NMR analysis show reactivity to OC-like,

fibril-specific monoclonal antibodies (mOCs).
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Figure 5.12: In addition to the fibril sample, the three different conformations of Aβ samples

(same as (A)) were spotted on each membrane as positive controls for antibodies. The four

samples were probed with all available 23 OC-like mOCs. Here we show ten representative

dot blot results, the samples screened with mOC1, mOC3, mOC9, mOC15, mOC16, mOC22,

mOC23, mOC24, mOC29 and mOC31. The Aβ (1-42) fibrils used for the solid - state NMR

analysis were detected by mOC 1, mOC3, mOC16, mOC23, and mOC24, but not by mOC9,

mOC15, mOC22, mOC29, and mOC31. (C) The same mOCs that showed reactivity to the

Aβ (1-42) fibrils from Panel (B) also stain plaques in human AD brain tissues as demonstrated

by immunostaining. AD brain tissues probed by mOC1, mOC3, mOC16, mOC23, and mOC24

showed plaque staining. AD brain tissues probed by mOC9, mOC15, mOC22, mOC29, and

mOC31 were mostly unstained.

A.3 Chemical shifts comparison
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A.4 H/D exchange
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Figure 5.15: Residue-resolved Quenched H/D exchange data for the identification of solvent

protected 15N-1H moieties of Aβ (1-42) fibrils. The relative peak intensities in DMSO back

predicted to time zero for eachexchange time in D2O are shown. Smooth solid lines represent

the mono- exponential fits of the raw data. Some residues (for example His 6, Gly 9, Tyr 10,

Gly 25) show a clear decay to zero, whereas others (for example Phe 19, Phe 20, Ile 31, and Ile

32) remain at high intensity indicative of a high solvent protection.
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Figure 5.16: Residue-resolved identification of solvent protected 15N-1H moieties of Aβ (1-42)

fibrils based on the quenched H/D exchange measurements. The extend of solvent protection

is represented by the relative peak intensities at infinite times from the fit of the exchange data

shown in Figure 5.15. In the top row, the filled squares indicate the segments that are most

protected (red) and semi-protected (orange), and solvent exposed (blue), respectively.
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A.5 Dilution analysis
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Figure 5.17: Selected traces from the 400 µs CHHC (A-F), 400 ms DARR (G-L) and PAR

(M) spectrum of Aβ (1-42) fibrils. In red are the traces from the [UL 13C-15N] sample, while in

blue are the corresponding traces from the diluted sample. The frequency of the trace together

with the corresponding assignments are listed on the top left of each subfigure. Cross-peaks of

interest are labeled black if they are considered to be intra-molecular, red inter-molecular, and

blue if they are spectrally unambiguous intra- or intermolecular. The calibration of the diluted

spectra was performed using the intra-residual peaks (black dashed line).
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A.6 Limited proteolysis
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B Methods development

B.1 Selective π pulses optimization

The pulse sequence used to optimize the selective π pulses is shown in Figure 5.19. After

the π
2

pulse on 1H, the magnetization is transferred to the 13C via CP, optimized for the

region of the inversion. The first π
2

on 13C brings the magnetization on the z - axis and,

after a dephasing delay ∆, the inversion pulse Q3 is placed. The last π
2

pulse brings the

magnetization on the transverse plane and it is detected. 1H decoupling is applied during

the inversion and detection.

We exploited the feature of universal inversion pulse to optimize it for a rotation z → -z,

avoiding CS evolution of the spins outside the inversion window.

φ1

φ2

φrec

13C

1H Decoupling

∆

φ3 φ4

Figure 5.19: Pulse sequence used to optimize the selective π pulses on 13C. White and black

boxes represent π
2 and π pulses, respectively. The shaped pulses represents the selective inversion

pulse. All pulses have phase x if not specified differently. The used phase cycle is φ1 = y,−y,

φ3 = y, y,−y,−y, φ4 = y, y, y, y,−y,−y,−y,−y , φrec = x,−x,−x, x,−x, x, x,−x

The so described pulse sequence was used on ubiquitin to invert selectively the C′,

the Cα+Cβ and the Cα, obtaining the results shown in Figure 5.20. Care was taken to

minimize the effects on the spins outside the inversion window. We compare the results

of this pulse sequence (shown in red) with the one in which the rf field of the selective

inversion pulse was set to zero (shown in blue).
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B.2 Comparison of 13C and 15N MISSISSIPI experiment

 10  9  8  7 
 δ  1H /  ppm 

Figure 5.21: 1D 13C - 1H (red) and 1D 15N - 1H (blue) MISSISSIPI experiment performed on
2H - ML HET-s(218-289) fibril 100 % back exchanged. The CP steps were optimized separately

and NS = 16 for both experiment. The S/N of the red spectrum is ∼ 30% of the blue spectrum.

B.3 Assignment of 2H - 100% back - exchanged HET-s(218-289)

The assignment for the 2H - 100% back - exchanged HET-s(218-289) was obtained by

HNCA experiment, thus giving the CS for HN, N and Cα. We obtained additional

carbon shifts from the analysis of 2D [13C - 13C] DREAM spectrum. This experiment

was measured at a magnetic field of 14 T on a BRUKER 3.2 mm rotor, setting the MAS

frequency to 13 kHz, on a 2H - 100% back - exchanged HET-s(218-289) fibrils sample.

The Cβ shifts were obtained from the combination of the Cα shifts from the deuterated

sample with the help of the Cβ of the fully protonated one [60].
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Figure 5.22: Part of 2D [13C - 13C] DREAM spectrum of a 2H - 100% back - exchanged

HET-s(218-289) fibrils, measured at a magnetic field of 14 T and setting the MAS frequency to

13 kHz. Cβ shifts were obtained with the help of the Cα of the deuterated sample. Red crosses

indicate the position of the expected peak after the isotope correction, as shown in Equation

5.3.
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