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 DEVELOPMENT AND APPLICATION OF NEW 
METHODOLOGY FOR 1H-DETECTED MAS 
SOLID-STATE NMR ON BIOMOLECULES 

 

 

ABSTRACT (DEUTSCH) 
In der hier vorgestellten Arbeit werden neuartige Festkörper-NMR (Nuclear Magnetic Reso-

nance) Experimente vorgestellt, die eine direkte Detektion von Protonen einbeziehen. Die 

Technik basiert auf einer weitgehenden Verdünnung der Protonen durch Deuteronen in voll-

ständig isotopenmarkierten, rekombinant exprimierten Proteinen und ermöglicht Festkörper-

NMR mit sehr schmalen Linienbreiten aller standardmäßig erfassbaren Kerne (Protonen, 

Stickstoff, Kohlenstoff) ohne Hochleistungsentkopplung. Zusätzlich werden Methoden für ein 

besonders hohes Signal-zu-Rausch durch Paramagnetic Relaxation Enhancement (PRE) ent-

wickelt. Die so präparierten Proteine erweisen sich tauglich für eine stark verbesserte NMR-

Charakterisierung durch eine Vielzahl neuer Struktur- und Zuordnungsexperimente, in denen 

Techniken aus Festkörper- und Lösungs-NMR vereint werden. Dabei können hier erstmals 

auch Bereiche im Protein mit einbezogen werden, die langsame Dynamik vollziehen. Die 

Experimente finden Anwendung auf die SH3-Domäne von alpha-Spektrin, das Alzheimer-

Peptid Abeta1-40 und das Membranprotein Omp G. 

Schlagworte: Festkörper-NMR, Protonendetektion, MAS (magic angle spinning), Deuterie-

rung 

 

ABSTRACT (ENGLISH) 
In this work, novel solid-state NMR (Nuclear Magnetic Resonance) experiments are pre-

sented that imply direct detection of protons. The technique is based on extensive dilution of 

protons with deuterons in uniformly labelled, recombinantly expressed proteins and allows for 

solid-state NMR providing very narrow lines of all commonly accessible nuclei (protons, ni-
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trogen, carbon) without high-power decoupling. In addition, methods are developed that yield 

a particularly high signal-to-noise through Paramagnetic Relaxation Enhancement (PRE). The 

accordingly prepared proteins are shown to be applicable for a significantly improved NMR-

characterization by manifold new experiments for assignment and structure elucidation, in 

which techniques from solid-state and solution NMR are united. For the first time, also those 

regions in a protein can be accessed that undergo slow dynamics. The experiments are em-

ployed on the SH3-domain of alpha-spectrin, Alzheimer’s peptide Abeta1-40, and the mem-

brane protein Omp G. 

Keywords: Solid-state NMR, proton detection, MAS (magic angle spinning), deuteration 
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ZUSAMMENFASSUNG 
 

Die vorliegende Arbeit befasst sich mit methodischen Verbesserungen der protonen-

detektierten Festkörper-NMR an Proteinen. Ein gewichtiger Teil unterschiedlichster naturwis-

senschaftlicher Forschung richtet sich auf das Verständnis von biologischen Prozessen auf 

atomarer Ebene. Das vielfältige Potenzial eines solchen Wissens reicht von einem fundamen-

talen Verständnis über medizinische bis hin zu technischen Anwendungen. Diesbezüglich ist 

eine Aufklärung von Struktur und Dynamik der beteiligten Proteine, Membranen oder Nuk-

leinsäuren von großer Bedeutung. Ein entsprechendes Werkzeug gerade für Systeme, die 

schwer zu kristallisieren oder in Lösung zu bringen sind, ist die Festkörper-NMR Spektrosko-

pie. Traditionell ist die Festkörper-NMR durch eine niedrige Auflösung und Empfindlichkeit 

besonders für größere Moleküle gekennzeichnet. Ein teilweiser Austausches von Protonen 

gegen Deuteronen kann zu einer um ein Vielfaches erhöhten Auflösung führen. Die Empfind-

lichkeit, die bislang mit stark protonenverdünnten Proben erreicht worden ist, hat allerdings 

nicht ausgereicht, um grundlegende NMR-Experimente wie für sequentiellen Zuordnungen 

oder strukturelle Information aufzunehmen. 

Die vorliegende Dissertation beschäftigt sich mit konzeptuellen Verbesserungen dieser Me-

thodik. Insbesondere werden präparative und spektroskopische Techniken vorgestellt, die eine 

hochaufgelöste Festkörper-NMR hoher Empfindlichkeit ermöglichen. Verbesserte Empfind-

lichkeit wurde durch Paramagnetic Relaxation Enhancement (PRE) erreicht, welches für die 

Verwendung an mikrokristallinen Proteinen modifiziert wurde. Diese Methodik, mit der die 

Datenaufnahme bis zu 15fach beschleunigt werden konnte, wird in Kapitel 3 beschrieben. 

Hier wird auch die Entwicklung einer abgeleiteten Methode aufgezeigt, die es erlaubt, die 

Oberflächenzugänglichkeit von Amid-Protonen im mikrokristallinen Zustand zu bestimmen. 

Eine zweite Grundlage für hohe experimentelle Empfindlichkeit stellt die Bestimmung des für 

die jeweilige Anwendung optimalen Protonierungsgrades dar. Diese wird in Kapitel 4.1 be-

schrieben.  

Mit der gegebenen Verbesserung der Empfindlichkeit wurden neue Experimente für den Er-

halt von Protein-Rückgrat- und Seitenkettenzuordnungen entwickelt, die auf dem verwende-

ten Markierungsschema beruhen. Diese für die Spektroskopie an deuterierten Proteinen 

grundlegenden Experimente werden in Kapitel 4.2 bis 4.4 beschrieben. Ein spezielles Au-
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genmerk wird dabei auf die Zuordnung von Resonanzen solcher Aminosäuren gelegt, die 

langsame Dynamik zeigen (Kapitel 4.4). Langsame Dynamik ist häufig von besonderer Be-

deutung für Proteinfunktionalität. Zusätzlich zu diesen Experimenten, die komplette 13C, 15N 

und 1H Zuordnungen für protonenverdünnte Proteine ergeben, wurde eine verbesserte Metho-

de für die Bestimmung von 1H/1H-Distanzen entwickelt (Kapitel 4.5). 

Die geschilderten Experimente wurden an der SH3 Domäne von Hühner-α-Spectrin entwi-

ckelt, sind aber auf ein breites Spektrum von Zielmolekülen anwendbar. Kapitel 5 und 6 zei-

gen Anwendung auf  das 40-Aminosäuren-Peptid Aβ1-40, einem Plaques formenden Biomole-

kül, das bei der Alzheimer’schen Erkrankung eine Rolle spielt, und auf das 280-

Aminosäuren-Membranprotein OmpG.  

 

Die auf einer definierten Reduktion von Protonen in der Festkörper-NMR basierenden Strate-

gien dieser Arbeit haben sich bereits jetzt als ein wichtiger Schritt zur Anwendbarkeit von 

Festkörper-NMR in der Strukturbiologie herausgestellt: Der kürzlich durch Schanda et al. 

vorgestellten Charakterisierung von Wasserstoffbrücken-Topologien in einem mikro-

kristallinen Protein[1] z. B. liegen die in dieser Dissertation entwickelten Experimente 

zugrunde.  
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SUMMARY 
 

This thesis focuses on the methodological improvement of proton detected solid state NMR 

on proteins. The understanding of biological processes on an atomic basis is the objective of a 

great part of current scientific research. The manifold potential of such knowledge ranges 

from a fundamental understanding to medical and technical applications. In respect to this 

aim, elucidation of structure and dynamics of involved proteins, membranes or nucleic acids 

is essential. One respective tool, employed especially for systems that are difficult to crystal-

lize or solubilize, is solid state NMR spectroscopy. Traditionally, solid state NMR suffers 

from both a low resolution and sensitivity especially for large bio-molecules. A partial proton 

exchange against deuterons can yield a manifold enhanced resolution. Yet, sensitivities for-

merly obtained with extensively proton-diluted samples have not allowed for the acquisition 

of basic NMR experiments for sequential assignment or structural restraints. 

The dissertation focuses on conceptual improvements of this methodology. In particular, 

preparative and spectroscopic techniques are presented that allow high-resolution solid state 

NMR together with a high sensitivity. An improved sensitivity was provided by Paramagnetic 

Relaxation Enhancement (PRE), which was optimized for the application to micro-crystalline 

proteins. This technique, which allowed to speed up data acquisition for proton diluted sam-

ples by a factor of up to 15, is described in Chapter 3. Here, the development of a derived 

method is elucidated which allows to determine the surface accessibility of an amide proton in 

a micro-crystalline protein. As a second prerequisite for a high sensitivity, the knowledge 

about the optimal proton content for a specific purpose was obtained. This is described in 

Chapter 4.1.  

Provided a strongly increased sensitivity, new experiments yielding backbone and sidechain 

assignments based on the employed labelling were developed. These experiments, which play 

a fundamental role for spectroscopy on deuterated proteins, are described in Chapter 4.2 to 

4.4. Here, a particular attention is paid to the resonance assignment of residues undergoing 

slow motion (Chapter 4.4), which are often important for protein function. In addition to these 

experiments yielding the complete 13C, 15N, and 1H assignments of a proton diluted protein, 

an improved methodology for the acquisition of 1H/1H distances was developed (Chapter 4.5). 
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The described experiments were developed using the SH3 domain of chicken α-spectrin, but 

are applicable to a wide range of targets. In Chapters 5 and 6, application to the 40-residue 

peptide Aβ1-40, a plaque forming biomolecule occurring in the course of Alzheimer’s disease, 

and to the 280-residue β-barrel protein OmpG is shown.  

 

The developed strategies based on a defined proton dilution in solid state NMR have been 

shown to be an important step for the applicability of solid state NMR in structural biology 

already now: The characterization of H-bond topologies in a micro-crystalline protein, e.g., 

which was recently presented by Schanda et al.,[1] is based on the developments of this the-

sis. 
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1  INTRODUCTION 
 

1.1 Cellular processes as determinants of life 

Although living organisms are built from just the same elements as non-living matter, an 

amazing number of peculiar processes arrange the complex molecular functionality necessary 

for a living being to grow, move, adapt and reproduce itself. On the atomic level, all these 

organisms share a common strategy, using special types of molecules like nucleic acids for 

the storage and procession of genetic information, proteins for metabolic processes, signal 

transduction, movement e. g., sugars and phospholipid molecules for construction of struc-

tural elements serving as a scaffold for the other processes etc.. In order to allow for an effi-

cient variation and adaptation of existing machinery to new evolutionary requirements, nu-

cleic acids and proteins each consist of simple building blocks. 

Proteins are probably the most diverse machinery, they perform various tasks enabling e. g. 

intra- and intercellular communication processes, they provide all the tools for a transport, 

chemical modification, decomposition and construction of molecules, and they are in charge 

of physical action of the cell, like for muscle contraction or temperature preservation. The 

building blocks of proteins are the amino acids, molecules of around 100 Da, that can be 

linked together by stable peptide bonds. These bonds provide a certain rigidity due to the in-

volvement of sp2-hybrid orbitals and additional p-orbitals forming partial C-N double bonds. 

The different amino acids provide a diverse set of side chains with different chemical proper-

ties in terms of charge, polarizability, acidity and aromaticity e. g.. These contribute to a de-

fined overall fold of the protein including reaction centers, binding interfaces or selective pas-

sages for small molecules, based on electrostatic, steric, and van-der-Waals interaction. Figure 

1.1 displays glutamine as a neutral amino acid with manifold function involved in e. g. solu-

bility of proteins, salt bridge formation, catalysis processes including acid/base reaction etc. 
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Figure 1.1. Example for an amino acid (glutamine) and its nomenclature as used in the following. The side chain carbons are 

denoted with Greek letters, side chain amide protons are assigned as Z and E for the syn and anti position in respect to the 

carbonyl oxygen. 

 

The specific shape of the molecule is provided by interaction of amino acids further than de-

fined by the primary sequence of successive peptide bonding. The most important motives are 

helical winding (α-helix) and flat sheets of β-strands. These are generated by formation of 

hydrogen bonds (H-bonds) between an amide proton and the oxygen atom of the receptor 

carbonyl group of the protein backbone. The side chains of residues forming these structural 

motives point outward (perpendicular in case of the sheets) and may serve for functional as-

pects of the domain like for the ability of temporary, non-covalent binding to ligands or other 

proteins e. g.. Figure 1.2 displays a β-strand as an example of a secondary structure element in 

the SH3 domain of α-spectrin, which is used in this study for methodological purposes and 

mainly adopts β-sheet conformation. 

 

Figure 1.2. Example for a β-strand secondary structural unit. The antiparallel β-sheet is characterized by a close inter-

residual contact between amide proton and carbonyl oxygen of different strands (marked by dashed lines). In contrast to a 

parallel β-sheet, the strands point into opposite directions in an antiparallel one. The depicted β-strand can be found in the 

SH3-domain of α-spectrin (residues 44-51). 

 

These non-covalent bonds form the elements of secondary structure, which can be linked 

again by covalent (disulfide bonds) or non-covalent interactions (salt bridges, hydrophobic 
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contacts etc.) to generate the tertiary structure of the protein. Being composed of one or mul-

tiple domains, each protein adopts a structure which is in close relation to its biological func-

tion.  

In order for a correct fold of the protein after its primary structure has been generated by the 

ribosome, diverse mechanisms help to avoid misfolding and a subsequent aggregation. 

Smaller domains can fold anonymously by an automatic formation of structure motives and 

tertiary contacts exclusively defined by the primary amino acid sequence. Although an arbi-

trary permutation of all possible conformations would take a comparably long time,[2] fold-

ing is fast due to local initiation of energetically favoured regions (molten globule) driving a 

successive folding around these parts.[3] Larger proteins are necessary to be prevented from 

misfolding by a complex machinery of molecular chaperones like the heat shock proteins. A 

famous chaperonine system is the interplay of GroEL (a member of the Hsp60 family) and 

GroES, which provide a refolding of unfolded proteins.[4] Another protein of this kind is the 

“trigger factor”, which catches the nascent chain at the exit of the ribosome, where translation 

into the amino acid sequence is performed.[5, 6] This prevents the protein from uncontrolled 

folding and potential dysfunction.  

 

 

Figure 1.3. Trigger factor (TF) bound to the ribosome. The complex depicted in the picture is formed by the 50S ribosomal 

subunit of Haloarcula marismortui, the TF is from E. coli. The picture is taken from Ferbitz et al.[5] 

 

If protein folding is not achieved properly or misfolding happens due to a heat shock e. g., 

proteins can partly adopt a random coil structure. For a well-folded protein, polar residues 

tend to stick outwards (vice versa for membrane embedded proteins), while hydrophobic side 

chains usually point inwards and provide cohesion of the protein core by van-der-Waals 

forces. For a random coil protein, a random orientation of the backbone amide groups and 

side chains leads to a potential danger of aggregation. These aggregates can have a pathologic 

impact on the cell, as supposed for neuro-degenerative illnesses like Huntington[7], Alz-



Introduction  13

heimer’s disease[8], or prion diseases.[9] The misfolding of the protein segment Aβ1-40 in case 

of Alzheimer’s disease (see a more detailed introduction in Chapter 2.2) is an issue of medical 

significance and forms the basis for the investigation described in Chapter 5. 

Besides a stable scaffold in terms of secondary, tertiary and quaternary structure (which is the 

interplay of multiple subunits in a protein complex), the flexibility of certain protein parts is 

an important prerequisite for a great extent of protein function. For this reason, a high interest 

has prevailed on the elucidation of protein dynamics. Ligand recognition in terms of enzy-

matic activity e. g. has been thought of as an induced fit process. Conformational changes 

cannot only be induced by a binding event but also occur in terms of random processes obey-

ing thermodynamic laws. For a recognition event, it has been shown that a kind of conforma-

tional preselection plays an additional role.[10] The change of conformation upon influence of 

physical parameters like temperature or ion concentrations in the solvent can be important for 

a specificity of processes like the voltage gating of the voltage dependent ion channel VDAC 

e. g..[11, 12] Just like in many other cases, slow dynamics are here the cause for difficulties in 

the detection of the flexible parts.[12] The processes requiring a dynamic protein fold are en-

abled by a certain flexibility of covalent bonds, reversible isomerization of proline residues e. 

g. or changes in the H-bond register. As in case of cooperative binding of oxygen to haemo-

globin, conformational changes of the apoprotein can also be induced by cofactors that un-

dergo conformational changes. 

 

Figure 1.4. Structure of the voltage dependent anion channel VDAC. The rigid β-barrel is bestowed with a mobile central α-

helix (dark blue). This flexibility of the helix is supposedly responsible for the specificity of the gating process. The Figure is 

taken from Bayrhuber et al..[11] 

 

Cellular processes can be observed with manifold different techniques. These focus e. g. on 

binding events, like surface plasmon resonance (SPR) or isothermal calorimetry (ITC). Others 

focus on functional analyses, like different essays or patch clamp techniques for processes 

occurring beyond membranes. The structure and interaction of diverse (bio-) molecules on the 
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atomic level can be probed by manifold spectroscopic methods. For some of these techniques, 

changes on the atomic level can also be followed in vivo. In living cells, localization of pro-

teins and cellular compartments can also be elucidated by microscopic methods in combina-

tion with specific labelling of the respective biomolecules. Interference with the procession of 

genetic information is even used for observation of the according impact onto a whole organ-

ism. 

Structural investigation of cellular compartments has reached a level, where microscopic and 

spectroscopic methods can be used in a combined fashion, providing high resolution informa-

tion of complex molecular ensembles. X-ray crystallography is the most prominent technique 

for structure elucidation, having provided most of the 50.000 structures listed in the protein 

data bank with a high accuracy. Structural investigation of multiple participants of a specific 

cellular process can lead to a detailed understanding of complex processes. This is the case for 

e. g. transcription and translation of genetic information,[13] the mechanisms of photosynthe-

sis in plants[14] or for G-protein coupled receptors important for signalling processes like 

human vision.[15, 16] 

 

Figure 1.5. Structure of a G-protein coupled receptor obtained by X-ray crystallography. The depicted structure of the β2-

adrenergic receptor (blue) is shown as a fusion protein with T4 lysozyme (grey) replacing an intracellular helix for a facili-

tated crystallization. The receptor binds adrenaline and noradrenalin in the course of cardio-vascular and pulmonary regula-

tion and is, like most other GPCRs, a very important drug target. The Figure was taken from Rosenbaum et al.[16] 

 

Nuclear Magnetic Resonance (NMR) spectroscopy has been used as a complementary tool for 

the elucidation of protein structures.[17, 18] Assignment of the individual resonances of spins 

in a magnetic field can be provided by multidimensional experiments correlating different 

spatially close nuclei.[19] Distance restraints can then be obtained by correlation experiments 

in which the peak intensity scales with the proximity of the involved spins.[20] In addition, 

restraints can be obtained from dihedral angles[21, 22] or H-bond detection.[1, 23] A high 

accuracy can be obtained on a basis of a network of individual restraints. This local structural 
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information can be complemented by information about a global orientation of different pro-

tein parts based on a partial alignment of the biomolecule in the magnetic field.[24] NMR 

spectroscopy becomes challenging for molecules of high molecular weight. In comparison to 

other techniques for structural elucidation like crystallography, however, information about 

mobility[18, 25] or time-dependent processes[26] are obtainable. While sensitivity tradition-

ally requires an extensive concentration of the target molecule, NMR has also provided in-

sights into living cells.[27, 28] Due to an inherent insolubility and/or poor crystallization 

characteristics of many proteins like membrane proteins or disordered proteins, these have 

been structurally investigated using Magic Angle Spinning (MAS) solid state NMR. This 

technique is gaining increasing popularity and provides a growing number of entries in the 

protein data bank.[29-31] Figure 1.6. depicts a structural model of the prion form of the fun-

gal protein HET-s, obtained by solid state NMR of the protein fibrils.[30] 

 

 

Figure 1.6. Structural model of the HET-s (218–289) fibril published by Wasmer et al.[30] The structure was obtained by 

MAS solid state NMR of uniformly 13C,15N labelled fibrils of the prion protein of filamentous fungus Podospora anserine. In 

addition to well structured β-sheet regions, the N- and C-terminus as well as an intermediate loop region are not resolved. 

 

1.2 The physics of NMR and its quantum-mechanical descrip-

tion[32-34] 

Dependent on their spin quantum number I, most nuclei comprise a magnetic moment μr  go-

ing back to a spin angular momentum I
v

 and a nucleus specific proportionality constant, the 

gyromagnetic ratio γ.  

(1) I
vr γμ =  

The vectorial momentum has a magnitude  

(2) )1( += III h
r

.  
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Additionally, spin angular momentum I
v

 can adopt different orientations relative to an exter-

nal magnetic field B0, which by definition is oriented in z-direction. This is characterized by 

the component Iz, which is proportional to the spin quantum number m adopting values of I, I-

1, …, -I. For a spin ½ particle, m= ½ or - ½. These two states are usually called the α- and β-

state, respectively. This also gives us the z-component of the magnetic moment µz.  

(3) mI zz hγγμ == , 

which, in interaction with the external static magnetic field B0, results in an energy E: 

(4) 00 BmBE z ⋅−=−= hγμ  

For spin ½ nuclei, the resulting energy difference ΔE between the two states is of magnitude 

0BE hγ=Δ . 

Thus, when brought into a magnetic field, spins with I > 0 adopt a certain preferential orienta-

tion according to Boltzmann. According to Planck, transitions between the states can be af-

fected by (radio-frequency) pulses obeying  

(5) 0/ BErf γωω =Δ== h , 

with ω and ωrf being the nuclear resonance (Larmor) frequency and the frequency of the re-

spective pulse, which is also expressed in terms of ν and νrf, by division by 2π. 

Due to relatively small energetic differences between the α- and β-state, however, the accord-

ing population differences responsible for an overall magnetization is on the order of 1/105 for 

B0 field of 11.7 T at room temperature. This renders NMR an insensitive method compared 

with spectroscopy focusing on electronic states and has led to the construction of strong mag-

nets. 

As a characteristic property being different for different spins, the so-called chemical shift (in 

units ppm) is defined relative to a reference as  

(6) 610)( ⋅−= refσσδ . 

σ is the average isotropic shielding constant, which renders the resonance frequency of a nu-

cleus dependent on its characteristic molecular surrounding: 

(7) 0)1( Bσγω −−=  

Being a non-isotropic constant, its different spatial components σ11, σ22, and σ33 are used in 

order to describe the anisotropy of the chemical shift (CSA), defined by  
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(8) 2/)( 332211 σσσσ +−=Δ  

and an asymmetry defined by 

(9) 
σ
σσ

η
Δ
−

=
2

)(3 3322 . 

For a fast molecular reorientation like in solution, the orientation dependent components aver-

age out, such that exclusively the isotropic chemical shift remains. 

 

In order for a quantitative evaluation of spin dynamics, the time dependent wave function 

)(tψ of the system can be analyzed by application of operators yielding spin states, energies 

etc. in terms of a quantum mechanical description.  

The time dependence of the wave function is described by the time-dependent Schrödinger 

equation 

(10) )()(ˆ)( ttHit
dt
d

Ψ−=Ψ , 

where Ĥ is the Hamilton operator, defined by )()(ˆ tEtH Ψ=Ψ with the eigenvalue E being the 

energy of the wave function and assuming units in which 1=h . The scalar product in Hilbert 

space between two wave functions χ  and ψ  is defined as 

(11) ∫= τψχψχ d*  , 

using the integrand τ for integration over the whole space. The wave function can be ex-

panded in terms of an orthonormal basis set of basis functions { }nii ...2,1, =ψ  with 

jiji ,δψψ = ,  meaning 

(12) ∑
=

=Ψ
n

i
ii tct

1
)()( ψ  

mn,δ  is the Kronecker delta.  

The effect that an arbitrary operator Â  has on the wave function is hence determined by vari-

able coefficients ci(t). 

(13) ∑∫∑∫ ==ΨΨ=
j

jjjjij
ji

i ccdAcctAt λτψψ *ˆ**)(ˆ)(*Â
,  



Introduction  18

jλ  is the eigenvalue of the operator Â  for the eigenfunction jψ . 

The different populations and coherences in an ensemble of spins are commonly described via 

the spin density matrix σ. This matrix is derived from the effect of an arbitrary operator 

Â onto the overall average over an ensemble (denoted by an overbar). Starting from (13), but 

using time independent basis functions m and n and their variable coefficients cn and cm, 

we obtain: 

(14) ∑=
nm

mn nmcc ÂÂ *  

We can consider *
mncc  an element of an operator P̂ , hence 

(15) { }ÂP̂ÂP̂ÂP̂Â Trnnnmmn
mnm

=== ∑∑
 

denoting the trace of the product operator ÂP̂ . For the ensemble average, we define 

(16) nmmn mnmncc σσ === P*  

This leads to the similarity 

(17) { } { }σσ ÂÂA TrTr ==       

In order to determine the evolution of spin precession in the magnetic field, the time-

dependent Schrödinger-equation can be used to develop the so called Liouville-von-

Neumann-equation. For a constant Hamiltonian, this relation describes the evolution of the 

density operator σ to be the commutator of σ(t) and the Hamiltonian Ĥ : 

(18) [ ])(,ˆ)( tHi
dt

td σσ
−=  

The solution to this differential equation is 

(19) )ˆexp()0()ˆexp()( tHitHit σσ −= , 

which accords to a simple rotation matrix. 

 

The spin states α  and β  can be expressed in terms of an orthonormal basis set: 

(20) ⎥
⎦

⎤
⎢
⎣

⎡
=

0
1

α , ⎥
⎦

⎤
⎢
⎣

⎡
=

1
0

β  
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The matrix representations of the spin operators in this basis set can be defined as 

(21) ⎥
⎦

⎤
⎢
⎣

⎡
=

01
10

2
1ˆ

xI , ⎥
⎦

⎤
⎢
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⎡ −
=

0
0

2
1ˆ

i
i

I y , ⎥
⎦

⎤
⎢
⎣

⎡
−

=
10

01
2
1ˆ

zI  

They satisfy the commutation relation  

(22) [ ] zyx IiII ˆˆ,ˆ = . 

A different basis, which is convenient for the description of coherences rather than the effect 

of pulses e. g., is the shift operator basis. The operators forming this basis can be derived from 

the Cartesian basis by the following operations: 

(23)  

⎥
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⎣
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−
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⎣
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⎦
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2
1,

10
01

2
1ˆ2ˆ

01
00ˆˆˆ,
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10ˆˆˆ

0 EII

IiIIIiII

z

yxyx

       

 

Knowledge about the density matrix in the course of an experiment will tell us about the ob-

servable magnetization that we have to expect during acquisition. For a tailored evolution of 

NMR coherences, the Hamiltonian can be modified to consist of free evolution delays on the 

one hand and radio-frequency irradiation in order for short pulses, recoupling of interactions 

etc. on the other hand. 

 

During free evolution, the Zeeman interaction leads to precession of spin angular momentum 

around the axis of the interaction, which is the magnetic field B0: 

 zIH ˆˆ ω=  

According to (19), the evolution of the density operator upon precession of the spins in the 

B0-field can be described by a simple rotation around the axis of the interaction. Starting with 

a density matrix yÎ−=σ , e. g. (which would be the case after a 90° x-pulse), the precession 

will lead to  

(24) 

)cos()sin(

)exp()exp(
)ˆexp()0()ˆexp()(

tItI

IiIIi
tHitHit

yx

zyz

ωω

ωω
σσ

−=

−−=
−=
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In order to simplify the Hamiltonian, it is mostly transformed to the rotating frame. This re-

duces the description of the precession of nuclear spins in the static magnetic field B0 to the 

small deviation of the Larmor frequency due to the characteristic electronic environment. As a 

similar case, the application of radio-frequency pulses can be described by the rotation around 

an effective rotation axis. The effective (time independent) Hamiltonian for an on-resonance 

pulse with phase x, 

(25) xe IH ˆˆ ω=  

can be obtained by application of a unitary transformation )ˆexp( tIiU zrfω=  to the time de-

pendent Hamiltonian 

(26) )]sin(ˆ)cos(ˆ[ˆˆˆˆ
10 φωφωωω ++++=+= tItIIHHH rfyrfxzrfz . 

The respective rotation of σ around the axis of interaction can be shown to be (at time point 

τp): 

(27) )exp()0()exp()( xxp IiIi ασατσ −−= , 

with  

(28) ⎥
⎦

⎤
⎢
⎣

⎡
=−

)2/cos()2/sin(
)2/sin()2/cos(

)exp(
αα
αα

α
i

i
Ii x  and ⎥

⎦

⎤
⎢
⎣

⎡
−

−
=

)2/cos()2/sin(
)2/sin()2/cos(

)exp(
αα
αα

α
i

i
Ii x  

 

The effect onto an zÎ -operator, e. g., would be the rotation around the x-axis by an angle α: 

(29) 
αα

αατσ

sinˆcosˆ
)ˆexp(ˆ)ˆexp()(

yz

xzxp

II

IiIIi

−=

−−=
.         

Additionally, couplings to other nuclei or (unpaired electrons) can occur, such as scalar cou-

plings (J-couplings to covalently bonded nuclei through the electrons in the bond) and dipolar 

couplings, which are anisotropically transferred through space. In order to treat these phe-

nomena, a two (multiple) spin system has to be considered. The extension of a one spin wave 

function is usually done via the direct product operation: 

(30) nnk mmmmmm ,...,,... 2121 =⊗⊗⊗=Ψ  

The direct product of matrices can be illustrated for a (2 x 2) matrix, being: 
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(31) 
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The J-coupling Hamiltonian for N (= 2) scalar coupled spins is 

(32) )ˆˆ2(ˆˆ2ˆ
,

21

1 1
, SIJSIJH SI

NN

i

N

ij
jiji ⋅=⋅=

=−

= +=
∑ ∑ ππ  

For most cases, the weak coupling condition 1||2 , 〈〈− jiSIJ ωωπ  is fulfilled and the Hamil-

tonian can be simplified to be 

(33) zzSI SIJH ˆˆ2ˆ
,π= . 

Evolution of the density matrix under the scalar coupling Hamiltonian results in 

(34) )2exp()0()2exp()( zzzz SIiSIit ασασ −=  with tJ SI ,πα =  

Since  

(35) 
2

sinˆˆ4
2

cos)ˆˆ2exp( ααα zzzz SIiESIi += ,         

with E being the unity matrix of a dimension (4x4), the propagator for free evolution (includ-

ing chemical shift evolution) of the two-spin system is 
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After performance of the matrix multiplication with the density operator and a multiplication 

with  

(37)
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F ∝ I+ + S+, 

the observable magnetization is described by: 
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(38) )(.)( )()()()( ,,,, tJitJitJitJi SISSISSIISII eeeeconsttM ππππ −Ω+Ω−Ω+Ω+ +++⋅=  

The effect of the coupling is a splitting of each resonance frequency with separation J1,2. 

For a more practical description of the spin system, one often sticks to the operator of interest 

itself instead of the density matrix. This approach, which can be used in case of weakly cou-

pled spins, is called the product operator formalism.[35] In this formalism, simple basic rules 

allow to predict the outcome of an experiment for most (scalar transfer based) pulse se-

quences. 

For the Zeeman interaction, e. g.,  

(39) )sin(ˆ)cos(ˆˆ tItII IyIx

tI

x

zI

Ω+Ω→
Ω

 

similarly, for pulses 

(40) αα
α

sinˆcosˆˆ
yz

I

z III
x

±→
±

 

and for J-coupling evolution: 

(41) )2sin(ˆˆ2)2cos(ˆˆ
,,

2 ,

tIJIItIJII zSIzyzSIx

tSIJ

x

zzSI

ππ
π

+→  

These rules are based on cyclic permutations of spin operators (of the same kind): 

(42) [ ] CiBA ˆˆ,ˆ = . 

In contrast to in-phase operators like xÎ  and yÎ , antiphase operators like zy II ˆˆ  can not be de-

tected directly. However, scalar magnetization transfer bases on the generation of such opera-

tors. In order to fully evolve anti-phase operators like zy II ˆˆ , the approximate magnitudes of J-

couplings is crucial to know. Respective values are depicted for the protein backbone in Fig-

ure 1.7.  

 

Figure 1.7. Approximate heteronuclear 1- and 2-bond scalar couplings (in Hz) of the protein backbone. The values can vary 

slightly for different backbone geometry or secondary structure conformation.[36] 
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As one of the most important building blocks, the magnetization transfer via scalar couplings 

in terms of INEPT (Insensitive Nuclei Enhanced Polarization Transfer)[37] enables signal 

enhancement due to use of convenient starting and detection nucleus (in terms of relaxation 

properties and their gyromagnetic ratio γ). In general, it provides a tool extensively used for 

heteronuclear multidimensional NMR spectroscopy. In order for a tailored NMR experiment, 

one makes use of an innumerable pool of pulse sequence elements effecting the spin dynam-

ics in the way described above. 

 

1.3 Relaxation[33] 

The coherences formed by tailored application of radio-frequency pulses do not represent the 

equilibrium Boltzmann distribution of spin states in the sample. By fluctuations of the effec-

tive field felt by each nuclei, the equilibrium state is restored by successive spin flips. These 

fluctuations may result from an overall reorientation of the molecule, internal dynamics, mo-

tion of a paramagnetic center relative to the nucleus etc. The quantum-mechanical description 

of the observed relaxation is beyond the scope of the introductory part of the thesis. However, 

the mechanisms participating in the observable relaxation properties of biomolecules are dis-

cussed briefly.  

Going back to the Bloch, Wangsness and Redfield theory, the spectral density function  

(43) 
⎭
⎬
⎫

⎩
⎨
⎧

−+= ∫
∞

∞−

− τωττω diFtFj q
k

q
k

q )exp()1()(Re)(  

is derived from a stochastic Hamiltonian ∑
−=

−−=
k

kq

q
k

q
k

q AtFtH ˆ)()1()(ˆ
1 with a random function 

of spatial variables )(tF q
k  and tensor spin operator q

kA , with k being the rank of the tensor. For 

rotational diffusion of a spherical particle, the density function can be dissected into an orien-

tational correlation function )(ωJ  and a term 00d  including the physical constants relevant for 

the considered interaction. Solving the integration of the correlation function for a random 

stochastic process like overall reorientation in solution e.g., 

(44) )()( 00 ωω Jdj ⋅=  with 2215
2)(

c

cJ
τω

τ
ω

+
= . 

 

Dipolar relaxation  
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In large biomolecules, relaxation of spin ½ is usually determined by chemical shift anisotropy 

and dipole-dipole interactions. (Nuclei with a spin larger than ½, which in biomolecules are 

almost exclusively deuterons and 14N, are relaxed in particular by quadrupolar interactions.) 

Dipolar relaxation goes back to dipole-dipole interactions as described below. For populations 

and coherences, a contribution to the relaxation of nucleus I by spin S can be described by a 

longitudinal rate  

(45) { })(6)(3)()4/( 001 SIISI
DD JJJdR ωωωωω +++−=  

and a transverse rate  

(46) { })(6()(6)(3)()0(4)8/( 002 SISISI
DD JJJJJdR ωωωωωω ++++−+=  

(given for single quantum coherence I+), respectively. For a complete description see 

Cavanagh[33] etc. The dipolar coupling constant 

(47) 62

22
0

00 )4( IS

SI

r
d

π
γγμ h

=  

includes the distance dependency of 1/r6. Through a further dependency on γ the amount of 

dipolar relaxation strongly reflects the abundance of protons. 

  

CSA induced relaxation  

Chemical Shift Anisotropy (CSA) describes the orientation dependency of chemical shifts in 

respect to the external magnetic field. The longitudinal and transverse relaxation rates going 

back to CSA can be deduced as 

(48) )(001 I
CSA
I JdR ω=  and 

(49) { })(3)0(4)6/( 002 I
CSA
I JJdR ω+=  

with (50) 3/3/)( 22
000 II Bd σωσγ Δ=Δ=  

 The generalized CSA constant Δσ is dependent on the anisotropy and asymmetry of the re-

spective chemical bonds. The dependency on B0 induces a strong CSA relaxation for NMR at 

large magnetic fields. CSA induced relaxation is most important for nuclei with large chemi-

cal shift ranges like 15N, 13C, 31P etc. 

 

Relaxation interference 
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As deduced elsewhere,[33] dipolar and CSA relaxation add constructively and destructively 

for the different multiplet components of the signal of a nucleus J-coupled to another spin:  

(51)  
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with  (52) { })(3)0(4)(cos
6
3

2 Ixy JJcdP ωθη +=  (interference term),  

(53) 3/)( 0|| Bc I ⊥−= σσγ , 

(54) )4/()( 3
0 ISSI rd πγγμ h−= , and 

(55) CSA
I

DD
IS

DD
I RRRR 2222 2/)( ++= . 

DD
IR2  and DD

ISR2  refer to dipole-dipole relaxation of in-phase and anti-phase coherence, respec-

tively. P2 refers to the Legendre-polynom of order 2. The off-diagonal elements can usually 

be neglected if IS
DD
IS

DD
I JiRR π<<− )( 22 . 

The effect is coined relaxation interference and has been exploited e. g. for mutual cancella-

tion of dipolar and CSA relaxation in HN spin pairs, resulting in comparably long-lived co-

herences and sharp linewidths especially for large biomolecules at high magnetic fields. This 

effect comes into play in the experiments exploiting the TROSY pulse scheme, which are 

shown in Chapter 4.3. 

 

1.4 Traditional solid state NMR[34] 

In solution, rapid tumbling (reorientation of the molecule) leads to an effective averaging of 

anisotropic interactions, as explained for the chemical shift (vide ultra). In the absence of this 

rotational diffusion, direct spin-spin interaction by their nuclear dipole moment (dipolar cou-

pling) through space is non-negligible. For two spins, the dipolar coupling Hamiltonian is: 
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in which 3
2,1

210
2,1 4 r

b γγ
π

μ
h=  is usually abbreviated as the dipolar coupling constant. For the in-

ternuclear vectors expressed in polar coordinates, the spherical representation in terms of irre-

ducible tensor operators yields: 

(57) ∑
−=

=
2

2

)(
2,1

)(
2,1

q

qqDD AFH  

with )(
2,1
qF and )(

2,1
qA  describing the orientation and the spin operators. 

In the high-field approximation,  it is possible to neglect the non-secular contributions with 

q ≠ 0, which yields: 

(58) ( )21212,12,1
2 ˆˆˆˆ3

2
1)cos31( IIIIbH zz

DD −⋅−= θ  

For the case of heteronuclear spins I and S, all terms involving transverse operators can be 

dropped, yielding 

(59) zz
DD SIbH ˆˆ)cos31( 2,1

2
2,1 θ−= . 

In both cases, however, the angle dependent term 1cos3 2 −θ averages out in case of a sto-

chastically varied value for θ. Thus, in solution state NMR dipolar interactions between the 

nuclei can generally be disregarded. They have to be taken into account only if the sample 

does not tumble quickly in respect to the magnetic field. This is the case e. g. for an alignment 

in the course of RDC (Residual Dipolar Couplings) measurements.[38, 39] Apart from that, 

dipolar interactions induce relaxation of the NMR coherences and populations (vide ultra), 

leading to faster relaxation and extensive deuteration strategies for large molecules with long 

reorientation times τc.  

 

In the solid state, a motional averaging can be induced artificially employing a rotation around 

only one axis. Therefore, the respective angle θ between the axis of rotation and B0 is set to 

the value where the spatial term is averaged out, meaning 1 – 3cos2 θ = 0. This angle (θ = 

54.74°) is called the magic angle. The respective spectroscopic approach is coined magic an-

gle spinning (MAS) and has become a standard method in ssNMR[29, 40, 41]. Also chemical 

shifts are affected by the orientation of the bond vector between nuclei in respect to B0. This 

anisotropy is also effectively averaged out by a fast rotation around the magic angle. 
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If needed, dipolar couplings as well as the CSA interaction can be reintroduced in solid state 

NMR, most commonly by manipulation of the spin part of the Hamiltonian. Examples for 

selective dipolar recoupling methods are Rotational Resonance (R2),[42] Radio Frequency 

Driven Recoupling (RFDR),[43, 44] Rotational Echo Double Resonance (REDOR),[45] and 

Cross Polarization (CP),[46] e. g.. In accordance to the use of J-couplings in solution, these 

methods are commonly used for a magnetization transfer among nuclei of interest.  

Most important for the work described in this manuscript, CP recouples the spins of interest 

by their dipolar interaction upon radio-frequency irradiation on both nuclei. The difference of 

the effective fields on the two channels rfωΔ  must match the rotation frequency rω in such a 

way that the Hartmann-Hahn condition[47] for rotating solids is fulfilled, meaning that  

(60) rrf n ωω ⋅=Δ , 

with n = -2, -1, 1, 2. As derived elsewhere (see Duer[34] e. g.), this resonance leads to an ef-

fective energy conserving contact in the doubly rotating frame of interaction between the dif-

ferent nuclei. For a directed CP, which transfers magnetization only between selected nuclei, 

SPECIFIC-CP (SPECtrally Induced Filtering In Combination with Cross Polarization) has 

been used.[48] This variant allows for specific N-CO or N-Cα transfers, respectively, by 

matching the fields such that a specific offset of the irradiation results in a mismatch for the 

unwanted transfer.  

 

Rotation speed usually found in MAS solid state NMR is on the order of 10 to 50 kHz. At 

these frequencies, dipolar interactions involving heteronuclei as well as chemical shift anisot-

ropy can be averaged out effectively. Dipolar couplings to 1H, however, can not be averaged 

out effectively even by fast MAS. Therefore, much work is dedicated to provide decoupling 

sequences with high efficiency without strong heating effects. 1H-1H dipolar interaction are of 

the size of approximately 130 kHz at a distance of 1 Å. MAS alone is thus not able to circum-

vent the difficulties of 1H-detection. Decoupling, as in case of acquisition of heteronuclei, 

seems difficult for concomitant NMR detection. Thus, traditional MAS solid state NMR relies 

on detection of heteronuclei and strong heteronuclear decoupling. 
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1.5 Proton chemical shifts in solid state NMR 

Protons have played an important role for indirect magnetization transfer through their strong 

dipolar coupling network. This is reflected in many mixing sequences using the proton-proton 

interaction as a measure for distance restraints, like Dipolar Assisted Resonance Recoupling 

(DARR),[49] DREAM[50] and many others (see Chapter 4.5). Even for a directed N/C-

transfer, the proton dipolar interactions can be employed, as in case of Proton Assisted Insen-

sitive Nuclei Cross Polarization (PAIN).[51] However, acquisition of proton chemical shifts 

is difficult by conventional methods. Indirect 1H detection at comparably low spinning fre-

quency has been achieved in the past by use of windowed homonuclear decoupling 

schemes.[52-54] These techniques employing frequency-switched Lee-Goldberg decoupling 

(FSLG)[52] or phase modulated Lee-Goldberg decoupling (PMLG)[53] for keeping the mag-

netization of protons in the rotating frame constantly along the magic angle, e. g.. In compari-

son to the omittance of decoupling, the relaxation is largely reduced. However, the effective 

field on protons is scaled down by a factor of ~1.5, which compromizes the obtainable resolu-

tion and sensitivity. For high spinning frequencies, proton acquisition has even been per-

formed without homonuclear decoupling.[55] This allows for a direct acquisition, which in-

creases the signal to noise in comparison to detection of low-gamma nuclei X by approxi-

mately (γH/ γX)3/2. However, achievable proton linewidths are as broad as ~400 Hz in case of 

40 kHz MAS,[55] which compromizes both, resolution and sensitivity.  

A decrease of the proton content by specific labelling strategies resulted in severely reduced 

linewidths.[56] Deuteration of peptides with a back-exchange of amide protons at moderate 

spinning speeds resulted in a proton linewidth of already 150 Hz.[57] This approach was 

shown to yield a signal enhancement of a factor 5 and ~10 for 13 and >30 kHz MAS in com-

parison to 15N detection. At higher spinning frequencies, back-exchange of labile sites in 

deuterated solids has been used for assignment experiments and structure determination of the 

small model protein ubiquitin.[58] Achievable linewidths at 40 kHz MAS amount to around 

140 Hz and 40 Hz for 1H and 15N, respectively, leading to triple resonance experiments with 

impressive signal to noise. 
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Figure 1.8. 1H detected N/H 2D correlation of ubiquitin with an RFDR mixing step of 3 ms. In addition to direct amide 

contacts, also through space correlations to other amide or water protons appear in the spectra. The resolution already enables 

a clear separation of different 1H resonances in many cases. The picture was taken from Zhou et al.[58] 

 

Further dilution of the proton content has been used by Chevelkov et al..[59] The reduction of 
1H content in exchangeable sites with an otherwise complete deuteration provided linewidths 

as narrow as ~15-20 Hz at moderate spinning frequencies. Thus, the reduction of NMR active 

nuclei by a factor of 10 is compensated by the narrowing of the line in addition to a highly 

increased resolution. The obtainable relaxation properties almost reach solution state condi-

tions. Therefore, scalar transfers can be used instead of CP.[60] In principle, a 100 % transfer 

efficiency would be achieved by the use of INEPT, yielding comparably high signal intensity 

in correlation experiments. At the same time, a high spectral purity due to exclusive correla-

tion of covalently bonded nuclei is maintained. 

A general obstacle of sparse protonation, however, are significantly prolonged longitudinal 

relaxation times T1. Due to this, long recycle delays have to be implemented, which generally 

causes an additional sensitivity loss. Furthermore, in traditional solid state NMR, much useful 

information is commonly obtained from the carbon atoms of the protein backbone and side 

chains. These have so far been excluded almost completely. Approaches based on the proto-

nation of methyl groups in combination with scalar 13C mixing have resulted in valuable side 

chain carbon correlations.[61, 62] The respective information, however, is restricted to valine, 

leucine, and isoleucine, due to the lack of methyl groups in other amino acids. In case of pro-

tonation exclusively for HN, long range magnetization transfer from 1H to 13C uses up a large 

fraction of the starting magnetization, resulting in poor signal to noise for correlations involv-

ing 13C. 
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In order for a useful implementation of proton solid state NMR, these limitations have to be 

overcome. Given a significant enhancement of the signal to noise with a maintained resolu-

tion, however, solid state NMR will be able to reach the feasibility of solution state NMR 

without the intrinsic restriction to soluble biomolecules of limited molecular weight. 

So far, the applicability of experiments based on extensive proton dilution has still been re-

stricted to model proteins and simple correlation experiments. The objective of the thesis was 

the assumption that a further signal to noise improvement would allow for valuable multidi-

mensional experiments on these samples. Since a transfer between nuclei suffers much less 

from concomitant signal decay if dipolar relaxation is reduced, sparse protonation was 

thought to allow for triple resonance J-based experiments. These were imagined to yield 

backbone assignments, information concerning the protein dynamics etc. In the long run, also 

investigation of larger proteins could be facilitated with the inclusion of 1H chemical shifts. 
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2 PROTEINS AND PREPARATION 
 

2.1 The SH3 domain of chicken α-spectrin as a system for solid 

state NMR methods development 

The main part of the work in this thesis was performed on the Src homology 3 (SH3) domain 

of chicken α-spectrin. The family of SH3 domains usually plays a role for protein-protein 

interaction and protein assembly in signal transduction pathways. In the human genome, ap-

proximately 300 SH3 domains are encoded. They consist of approximately 65 amino acids 

and were first found as a consensus sequence in the viral adaptor protein v-Crk.[63, 64] The 

Src (Sarcoma virus) homology refers to the product of the first proto-oncogene to be identi-

fied.[65] Epitopes interacting with SH3 domains usually contain proline-rich motives.[66] 

These bind to the hydrophobic pocket of the SH3 domain.[67] The interaction can take place 

far away from the catalytic center, as e. g. in tyrosine kinases,[68, 69] and provides an in-

creased substrate specificity. As an example, Figure 2.1 displays the SH3 domain of p40phox 

binding p47phox containing a class II poly-proline motive.[70] The interaction of the involved 

proteins plays a regulatory role for the initiation of NADPH oxidase activation, which pro-

duces superoxide anions in response to infection. 

 

Figure 2.1. Example for an SH3 binding event in the course of NADPH oxidase activation. The polyproline motive of the 

cytosolic factor p47phox (green) binds to the hydrophobic pocket of the SH3 domain of p40phox (blue/brown). The picture was 

generated using the crystal structure 1w70.[70] 

 

Like ubiquitin, the SH3 domain of chicken α-spectrin[71] has successfully been used as a 
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model system for solid state NMR methods development.[60, 72] The SH3 domain is ade-

quately small, easy to produce using E. coli strains and enables simple purification with good 

protein yields. Its ability to form micro-crystals[73] upon pH-shift within a few hours pro-

vides NMR samples with a good homogeneity. These features enable its use for methodologi-

cal investigation and for fundamental biophysical research.  

The α-spectrin SH3 fold is typical for SH3 domains and consists of five β-strands in a tight 

barrel shape. The linker region between P54 and V58 consists of a short α-helix. The secon-

dary structure elements are separated by loops which are coined RT loop, N-Src-loop, and 

distal loop). Although in the outer parts of the RT-loop no β-sheet structure is recognized by 

Pymol[74] (see Figure 2.2), a certain rigidity can be assumed here due to interresidual H-

bonding. 

 

 

Figure 2.2. Secondary structure of the chicken α-spectrin SH3 domain (pdb-code 2NUZ).[60] The rigid β-sheets (blue) are 

connected by three loops. A short helix motive can be found between residues 55 and 58 (red). 

 

Recombinant expression of uniformly 13C, 15N, 2D-labelled SH3 was performed in E. coli 

BL21 (DE 3) using a pET3d vector encoding for the protein. Cells were grown in M9 mini-

mal media at 37 °C up to an optical density OD600 = 0.8, providing 4g/L u-[13C, 2D] glucose, 

1 g/L 15N-NH4Cl and 100% 2D2O.[75, 76] Expression was performed over night upon de-

crease of the temperature to 22 °C and induction by 1 mM IPTG. Cell lyzation via French 

press, and protein purification via anion exchange chromatography using Q-sepharose FF and 

gel filtration using Superdex 75 were pursued in Tris buffer containing 100 % H2O at a pH of 

3.5. After exchange of the buffer against unbuffered HClaq. of the same pH and addition of 

0.02 % NaN3, the protein solution was lyophilized. For micro-crystallization, the lyophilisate 

was resuspended in H2O/D2O mixtures of different ratios and followed by additional solvation 
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of 100 mM lyophilized (NH4)2SO4aq.. After pH-shift of the solution to 7.5 by solvation of NH3 

gas, crystallization was typically accomplished over night.[60]  

In the course of the thesis, SH3 samples with 10, 20, 25, 30, 40, 60, 80, and 100 % H2O were 

produced. 

 

In order to assure an efficient data acquisition, samples were doped by use of paramagnetic 

ions providing an increased longitudinal relaxation rate R1 (see below). Numerous examples 

for the use of relaxation enhancing effects have been reported in the literature and are directed 

towards local attenuation of signals by elevated transverse relaxation rates as well as an over-

all reduction of acquisition times.[77-81] For the latter case, T1 should be decreased as much 

as possible while transverse relaxation time T2 would ideally be unaffected. As shown in 

Chapter 3, employment of paramagnetic doping in 1H-detected MAS solid state NMR allows 

for cutting down recycle delays principally without restriction.  

 

Micro-crystal quality seems crucial for high resolution NMR spectroscopy in the solid state. 

Crystal quality upon doping was tested using unlabelled protein produced as described above. 

In order to assure an ordinary crystallization process, conditions for the pH-shift of the initia-

tion of crystallization were kept close to the established conditions using 5 mg/ml protein and 

100 mM (NH4)2SO4. A substitution of this salt against paramagnetic ions was tested for che-

lated CuII, NiII and MnII
 of a concentration of 50 mM. As a standard chelate, ethylene diam-

mine tetraacetate (edta) was used. For the preparation of the complex, H4edta was added to 

the metal sulphate with a 5 % excess and the pH brought to 7 by help of NH3aq.. This provided 

a 1:1 mixture of (NH4)2SO4aq. and (NH4)2[MII(edta)]aq., which could be obtained in high con-

centrations (350 mM) using an iterative dissolution of salts and NH3. Finally, the solution was 

lyophilized. For high paramagnetic salt concentrations (> 50 mM), additional dissolution of 

(NH4)2SO4aq. was omitted. For low concentration of paramagnetic salts (< 50 mM), 

(NH4)2SO4aq. was substituted such that ionic strengths of the solution were maintained. All 

crystallization conditions resulted in comparable micro-crystals. Figure 2.3 shows light mi-

croscopic pictures of the crystals under indicated conditions. 
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Figure 2.3. Micro-crystals formed under concentrations of chelated cation sulfates, 3 mM CuII (a), 20 mM CuII (b), 50 mM 

CuII (c), 50 mM NiII (d), and 50 mM MnII (e). 

 

For CuII, different paramagnetic salt concentrations were tested. These did not give rise to 

significant differences. Crystals formed upon presence of MnII degraded within a few days in 

contrast to the other chelates. This process was indicated by an increasingly yellow colour of 

the solution. For the investigation of NMR spectroscopic properties of CuII doped samples, 

concentrations of 20 mM, 75 mM, 150 mM, and 250 mM CuII  were used.  

Rotor filling was achieved by centrifugation of the micro-crystal suspension in a pipette tip 

connected to an NMR rotor and successive centrifugation of the rotor alone. Supernatant 

buffer was removed with a small piece of tissue. 

 

2.2 Aβ1-40, a fibril forming 40-residue fragment of the Amyloid 

Precursor Protein APP 

The 40-residue peptide Aβ1-40 is related to the pathology of the most common age-related neu-

rodegenerative disorder, Alzheimer’s disease.[8] This protein fragment arises in the course of 

the cleavage of the Amyloid Precursor Protein APP, involved in signal transduction through 

the cell membrane.[82] Upon generation of β-APP by γ-secretase, a 99 amino acid fragment, 

C99, remains in the membrane. Subsequent APP cleavage by β-secretase BACE (β-site APP 

cleaving enzyme) releases Aβ as an insoluble product that aggregates and forms fibrillic 

structures. Besides Aβ1-40, the slightly longer Aβ1-42 is generated to a 10 % extent. Aβ1-42 is 

even more prone to form plaques than Aβ1-40.[83] Plaques are not formed if cleavage takes 

place by α-secretase instead of BACE. In this case, a 83 amino acid long intermediate (C83) is 

formed instead, which is not prone to aggregation.[84]  
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The cause for neurodegerative effects has been shown to go back to different other origins 

than formation of fibrils and neurofibrillary tangles,[85] like e. g. inflammatory responses[86] 

and oxidative stress.[87] There has been evidence that the toxic species in the course of the 

disease are intermediately occurring oligomers rather than fibrils.[88] Nevertheless, a detailed 

molecular understanding of the amyloid structure is generally desired for a potential im-

provement of medical treatment against Alzheimer’s disease. A structural model of amyloid 

fibrils based on the published torsion angles[89] is shown in Figure 2.4. There has been evi-

dence for different conformations in respect to the inter-strand assembly of the β-sheets: A 

refined model by Tycko et al. supposes trigonal geometry in addition to the before-hand pub-

lished assembly having C2 symmetry.[90] 

 

Figure 2.4. Structural model of Aβ1-40, according to published torsion angles.[89] Two β-sheets are formed by the N-terminal 

and the C-terminal residues. 

 

Expression of uniformly [2D, 15N, 13C]-labeled Aβ1-40 was achieved by recombinant expres-

sion in E. coli (BL21 DE3), using a p28a vector (Novagen) carrying an insert encoding for the 

Aβ1-40 sequence. Expression tests were performed in LB, subsequent expression of labelled 

protein pursued in isotopically enriched M9 medium (0.5 g/l 15NH4Cl, 2 g/l 13C glucose) con-

taining 50 mg/l kanamycin. Cell cultures were grown to an OD600 of 0.6 at 37 °C and induced 

by 1 mM IPTG. The cells were harvested after 4 h by centrifugation, the pellet was resus-

pended and lysed by sonication. Inclusion bodies were purified using a differential centrifuga-

tion-detergent wash procedure[91, 92] with repeated washing (resuspension of the pellet by 

sonication and centrifugation) in a buffer consisting of 50 mM Tris-HCl pH 7.5, 100 mM 

NaCl, 1 mM EDTA, 0.1 % NaN3, and 0.5 % triton X-100. For a monomeric solution, the pro-

tocols described by Teplow[93] and Hou et al.[94] were used with the minor modifications. 

The peptide was dissolved in 20 mM NaOH, sonicated and passed through a 0.22 µM syringe 

filter. A diluted protein solution (150 µM) in Tris-buffer (pH 7.2) and H2O/D2O ratios of 10, 

25, 30, or 50 % was seeded with preformed sonicated fibrils (12 generations of seeding) and 

incubated at room temperature with agitation for one week. Growth and quality of the fibrils 
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was monitored by EM of small aliquots. Representative pictures of fibrils, grown upon agita-

tion and with and without 50 mM NaCl, are shown in Figure 2.5. 

 

   

Figure 2.5. Electron microscopic image of Aβ1-40 fibrils, with and without 50 mM NaCl. All solutions were agitated upon 

fibrillization. 

 

Cu-doping of fibrils was achieved using Cu(edta) concentrations of 75 or 100 mM. Packing of 

the fibrils into rotors of a diameter of 3.2 or 4 mm was performed as described earlier for SH3 

micro-crystals. A table of the parameters that were optimized in the course of the thesis is 

given in Chapter 5. 
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3 PARAMAGNETIC RELAXATION 
 

Paramagnetic compounds as transition metal ions can be used in protein NMR to selectively 

modify a number of parameters related to the NMR experiment.[95] The energetic depend-

ence of the orientation of a paramagnetic compound on the direction of the external field can 

be employed for an alignment of proteins for RDC (residual dipolar couplings) determina-

tion.[96] In addition to the interactions between nuclei via dipolar and J-couplings, the nuclei 

of the protein can interact with the compounds’ unpaired electrons if these are sufficiently 

close. Abundance of paramagnets in the protein under investigation can thus lead to modified 

chemical shifts and relaxation, providing additional information for resonance assignment and 

structure calculation.[80, 97-99] 

If the chemical shift without paramagnetic influence is known, the paramagnetically induced 

shifts (hyperfine shifts) can be mapped in order to obtain spatial information on the location 

of protein residues in respect to the paramagnet.[100, 101] As agents that induce large contact 

shifts in combination with tolerable relaxation (so called shift reagents), mostly lantha-

nides(III) (except Gd) are used. Contact shifts δpc can be quantified using the expression:[102] 

(61) ( )
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where χax and χrh are axial and rhombic components of the magnetic susceptibility tensor ani-

sotropy, r is the metal-nucleus distance, and θ and φ are the polar angles between the metal-

nucleus-vector and the principle axis of the susceptibility tensor.[103] 

Similarly, longitudinal and transverse relaxation rates R1 and R2 are affected by the presence 

of unpaired electrons.[104, 105] The spin relaxation effect arises from random fluctuations of 

the coupling energy between the spin and the magnetic field or other dipoles. Spin relaxation 

times τs are on the order of ns to ps. For short τs, high resolution NMR can still be performed, 

whereas larger τs values lead to fast nuclear relaxation. This effect is even more pronounced 

for a large total spin angular momentum S = Σ(ms). Table 3.1 gives τs and S for some para-

magnetic metals in comparison to organic paramagnets.[106] 
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Species S τs (s) 

Organic compounds 1/2 10-6– 10-8 

Cu(II) 1/2 10-9 

Cr(III) 3/2 5 · 10-9 – 5 · 10-10 

Mn(II) 5/2 10-8 

Gd(III) 7/2 10-8 – 10-9 

Ce(III) 5/2 10-13 

Er(III) 15/2 8 · 10-13 – 3 · 10-13 

 

Table 3.1. Spin angular momentum S and electron spin relaxation times τs for a selection of compounds, values taken from 

Banci et al.[106] 

 

For relaxation reagents, contact shifts are mostly neglectable for distances larger than a few 

bond lengths due to a large energy difference between electronic ground state and excited 

states and an accordingly small magnetic anisotropy. Typical cases are GdIII, CuII, MnII, CrIII 

etc. Equation (56) (vide ultra) can be used for a description of the dipolar coupling between 

nuclei and electron. The resulting effect on the longitudinal relaxation of respective nuclei can 

be described by:[78, 104, 107] 
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where γI is the nuclear gyromagnetic ratio of the nucleus, ge is the free electron g-factor, S the 

quantum number associated with the electron spin, r is the electron-nucleus distance, ωI and 

ωS are the Larmor frequencies of the nucleus and electron, respectively. μ0 and μB are the 

vacuum permeability and Bohr's magneton, respectively. τc is the effective correlation time, 

 τS the electronic correlation time. While in solution, τI refers to the rotational correlation time 
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of the molecule, in the solid state, τI represents the correlation time of local dynamics. τM de-

notes the correlation time of chemical exchange in solution. 

An additional source for relaxation is Curie relaxation, which goes back to an interaction of 

the nuclear spin with the induced magnetic moment of the electrons. For longitudinal relaxa-

tion, e.g.,[108] 
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Although being a severe limitation in solution state for increasing magnetic fields, Curie re-

laxation should be largely absent in the solid state, except for a small contribution which is 

caused by local mobility.[103, 108] 

 

3.1 Paramagnetic Relaxation Enhancement (PRE) 

The high value for the electronic gyromagnetic ratio γe and the great set of electronic correla-

tion times make paramagnetic relaxation a tuneable and potentially versatile effect. Relaxa-

tion reagents used as spin labels have been used for site specific peak attenuation.[97] This 

methodology, which is known from solution NMR, has also been applied to solid state 

NMR.[98] In the opposite case, where the paramagnetic species is freely dissolved in the pro-

tein solution, an overall PRE can be induced. With appropriate paramagnetic probes, this has 

been shown to allow for a largely shortened experimental time due to a faster return of the 

spins to their Boltzmann magnetization by increased R1 rates.[77, 79, 109] By such, R1, being 

more sensitive to the paramagnetic influence, approaches R2, which stays mostly unaf-

fected.[107]  

For such a tailored PRE, transition metals have been shown to provide appropriate electronic 

correlation times (vide ultra). In contrast to organic paramagnets, specific binding of the metal 

ion is a potential drawback, which can be circumvented by addition of chelating compounds 

like edta[81], DTPA[110], DO2A[77] etc.  

The applicability of paramagnetic doping in solid state NMR experiments has been shown by 

Ishii et al.[81] A described acceleration of data acquisition up to a factor of 10, however, can-

not be used in traditional solid state NMR due to high power 1H-decoupling during acquisi-

tion. Deleterious heating effects for high power decoupling in the course of a shortened duty 
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cycle include sample degradation and probe damage. Temperature increase was quantified for 

decoupling at various decoupling strengths for two aqueous samples, containing 0 and 

100 mM NaCl, respectively. The experiments employed 30 ms of decoupling and a recycle 

delay as indicated in Figure 3.1. The observed temperature increase ranges to 20 K in the ab-

sence of salt and a recycle delay of 300 ms. In contrast, for the same recycle delay, the solu-

tion easily reaches temperatures beyond 100 °C when 100 mM salt is present. Temperatures 

were calibrated by measurement of the chemical shift of the water resonance frequency in the 

range between 0 and 60 °C and extrapolated to higher chemical shift values. The resulting 

broad shapes of the resonance signal indicate a non-uniform distribution of temperature over 

the acquisition time and the rotor volume.[111] Thus, the data points in Figure 3.1 give a 

rough estimation about the order of rf-induced heating. 

 

 

Figure 3.1: Increase of temperature upon decoupling. While moderate temperature increase occurs in the absence of salts, the 

increase with 100 mM salt present is intolerable for proteins using short recycle delays. The recycle delay is depicted in the 

upper row. Stars and circles refer to an amount of 100 mM and 0 mM NaCl with the decoupling strength indicated in the 

Figure. Acquisition took place directly after the decoupling interval. 

 

The limitation of a severe temperature increase in the sample does not exist if paramagnetic 

doping is used for solid state NMR that is independent of high power decoupling. Further-

more, for deuterated systems, T1 relaxation is particularly slow due to largely reduced dipolar 

relaxation by protons. In non-doped samples of 10 % proton-backsubstitution, T1 typically 

amounts to 4.5 s. Use of high concentrations of paramagnetic agent can be used for a reduc-

tion of T1 basically to T2, resulting in vanishing recycle delays. This factor of 15 in measure-

ment time upon PRE of 250 mM Cu(edta) largely facilitates proton detection by providing the 

possibility of experiments that are too insensitive otherwise (vide infra). 

Figure 3.2 depicts inversion recovery data recorded for different concentrations of Cu(edta). 
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Figure 3.2: Inversion recovery upon doping with different Cu(edta) concentrations. Intensities depict the integral amide 

proton bulk signal in the first slice of an HSQC experiment modified by an initial inversion pulse. A reduction of T1 by a 

factor up to ~15 was achieved by addition of Cu(edta) upon micro-crystallization. 

 

For a wide-spread use in solid state NMR, specific binding of the chelate to the protein is not 

desirable. In order to check for protein-chelate interaction, 2D HSQC spectra of doped and 

non-doped samples were recorded. Evidently, no chemical shift differences are observed, ex-

cluding the possibility of specific chelate-protein interactions. A representative region is dis-

played in Figure 3.3 A.  

 

 

Figure 3.3: Representation of the influence of Cu-doping on chemical shifts (A) and linewidths (B). The spectra in A were 

recorded using an HSQC experiment and 0 (black) and 75 mM Cu(edta) doping (red), respectively. A depicts a representative 

region of the spectra. In order to represent signal attenuation effects, first proton 1D slices of an HSQC experiment were 

recorded in the presence of 0, 75, and 250 mM Cu(edta). The spectra were recorded at 700 MHz proton Larmor frequency 

using 24 kHz MAS and an effective temperature of 22 °C. 

 

An accurate determination of chemical shift differences is displayed in Figure 3.4 B. The 
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overall chemical shift difference upon doping with 75 mM Cu(edta) was calculated from 1H 

and 15N shifts as Δδ = 8.7 ± 7.1 Hz using Δδ = ([Δδ(1H)]2 + [Δδ(15N)]2)1/2. 

Although T1 is effected more strongly by paramagnetic influence, also T2 decreases, resulting 

in a signal broadening for the effected spins. This feature occurs for doping with high concen-

trations of paramagnetic agents. However, up to moderate doping levels, only slight broaden-

ing effects were observed. The average proton linewidths amounted to 24.3 ± 5.5 and 

31.5 ± 7.5 Hz for doping with 75 and 250 mM Cu(edta), respectively, in comparison to 

24.6 ± 5.3 Hz without Cu(edta). A representation of 1H linewidth increase is given in Figure 

3.3 B, depicting first 1D slices of HSQC experiments for different doping levels. 15N 

linewidth amount to 15.0, 16.0, and 19.9 Hz for a representative residue (L31) doped with 0, 

75, and 250 mM Cu(edta). Site resolved proton linewidths are shown in Figure 3.4 A.  

 

 

Figure 3.4. A) 1H difference linewidths obtained for a 75 mM (closed rectangles) and 250 mM (open rectangles) Cu(edta) 

doped SH3 sample, compared to a copper-free reference sample as a function of the amino acid sequence. Horizontal solid 

and dashed lines in the Figure indicate the average value of the linewidth difference for samples containing 75 mM and 250 

mM Cu(edta), respectively. B) Chemical shift differences of the samples containing 75 mM (closed rectangles) and 250 mM 

[Cu(edta)]2- (open rectangles) with respect to a sample containing no copper. Horizontal solid and dashed lines in the Figure 

indicate the average value of the chemical shift difference for samples containing 75 mM and 250 mM Cu(edta). The experi-

mental conditions resemble those given in Figure 3.3. 

 

3.2 Surface accessibility in the solid state 

As denoted above, Paramagnetic Relaxation Enhancement is dependent on the distance r be-

tween the paramagnetic probe and the nucleus in a way proportional to r-6. This gives rise to a 
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site specific PRE being dependent on the minimal approachability of the paramagnet to the 

respective nucleus. 

As mentioned earlier, spin labels have been used for site specific local PRE in order to access 

long range distance restraints in solution as well as in the solid state.[97, 98] As an alternative 

to fixedly attached paramagnets, also dissolved relaxation agents have been used for a deter-

mination of solvent approachable sites in solution.[110, 112, 113] Although in the solid state, 

surface accessibility of proteins is largely determined by crystal-crystal contacts, solvent con-

tent on the order of 50 % still leads to vast contact surfaces between protein and bulk solvent. 

Numerous cases exist, where these interfaces are crucial for structure or function of the mac-

romolecule.[114, 115] Partially solvated structures have also been described in amyloid fi-

brils, providing important criteria for the understanding of the aggregation process.[116, 117] 

Although paramagnetic doping accounts for an overall increase of T1 times, small differences 

for different residues can be mapped in order for a determination of nuclear approachability. 

Instead of using the amide bulk signal, residue resolved T1 measurements were used. The 

pulse scheme used (see Figure 3.5 A) resulted from an HSQC by addition of an initial 180° 1H 

inversion pulse. Respective raw data for the situation of 0 and 75 mM doping are plotted in 

Figure 3.5 B for selected amide HN resonances. 

 

 

Figure 3.5. A) Pulse sequence for the 2D inversion recovery experiments. Open bars refer to 180° pulses, closed ones to 90° 

pulses. τ was set to 2.4 ms, the recovery delay is depicted as Δ. Decoupling from 15N-1H-1J-couplings during acquisition was 

performed using 2 kHz decoupling. B) depicts representative 1H-T1 curves for selected residues. The Figure displays the 

experimental data for the amide resonances of L33 (black), L31 (red), and D62 (green). Solid and dashed lines refer to crys-

tals containing 75 mM CuII and 0 mM CuII. 

 

The differences in T1 of different residues along the backbone are present even without the 

influence of CuII and can be found for both, doped and non-doped SH3, in a consistent man-
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ner. Thus, these trends can be ascribed to factors inherent to the respective protein parts, like 

internal dynamics or chemical exchange processes. The trends (e. g. decreased T1 times of the 

N- and C-terminus or in the flexible loop around P20) are in accordance with the dynamics of 

the protein (see Chapter 4.3). The existence and relative extent of the general T1 site specific-

ity is depicted in Figure 3.6, representing T1 times with and without doping of 75 mM 

Cu(edta).  

 

Figure 3.6. Longitudinal 1H T1 relaxation times for the SH3 domain of chicken α-spectrin in the absence of CuII-(edta) (black 

squares) and in the presence of 75 mM CuII(edta) (red circles). The average T1 of all resolved amide protons amounts to 5.6 s 

and 0.49 s in the absence and presence of the paramagnetic solute, respectively. 

 

Internal motion modulates longitudinal relaxation rates of different nuclei in close proximity 

to each other to a similar extent. This leads to a correlation between 15N and 1H longitudinal 

relaxation, both showing the same trends along the backbone. The consistency of relaxation 

trends for the different nuclei is present even though paramagnetic influence manipulates the 

intrinsic longitudinal relaxation rates, as can be seen by a correlation of 15N longitudinal re-

laxation for a sample without doping (measured by Chevelkov et al.)[118] and 1H longitudinal 

relaxation in the presence of 75 mM CuII. Consequently, the paramagnetic influence deter-

mines the apparent relaxation characteristics much less effectively than internal motion does. 

The respective correlation is depicted in Figure 3.7.  
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Figure 3.7. Correlation between 15N longitudinal relaxation times T1 in the absence and 1H T1 in the presence of CuII. In 

comparison to the role that local dynamics play for site-specific trends of relaxation, the presence of CuII has a severely 

weaker effect. Proton T1 times were acquired according to Figure 3.5, the 15N T1 times were determined from measurements 

under the same conditions at 600 MHz Larmor frequency. 

 

In order to eliminate relaxation effects from local flexibility etc., difference rates were ex-

tracted from micro-crystals with different levels of Cu(edta)-doping. Figure 3.8 shows differ-

ence rates extracted from three samples with 250 mM, 75 mM, and 0 mM Cu(edta). The site 

specific trend for relaxation enhancement is consistent for all three samples. The extent of site 

specific PRE is largely determined by the minimal distance r0 between a specific site and the 

paramagnetic probe. In some parts of the protein, high R2 rates due to large flexibilities and 

accordingly low signal to noise can be found. For the following steps, only difference rates 

accounting for ΔR1 (75 mM – 0 mM) were used. 
 

 

Figure 3.8. Difference relaxation rates extracted from three protein preparations containing 250 mM, 75 mM, and 0 mM 

CuII. Similar trends for the difference HN R1 relaxation rates ΔR1 for all three combinations of the three data sets hint to a 

consistent site-specific PRE effect by Cu(edta) doping. 
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In contrast to the situation of two fixed spins, the paramagnet can diffuse freely in the space 

excluded by the protein, leading to additional sites where the Cu-chelate induces relaxation. 

The additional positions with distances r > r0 contribute less to the observed PRE each, how-

ever, their number increases with r3. The effective PRE resulting from the whole space be-

yond the protein surface can be determined by an integration over potential residence 

sites.[119, 120]  This can be done e. g. by an integration over a half sphere with angles φ, θ 

and radius r’: 

(67) ΔR1,eff = k ⋅ reff
−6  , with        

(68) reff
−6 = r−6 ⋅ r′2 sinθ dθ dϕ dr

0
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∫
0
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Thereby, the distance r between an HN proton and each site in space can be determined using 

(69) θcos'2' 0
22

0 rrrrr ++= . 

The function can be modified for consideration of convex and concave surface shapes by 

choosing the upper limit for the integrand θ larger or smaller than 90°, respectively. Figure 

3.9 gives a pictorial representation of the half-spherical integration of solvent accessible 

space. 

 

Figure 3.9. A) Representation of a half spherical integration over solvent accessible space beyond the protein-solvent sur-

face. To a good approximation, the effective PRE can be obtained using a cut-off value of r’max = 6 Å. B) θ can be inte-

grated up to values smaller or larger than π/2 in order to reflect concave or convex curvature of the surface. 

 

A more accurate consideration of locally specific surface shapes has been proposed by Pin-

tacuda and Otting.[110] A grid search for positions in which the ligand does not collide with 

the protein provides detailed information on the accessible space accounting for the integra-

tion. However, a crystal structure as a prerequisite would exclude many potential applications. 



Paramagnetic Relaxation  47

Numerical evaluation of the integral can be provided by standard mathematics software. 

Logically, to a good approximation, the effective PRE has a r0
3 dependence in respect to the 

minimal distance r0. Figure 3.10 depicts the result of a numerical integration for each of the 

scenarios, plane, convex, and concave curvature, in comparison to simple, appropriately 

scaled r0
-3 functions (represented as crosses).  

 

Figure 3.10.  Representation of the numerical integration (lines) in comparison with accordingly scaled r0
-3 functions 

(crosses). Besides a plane surface (center), the plot shows concave and convex surface curvatures (dotted lines) using θmax = 

60° and 120°, respectively.  

 

The effective PRE value, which is dependent on the space considered for the integration, con-

verges in respect to the cut-off r’max for r’max >> r0. Nevertheless, even larger relative errors 

for small r0 are small in comparison to PRE of easily approachable sites, since the respective 

PRE values are small. Thus, integration up to 6 Å is sufficient for a reasonable accuracy. This 

can be seen by numerical evaluation of the integral in dependence of r’max for different r0 val-

ues. Figure 3.11 depicts the relative accuracy of the integration by the help of a factor Q(r’max) 

using 
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Figure 3.11.  Convergence of the spherical integral for different r0, represented by the factor Q(r’max). For amide protons 

located directly beneath the surface, small cut-off values r´max are sufficient, while an effective distance for amide protons 

further away can only be calculated employing sufficiently large spheres. However, the absolute contribution to the differ-

ence rate ΔR1 for amide protons with large r0 is rather small. The poor convergence for those protons does therefore not 

compromize the analysis. Normalization of Q in respect to the true PRE was performed for a better visualization of their 

steepness as the curves for larger r0 have tiny PRE values.  

 

In order to correlate the T1 relaxation rates induced by paramagnetic doping with the HN-to-

surface distances accounting for different protein residues, a Connolly surface calcula-

tion[121, 122] was used. This employed a 15-mer of the SH3 X-ray structure (pdb-code 

2NUZ)[60] and a probe radius of 4 Å.[123] By a stepwise determination of HN atoms up to a 

distance to the Connolly surface increasing by ~0.5 Å, each proton was assigned to a distance 

r0.  

 

 

Figure 3.12.  Distances r0 from HN protons to the protein-solvent interface determined by a Connolly surface calculation 

dependent on the residue. A maximum distance of ~7 Å was found for the SH3 domain. 

 

Figure 3.13 depicts a model of a Cu(edta) complex. The approximate radius of 4 Å does not 
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reflect the minimal distance from chelate surface to the unpaired electron. This can rather be 

assumed ~1 Å considering a closest nucleus-surface distance of ~2.5 Å and a Cu van-der-

Waals radius of 1.5 Å.[124] 

 

Figure 3.13. For the exploration of the chelate accessible volume in the crystal structure, Cu(edta) was assumed to be a per-

fect sphere with radius c = 4 Å. The minimal distance between chelate surface and Cu nucleus (arrow) is approximately 

2.5 Å. 

 

A correlation between the differential R1 rates upon doping with 75 mM Cu(edta) and the dis-

tance r0 between HN proton and protein-solvent interface is depicted in Figure 3.14. The fit of 

the data by a r0
-3 function reveals a horizontal offset of 0.5 Å, which is in accordance to the 

expected additional distance from chelate surface to the CuII unpaired electron. More interest-

ingly, a vertical offset of 0.7 s-1 hints to a uniform T1 increase. This site-unspecific PRE is due 

to the dipolar based averaging of T1 relaxation predominantly by proton-proton spin diffusion. 

Although dipolar couplings are strongly suppressed by deuteration, the residual amount of 

protons in the sample still leads to a certain degree of spin diffusion. This is beneficial since 

PRE is most often used for an accelerated data acquisition rather than site-specific surface 

accessibility determination. 
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Figure 3.14. Difference relaxation rates ΔR1 versus distance to the chelate accessible surface for all residues. Open circles 

reflect residues which are close to side chain hydroxyl groups. All other residues are represented in black. Dotted lines refer 

to concave (θmax = 60°, lower curve) and convex surface shape (θmax = 120°, upper curve), respectively. 

 

The outliers in the correlation 3.14 (depicted with open circles) hint to an interesting side ef-

fect of PRE. The HN protons of these residues are in close proximity to vicinal hydroxyl 

groups. These are thought to quickly exchange with the bulk solvent,[125] which is in close 

proximity to the paramagnetic agent. Spin diffusion of exchanged OH-protons with backbone 

amides results in a strongly enhanced effective PRE (relay-PRE) for respective sites. The se-

lection of amides in close proximity to OH (see Figure 3.15 A) thus coincides with the awk-

ward values of the residues depicted as open circles in Figure 3.14. A general dependence on 

the proximity of these processes according to the 6th potency makes the interaction at vicinal 

sites even more significant in comparison to those with large distances to OH-groups. 

Electrostatic attraction to positively charged or polar side chains (Arg-, Lys-side chains) as a 

potential source for increased PRE can be excluded, since no amide protons have a significant 

proximity to those species. This is depicted in Figure 3.15 B and C. 
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Figure 3.15. Distances between HN and hydroxyl groups (top), arginine side chains (center), and lysine side chain NH3
+ 

(bottom), respectively (for distances < 15 Å). The red dots and lines mark the HN of close proximity to respective species 

employing a cut-off of 3.5 Å. 

 

Assuming the existence of OH-relayed paramagnetic relaxation, also water might function as 

a mediator for PRE. This effect besides direct PRE might also be responsible for part of the 

vertical offset of the fit in the Figure 3.14 if a certain “breathing motion” of the protein leads 

to influx of water molecules to sites that are inaccessible for direct PRE. By such, L8 fits to 

the curve better if the Connolly probe radius for distance determination is set to the water ra-

dius. This might also explain the unexpectedly high PRE values of W41, W42, and N35, 

which do not appear to have significant proximity to hydroxyl-groups.  

As can be seen in Figure 3.15, I30 is exceptionally close to a hydroxyl group, namely T37-

OH (d = 1.89 Å). Nevertheless, only a moderate PRE can be observed for this amide HN. This 

observation is expected, since a rapid exchange with bulk water is strongly reduced due to an 

H-bond between T37-OH and N35-CONH. Figure 3.16 depicts the local geometry of this site 

as seen from the X-ray structure.  
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Figure 3.16. SH3 structure around residue T37. Due to localisation in the interface between two symmetry related molecules 

and involvement in an H-bond with N35, the exchange of the OH group of T37 with bulk water protons is likely to be re-

stricted. Consequently, no strong PRE is observable for I30, although the intermolecular distance of I30-HN to T37-OH is 

exceptionally short (1.89 Å).  
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4 METHODOLOGICAL IMPROVEMENT OF 1H 
DETECTED SOLID STATE NMR 

 

4.1 The proton content 

While traditional solid state NMR relies on the chemical shift information of heteronuclei, 

this work is focussed on the inclusion of 1H into the group of spectroscopically observed nu-

clei. Fast MAS has provided the possibility of proton detection in the direct acquisition di-

mension, as proton linewidths scale linearly with the rotor period.[126] As mentioned in the 

Introduction, protein 1H linewidths are on the order of 400 Hz at 40 kHz spinning and 

750 MHz.[55] In combination with a high sensitivity, this has provided 3D experiments with 

a reasonable resolution.  

A decrease of dipolar couplings due to a reduced proton content has been shown to result in 

significantly reduced linewidths and an accordingly enhanced resolution. Linewidths are on 

the order of 140 Hz and 40 Hz for 1H and 15N, respectively, if only exchangeable sites are 

protonated.[58] Furthermore, sensitivity is accordingly enhanced in comparison to fully pro-

tonated samples. 

For an even further reduced linewidth, extensive deuteration has been combined with partial 

back-substitution of exchangeable protons. Achievable linewidths of around 20 and 10 Hz in 

the 1H and 15N dimension, respectively, are comparable to the linewidths found in solution 

NMR.[59] This approach is useful for site-resolved investigation of local structural and dy-

namic investigation of biomolecules. Spin diffusion, which would otherwise average signal 

intensities and relaxation characteristics of a specific site, is greatly reduced. This has been 

shown to be beneficial e. g. for accurate determination of backbone motion in the solid 

state,[127, 128] or detection of water molecules in the micro-crystalline lattice.[72] 

Figure 4.1 represents the protonation level of these 3 scenarios (fully protonated, deuterated 

with 100 % back-exchange, and with 10% back-exchange) for the SH3 domain in a pictorial 

way. 
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Figure 4.1. Pictorial representation of the protonation content in a uniformly protonated (left), uniformly deuterated sample 

with 100 % (center) and 10 % proton back-exchange at exchangeable sites. 

 

While further proton substitution yields sharper lines and longer FIDs by reduced dipolar 

couplings, sensitivity is compromized by a decrease of NMR-active species. Therefore, a spe-

cific 1H-level seems appropriate dependent on the application. 

For a single pulse excitation, an increased protonation level in principle scales the peak inte-

gral. However, the signal to noise achievable for samples of different protonation differs for 

pulse schemes including additional magnetization transfer steps. Cross Polarization on the one 

hand is a fast transfer and provides little loss of magnetization due to relaxation. INEPT trans-

fer steps on the other hand, relying on the lengthy evolution of small J-couplings, suffer from 

significant relaxation for protonation levels higher than 30–40 %, referring to a MAS fre-

quency of 24 kHz. For little magnetization loss due to relaxation, however, INEPT can in 

principle provide quantitative transfer, whereas CP yields a maximum of around 70 % transfer 

efficiency. Furthermore, CP transfer efficiency is severely decreased in case of protein mobil-

ity. This effect dues to changing Hartmann-Hahn conditions upon motion. (A detailed com-

parison of magnetization transfer methods for different flexibility is given in Chapter 4.3)  

In contrast to traditional NMR of fully protonated samples, duty cycles can be almost arbitrar-

ily short, since no high-power 1H decoupling has to be applied. This renders the longitudinal 

relaxation time T1 an additional factor for the signal intensity, since a reduced T1 enables a 

faster scan repetition. Signal to noise scales with the square root of the number of applied 

scans. 

A comparison of line broadening, T1 and T2 times by increasing protonation from 10 to 100 % 

in exchangeable sites for a νMAS = 24 kHz is depicted in Figure 4.2. The integral does not rep-

resent real peak intensities. 
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1H/2D 1H T1 (s) 1H T2 (ms) 15N T2 (ms)

100 % 0.68 11.4 9.6 

80 % 0.76 23.2 13.6 

60 % 0.85 29.8 23.6 

40 % 1.67 33.1 37.5 

30 % 2.13 51.4 38.4 

20 % 2.76 55.3 57.3 

10 % 4.28 60.6 75.8 

 

Figure 4.2. Left: Amide bulk signal of the SH3 domain for various levels of 1H back-substitution at exchangeable sites 

(H2O/D2O ratios are denoted on the left). The curves were scaled to equal height. The depicted spectra were recorded with a 

CP back-and-forth transfer to 15N for water suppression. Right: Relaxation times dependent on the protonation level of the 

exchangeable sites, both according to Akbey et al.[129] 

 

Line broadening was observed not to be equal for each protein site. While many residues were 

completely attenuated in an H/N-correlation at >60 % back-substitution, certain residues 

could still be observed at the highest protonation degree. This behaviour is most likely due to 

internal dynamics, which are responsible for effective reduction of dipolar 1H-1H couplings at 

flexible sites. This effect has been reported even for fully protonated samples before.[130] 

According H/N-correlation spectra as well as sections through two representative resonances 

for rigid and mobile protein parts are depicted in Figure 4.3.[129] 
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Figure 4.3. Top: H/N correlation spectra recorded for different protonation degrees. Most residues are broadened severely 

going from 60 to 100 % 1H. However, certain resonances are retained due to motion of the protein site. Bottom: Exemplary 

resonances of a stiff (A55) and a flexible residue (D62). D62 shows much higher relative signal intensities for high protona-

tion degrees than A55.[129] 

 

For most residues, a protonation level of around 30 % turns out to the best compromize be-

tween slow relaxation and a high abundance of NMR-active nuclei. Special consideration for 

J-based triple resonance experiments will be found below. 

 

4.2 Solution state like 3D experiments 

Detection of 1H chemical shift provides access to an additional source of structural and dy-

namic information. Signals of the respective groups can be separated more easily by the in-

creased dispersion due to an additional dimension in multidimensional experiments. Thus, 

inclusion of 1H chemical shifts tends to enable unambiguous assignment of overlapping reso-

nances.  
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The exclusion of 1H chemical shifts from data acquisition due to dipolar broadening is one of 

the main differences between traditional solid state NMR and solution NMR. 1H-detected 

experiments are performed in solution state as the proton’s gyromagnetic ratio is largest 

among the usually abundant nuclei of biomolecular NMR, see Chapter 1.  This fact is usually 

taken into account by using 1H as a starting point for magnetization transfer as well as for the 

acquisition dimension. For deuterated proteins, which are protonated only at the exchangeable 

sites, so called out-and-back experiments are used to satisfy the requirement of 1H detection 

and 1H start magnetization for optimal signal to noise.[19]  

Parallel to solution NMR experiments, INEPT transfers can be used in the solid state if homo- 

and heteronuclear dipolar couplings are reduced to a level where relaxation is not detrimen-

tally fast. Besides a quantitative transfer efficiency in the absence of relaxation, INEPT trans-

fer exclusively refers to chemically bonded nuclei. Thus, in contrast to dipolar based polariza-

tion transfer, clean correlations without non-specific artefact signals due to spatially close 

nuclei can be obtained. 

 

3D experiments for backbone assignment 

The HNCO experiment[19, 131] is the most straight-forward version of a series of 

multidimensional 1H-detected experiments for backbone chemical shift correlation. The large 
15N-13CO coupling of ~15 Hz and a magnetization transfer to only one 13C coupling partner 

makes it the most sensitive triple resonance out-and-back experiment. Transfer from solution 

state to solid state implies omission of gradient pulses, a simplified solvent suppression, and 

optimization of 1H decoupling. Figure 4.4 shows the HNCO pulse sequence with and without 

use of heteronuclear decoupling. We used a constant-time evolution of 15N within the N/C-

INEPT in order to provide optimal signal to noise. All transfer steps were chosen to base on  

INEPTs (in contrast to HMQC versions using multiple quantum coherences). 
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Figure 4.4. Pulse scheme for an HNCO experiment in the solid state, using no heteronuclear decoupling (A) or Walz-16[132] 

as a decoupling sequence for 1H during transverse 15N magnetization (B). 

 

Signal to noise amounted to approximately 15 % of a corresponding HSQC experiment. This 

makes it possible to run a full 3D HNCO within some hours of experimental time. For solid 

state NMR with partial proton back-substitution, theoretical signal to noise of ~35 % com-

pared to an HSQC should be obtainable, assuming 100 ms 15N T2.[128] This discrepancy 

might be due to poor RF inhomogeneity during pulses on the one hand and a reduction of 

transverse relaxation times T2 of all involved nuclei due to the presence of paramagnetic CuII. 

The constant-time evolution for 15N allows for t2
max < 23 ms. Although this results in a trunca-

tion of the signal in the 15N dimension (T2(15N) being ~ 30 ms), the achievable resolution of a 

3D was found to be largely sufficient for a maximal 15N incrementation within the 15N/13C 

INEPT step. At the same time, the sensitivity is not compromized by additional relaxation 

during the 15N evolution. Use of two symmetric pulses for refocusing of the 1JN/CO-coupling 

does not cause erroneous 15N chemical shift evolution during the (non-negligible) pulse dura-

tion. 

Selective 13C pulses were applied using soft rectangular pulses for on-resonance CO excita-

tion in order to reduce artefacts. G3 Gaussian shape pulses[133] were used for off-resonance 
13Cα excitation. Bloch-Siegert phase shift during the duration of the shaped pulse was com-

pensated by an additional G3 pulse after on-resonance inversion of 13C. Values for T and τ 

were chosen 12 and 2.3 ms. We used Waltz-16[132] for decoupling for both, 1H and 15N 

(pulse scheme B). For the latter case, 2 kHz decoupling power was used. 1H decoupling can in 

principle be continued during the 13C evolution period. This did not turn out to change signal 
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to noise (in the limit of error) due to the absence of larger J-couplings between 1H and 13C. 

Furthermore, incidentally created conditions for recoupling of 1H,13C dipolar coupling could 

be avoided renouncing 1H decoupling at this point. Since decoupling focuses on J-couplings, 

we only used up to 5 kHz for 1H decoupling. This also takes in account the lengthy periods of 

around 37 ms in each scan over which decoupling takes place. Before start of 1H decoupling, 

antiphase HzNy coherence was initially refocused and created over a period 2τ after and before 

the 1H,15N INEPT, respectively. Signal to noise was very sensitive to misadjustments between 

the decoupling power and the Waltz 90° pulse length and needed extraordinarily careful op-

timization. Furthermore, except for an improved solvent suppression, no significant gain in 

sensitivity was observed in comparison to pulse scheme A for a 10 % protonated sample. Wa-

ter suppression, however, was almost negligible for SH3 due to a good crystal packing upon 

ultra-centrifugation while packing the rotors. For this reason, 1H decoupling was omitted for 

SH3 samples of 10% back-protonation. Figure 4.5 depicts a 1D version of the experiment 

using 128 scans and the pulse schemes A and B of Figure 4.4, respectively. 

 

 

Figure 4.5. Comparison between pulse sequences A (black spectrum) and B (red spectrum) of Figure 4.4. Signal intensities 

of the bulk amide signal after 128 scans do not display systematic differences except for solvent suppression quality. Proces-

sion was performed using exponential multiplication of 25 Hz.  

 

Figure 4.6 depicts a 2D version of an HNCO experiment recorded with pulse sequence A 

modified by a continuous 1H decoupling also during transverse 13C magnetization. The indi-

rect dimension was incremented up to 14.5 ms in order to allow for a maximum signal to 

noise. 
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Figure 4.6. The first slice of an HNCO experiment in the solid state. t1(13CO) was incremented up to 14.5 ms. Exponential 

apodization of 5 Hz and gaussian multiplication (-10 Hz, shift of the bell by 0.1) was used for the direct and indirect dimen-

sion, respectively. The excellent resolution due to sharp lines is even increased upon incrementation of the 3rd dimension 

(15N). 

 

Sequential assignment via CO chemical shifts 

Resonance assignment is the requirement for most subsequent NMR data evaluation. One 

important part of this process is the protein backbone assignment, since a consequent linkage 

via chemical bonds allows for small regular steps of a sequential assignment. For isotopically 

enriched proteins, this is usually done via experiments correlating backbone resonances to 

other either intra- or interresidual backbone nuclei in close vicinity. Typical experiments for 

sequential assignment of deuterated proteins in solution refer to CO or Cα and Cβ chemical 

shifts in combination with the amide moiety.[19, 131, 134-138] 

The solution state HNCACO experiment provides correlation between the amide moiety and 

the intraresidual 13CO chemical shift as the main correlation.[139, 140] Due to the approxi-

mate similarity of 1J and 2J (~11 Hz and 7 Hz, respectively)[138], a second correlation to the 

interresidual Cα with slightly less intensity is observed. Figure 4.7 represents the magnetiza-

tion transfer pathway in comparison to an HNCO experiment. 
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Figure 4.7. Magnetization transfer pathways for the HNCACO and the HNCO. HNCACO (left) transfers 15N magnetization 

to both COi and COi-1. HNCO (right) gives correlations only for the interresidual COi-1. The Figure shows only the “out”-

transfer of 1H magnetization, which is followed by an equivalent transfer back. Sequential assignment is straight forward by 

combination of HNCACO and HNCO.  

 

In order to implement this solution state experiment for solid state NMR, the respective solu-

tion state sequence was used and modified by omission of gradient pulses, substitution of wa-

ter gate water suppression by a simple purge pulse and optimization of 1H decoupling during 

transverse magnetization on heteronuclei. 

Figure 4.8 depicts the modifications of the pulse sequence used for deuterated solid samples. 

 

 

Figure 4.8. Pulse scheme for an HNCACO experiment in the solid state adopted from Engelke and Rüterjans.[140] Asterisks 

refer to phase cycling of the respective pulses according to TPPI. B gives the modified 1H pulses of a simplified sequence 

omitting heteronuclear Waltz-decoupling. 

 

For a reduction of artefacts, all on-resonance pulses were applied as soft rectangular pulses, 

trimmed such that off-resonance nuclei were unaffected. This required the carrier frequency 

on the 13C channel to be changed from Cα to CO frequency and back in between the 90° 

pulses of the Cα/CO INEPTs. Due to the reasons stated above, we stuck to the sequence with-

out decoupling in the course of SH3 experiments of low degrees of back-protonation. Com-

paring 1D versions of HNCACO and HNCO correlations (see Figure 4.9), an approximate 

four fold loss in signal to noise occurs due to pulse imperfections of the additional pulses and 

the relay step for full evolution of the 1J(Cα-CO) coupling. This makes up 16 ms of additional 

transverse 13Cα coherence, in which evolution of passive Cα-Cβ couplings of a magnitude al-

most as large as the active Cα-CO coupling reduce observable magnetization. Loss of signal to 

noise due to this step can in the future be largely reduced if deuterium decoupling and a four 
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channel probe are used and if Cα-Cβ couplings are refocused by appropriate selective pulses 

on 13Cβ. 

 

Figure 4.9. Intensity comparison between HNCACO and HNCO recorded under identical conditions. The additional relay 

step and an increasing number of pulses in the sequence is assisted by a four-fold decrease in signal to noise. Data was ac-

quired using 128 scans, 3.5 kHz Walz-16 1H decoupling during transverse 13C periods and 40 ms acquisition at 24 kHz MAS, 

700 MHz 1H Larmor frequency and an effective temperature of 22 °C. Data were processed using 20 Hz exponential line 

broadening. Artefacts at ~4.8 ppm result from incompletely suppressed water signal. 

 

Figure 4.10 shows a representative excerpt of the sequential walk based on 13CO chemical 

shifts for the SH3 domain. The signal to noise for the experiment amounted to approximately 

25:1 for the intraresidual correlation. This value corresponds to three days of experimental 

time, using 20 ms maximum t1 incrementation and use of a 10 % 1H back-substituted, 

150 mM CuII-doped sample of SH3 with 530 ms recycle delay.  

Interresidual correlations rely on the slightly less intense 2J-coupling of 15Ni and 13Cα
i-1 

(~7 Hz instead of 11 Hz for the intraresidual 1J-coupling). Consequently, interresidual cross-

peaks were observed to yield ½ to 2/3 of the intensity of the intra-residual peak. 
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Figure 4.10. A) Sequential walk through 13CO resonances of the SH3 domain of chicken α-spectrin. HNCACO correlations 

are depicted in black, while those of a corresponding HNCO are shown in red. The excerpt shows the resonances between 

residues L8 and K18. Except from the flexible regions along the N-terminus and the distal loop, similar data quality was 

achieved for the rest of the protein resonances. B) Representative column (taken from strip Y15/D14) for a representation of 

the signal to noise ratio between intra- and interresidual correlations. 

 

For the SH3 domain, CO based sequential assignment experiments yielded a nearly complete 

backbone assignment. Problematic residues yielding low signal to noise are located in regions 

of high internal mobility undergoing slow motion. The N-terminal residues E3 to E7 and C-

terminal D62 did not yield resonances above the noise level in the HNCACO. In respect to 

the HNCO, this applies to N-terminal residues E3, K6, E7, and D62. Further residues of insuf-

ficient signal intensity are located in the flexible distal loop around N47. This is the case for 

both experiments, although the HNCO also resolves E45, V46, and R49, which do not yield 

enough signal to noise in the HNCACO. 

 

In comparison to 13C assignment via 13C direct acquisition, homonuclear couplings do not 

compromize the accuracy of CO chemical shifts even in fully 13C labeled material. This is due 

to the fact that a simple inversion pulse on Cα refocuses all homonuclear 1J-couplings. This is 

in contrast to direct acquisition of 13C, where homonuclear decoupling during acquisi-
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tion[141] or spin state selective experiments[142] have been proposed for refocusing of 

homonuclear J-couplings.  

In order to estimate the achievable accuracy of CO based assignment using solution state se-

quences in the solid state, 13C T2 decay rates were determined. Figure 4.11 A shows a relaxa-

tion curve of CO transverse magnetization. Unlike 13C direct or Cα indirect detection, the 

measured T2 of ~40 ms is directly reflected by an according linewidth ΔHWFM = T2/π, as de-

picted in Figure 4.11 B (bottom). Only field inhomogeneities or local motion induce a compa-

rably small additional broadening effect. A comparison to the potential of a sequential as-

signment via Cα and Cβ resonances shows an approximate gain in accuracy of a factor of 5, 

taking into account that duplets arising from 1J(Cα/Cβ)-couplings are usually not resolved in 

order to reduce signal to noise losses. This results in an apparent linewidth of ~100 Hz. Use of 

4-channel probes providing 2H-decoupling can in principle reduce this value. If a constant 

time evolution period is used,[137] truncation can be reduced, however, the additional relaxa-

tion would lead to a reduced signal to noise in comparison to real-time evolution with refo-

cused J-couplings. 

 

 

Figure 4.11. Reflection of the T2 decay at 600 MHz in the linewidths of 13C direct and indirect acquisition, comparing 13Cα 

and 13CO based experiments. A) T2 decay for CO and Cα with refocusing of 1J(Cα/CO) and 1J(Cα/2Hα) but without refocusing 

of 1J(Cα/Cβ). B) For indirect CO detection, assignment experiments can yield high accuracy. This cannot easily be achieved 

by experiments based on Cα chemical shifts or direct 13C detection. The slices of CO indirect detection are taken from the 
1H/13CO 2D in Figure 4.12. 

 

Linewidths of 14–18 Hz give rise to hardly any signal overlap even in only one dimension. 

Besides being a highly resolved source for other biochemically relevant information like re-

laxation values or paramagnetic shifts and attenuation e. g., this makes a sequential assign-
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ment merely based on CO chemical shifts possible. The resolution in CO chemical shifts for 

the SH3 domain is represented by Figure 4.12. The spectrum was recorded with a t1
max of 

100 ms and processed without use of apodization. Use of apodization and linear prediction 

may be used to even further decrease residual shift degeneration. Marked are the resonances 

that were used for the withdrawal of the sections in Figure 4.11 B. Using the CO based ap-

proach in addition to Cα based sequential assignment can lead to unambiguous assignments 

also for larger proteins, where either of the methods would result in ambiguous chemical 

shifts. 

 

Figure 4.12. Representation of the resolution that CO indirect detection can yield at 600 MHz even without use of apodiza-

tion. Nearly completely unambiguous assignments are possible with the mere use of CO chemical shifts alone and can be 

supported by use Cα based assignments to give unambiguous assignments even for larger proteins. Dashed lines depict the 

position of the slices shown in Figure 4.11 B. 

 

In order to evaluate to what extent the good resolution obtained for CO chemical shifts rivals 

solution state NMR, relaxation rates of dissolved proteins were estimated by using the CSA 

induced relaxation as the bases for a minimal values of R2. Although 13CO relaxation origi-

nates from other sources as well like CSA/dipole-dipole cross-correlation between 13CO and 
13Cα and between 13CO and 15N, at field strengths larger than 400 MHz for protons, 13CO re-

laxation is largely dominated by this contribution. In contrast to dipolar interactions, which 

are neglectable and independent on the field, and cross-correlation contributions scaling line-

arly with the field, the CSA influence scales quadratically with the magnetic field.[143] The 

respective contribution to the transverse relaxation rate R2,CSA is given as[143]  

(71) [ ])(3)0(4)6/( ''
22

,2 CCCCCSACSA JJdR ωω += , 
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with a generalized CSA coupling constant d2
CSA = (1/3)Δδ2[1 + η2/3] = 6.2 · 10-9,[144] where 

Δδ2 and η represent the anisotropy and the asymmetry of the CSA tensor, respectively. JC’(ω) 

is the spectral density function at frequency ω.  

Minimal relaxation rates of 13CO in solution (exclusive consideration of R2,CSA) in dependence 

of the molecular correlation time τC are shown in Figure 4.13.  

 

 

Figure 4.13. Comparison of carbonyl transverse relaxation rates R2 in solution (black) and in the solid state (red) at 14.1 T 

(600 MHZ 1H Larmor frequency). The dashed black line shows 13CO relaxation rates in solution assuming a generalized 

order parameter S2 of 0.8, while the solid black line is drawn upon assumption of an order parameter of 1. Whereas R2 in 

solution strongly depends on the correlation time τc, the lower limit for the linewidth in solid-state NMR (depicted for micro-

crystalline SH3, red) is molecular weight independent. Vertical, dashed lines indicate typical values for the motional correla-

tion time τc for several proteins in solution.  

 

The Figure depicts relaxation rates in solution at 14.1 T (corresponding to a 1H Larmor fre-

quency of 600 MHz) for two different order parameters S2 using 
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according to the model-free approach of Lipari and Szabo.[145] 

Values of 1 (no internal motion) and 0.8, representing the order of motion of most proteins 

(between 1 and 0.6) were chosen for the S2.[144] For a better comprehension, solution-state 

correlation times were provided with representative proteins of a respective molecular size. 

Shown are the correlation times of ubiquitin, the CDK inhibitor p19INK4d, malate synthase G 

and the “half proteasome”, having a molecular size of 8.6, 17.8, 82, and 360 kDa.[146-149]  

For intermediate or large proteins, the plot shows that carbonyl resonance linewidth in the 
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solid-state can potentially be smaller than the linewidth obtainable in solution. We observe a 

break-even between linewidth in the solid state and in solution for motional correlation times 

τC of ~ 25 ns, corresponding to a molecular size on the order of 30 kDa for globular proteins. 

Further reduction of dipolar relaxation in the solid state (by increasing MAS frequencies, e. 

g.) might push the margin at which solid state lines become sharper than in solution even fur-

ther down to smaller proteins. 

 

Sequential assignment via Cα and Cβ chemical shifts 

Sequential backbone assignment in the solution state does usually not rely on carbonyl 

chemical shifts alone. Although the accuracy would be sufficient for an unambiguous assign-

ment for small proteins, a complementary approach is based on the chemical shifts of Cα and 

Cβ.[131, 136] For protonated proteins, “straight-through” experiments are usually more sensi-

tive than the according “out-and-back” experiments used for deuterated proteins. These are 

not feasible in our case due to missing Hα protonation. While the sensitivity of an 

HNCACB[136] is significantly lower than the HNCA experiment,[19, 131, 138] the assign-

ment process can be facilitated substantially by using two resonances for a sequential correla-

tion. Similar to the HNCO experiment (see above), magnetization is transferred from 1H to 
13Cα via 1H/15N- and 15N/13Cα-INEPTs. The peculiarity of the J-based magnetization transfer 

from NH to Cα is the approximate similarity of 1J- and 2J-couplings to inter- and intra-residual 

Cα (1J and 2J of ~11 and ~7 Hz, respectively), as already denoted above. This results in a bidi-

rectional pathway to both 13Cα nuclei. Although giving rise to sequential correlations within 

one experiment, sensitivities naturally go down in comparison to respective experiments that 

yield only one correlation.  

 

Figure 4.14. Pictorial presentation of the magnetization transfer pathway of an HNCA (left) and an HNCACB experiment 

(right). Only half of the pathway of the out-and-back experiments is depicted. In any case a bidirectional transfer to Cα
i and 

Cα
i-1 is observed due to comparable 1J and 2J for N-Cα. In the HNCACB, an additional relay step in the pulse sequence gives 

Cβ correlations in addition to Cα using only one 13C dimension. 
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For the generation of a solid state HNCA experiment, the HNCO experiment described above 

was adapted by a shift of the carrier frequency to Cα (and respective changes in the soft pulse 

offsets). Incrementation in the indirect dimension was performed such that the spectral range 

covered 45 ppm and t1max amounted to 9 ms. Further acquisition in the 13Cα without use of 

specific refocusing pulses on Cβ would lead to a decrease in intensity due to the oscillation of 

the respective coherence (NzCy) with cos (π JCαCβ
 t), which means a zero-crossing at approxi-

mately 14 ms. The fact that both, inter- and intraresidual correlations show up in the spectra 

allows for a sequential “walk along the backbone” and a respective assignment of backbone 

resonances. Figure 4.15 displays an excerpt of the sequential walk along the backbone based 

on Cα chemical shifts.  

 

Figure 4.15. Representative part of the sequential walk along the backbone based on Cα chemical shifts. The according 3D 

spectrum was recorded on a 4.0 mm sample with a MAS frequency of 14 kHz within 3.5 d. A protonation level of 10 % was 

used for the exchangeable sites in combination with a PRE of 150 mM [CuII(edta)]2-. 

 

The depicted spectrum was recorded using a 150 mM CuII doped sample in a 4 mm rotor at 

14 kHz spinning frequency. The assignment of the SH3 resonances using this approach turned 

out to be almost complete using 10 % backsubstitution of exchangeable deuterons against 

protons. The N-terminal residues up to E7 and residues in the flexible distal loop around N47 

were not observed. Inherently low signal to noise of flexible residues resulted in visible reso-

nances above noise level partly only for a 3.2 mm sample with a back-protonation of 25 % 
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and 75 mM CuII doping. Additional facilitation for these residues can be achieved by use of 

coherence selective sequences (see section 4.3). 

 

An additional transfer of Cα magnetization to the Cβ has been performed in the solution state 

in order for a correlation of both respective resonances to the amide group (1HN and 15N 

chemical shifts).[136] This can be performed using a relay step with evolution of only half of 

the CαCβ antiphase operator and provides the occurrence of all four Cα and Cβs adjacent to the 

amide group. Although this results in an elegant experiment with a large content of informa-

tion, especially for a low overall sensitivity, an experiment for exclusive correlation to either 

one would be appreciable. A full evolution of the Cα-Cβ couplings over 14.3 ms, however, 

interferes with both, concomitant transverse relaxation and the evolution of 1J-couplings to 

the directly bonded 2H, which could not be decoupled with the present setup. We used a relay 

of 7 ms as a compromize. All other features of the experiment were taken over from the ones 

described before. A representation of the pulse sequence is shown in Figure 4.16. 

 

 

Figure 4.16. Pulse sequence for the HNCACB experiment. Experiments were performed in an out-and-back manner. 1H 

decoupling was applied after refocusing the H,N antiphase coherence of the initial INEPT using the WALTZ-16 scheme[132] 

with a power of approximately 7 kHz. In the HNCO/HNCA experiment τ, T, and Δ were set to 2.3, 12.0, and 3.6 ms, respec-

tively. On-resonance selective pulses on 13Cα,β were applied as soft rectangular pulses, while 13C off-resonance pulses on 
13CO were implemented as G3 shapes.[133] Decoupling during acquisition was achieved using WALTZ-16,[132] adjusting 

the 15N RF field to 2 kHz. 

 

For SH3, in addition to the depicted pulse programs also the minor modification of omitting 

the 1H-decoupling sequence was used, employing composite pulses on the 1H-channel simul-

taneous to the off-resonance soft pulses (as described for the HNCO and HNCACO), which 

did not change the performance of the experiment. Use of decoupling concomitantly during 

transverse 13C magnetization turned out in a slightly reduced signal to noise (~90-95 %) 

probably due to resonance phenomena leading to partial reintroduction of dipolar interactions. 
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We used 70 ppm spectral width and (for the reasons stated above) maximal 13C indirect acqui-

sition times of 9 ms. For a 25 % back-substituted SH3-sample with PRE of 75 mM CuII, an 

HNCACB experiment could be recorded within 3 days, yielding an approximate signal to 

noise of 30:1. The relative intensity in comparison to an HSQC amounts to only 3 %. Besides 

an overall length of the sequence of ~70 ms and the application of 27 pulses in total, this is 

due to distribution of the HN polarisation to four peaks of inter- and intraresidual Cα and Cβ 

correlation. Figure 4.17 depicts a section through the 3D at 15N and 1H chemical shifts of 

Tyr15 for representation of relative signal to noise for the contributions of different correla-

tions to the spectrum. 

 

Figure 4.17. Representative slice taken out of the 3D at 1H (8.48 ppm) and 15N chemical shift (119.1 ppm) of Y15, recorded 

at an effective temperature of 22 °C. Signal to noise amounts to ~30:1 for a 25 % 1H back-substituted 75 mM CuII doped SH3 

3.2 mm sample with a restricted volume rotor within 3 d. Interresidual signals are reduced to ~60 % of the intraresidual corre-

lation, Cβ correlations yield ~45 % of the intensity of Cα correlations. 

 

By the splitting of resonances into three dimensions, each carbon strip can be assigned to HN 

resonances unambiguously, which facilitates the sequential walk along the protein primary 

sequence. Providing a two fold matching of connectivities, assignment is unambiguous for the 

SH3 domain of α-spectrin even though line widths amount to around 100 Hz for 13C due to 

homonuclear J-couplings and ~60Hz for 15N due to the constant-time evolution. For a 4.0 mm 

sample 10 % protonated in exchangeable sites, doped with 150 mM CuII, signal to noise 

amounted to only 16:1 after 4.5 d. Although 12 and 5 residues miss one or two correlations, 

respectively, sequential correlations can still be withdrawn for most of the resonances. A strip 

plot from an experiment on a 25 % sample, recorded at a MAS frequency of 24 kHz, is de-

picted in Figure 4.18, showing sequential assignment for residues M25 to T32. This spectrum 

yields a signal to noise of  ~30:1 after three days. 
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Figure 4.18. Walk along the backbone in an HNCACB experiment with a 25 % proton back-exchanged 3.2 mm sample with 

PRE of 75 mM CuII(edta). The Figure shows a representative part of the full sequential assignment. Adjacent residues can be 

found since a signal set usually consists of the correlations between HN, NH and Cα
i-1, Cα

i, Cβ
i-1, and Cβ

i. A signal to noise of 

~30:1 was achieved after 3 d. 

 

For a facilitated assignment of HNCA or HNCACB spectra, showing both, intra- and interre-

sidual correlations of amide group and respective 13C resonances, solution state uses 

HN(CO)CA or HN(CO)CACB experiments. These experiments yield interresidual correla-

tions exclusively. They can be performed using an additional relay step on 13CO before mag-

netization is transferred further to Cα or Cα and Cβ. In the solid state, experimental conditions 

have to be adjusted as shown in the previous cases for solution state triple resonance experi-

ments. The pulse scheme for an HN(CO)CA is implicitly given in Figure 4.8, realized by an 

interchange of CO and Cα pulses (by a change of respective carrier frequencies). Figure 4.19 

represents a demonstrative part of a 3D in combination with strips in a HNCA experiment. 
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Figure 4.19. Representative part of the HN(CO)CA experiment correlating the amide group with the interresidual Cα reso-

nance only. The HN(CO)CA (red) is shown in combination with an HNCA experiment for sequential assignment, which 

yields both, inter- and intraresidual correlations, with the latter one being the more pronounced one.  

 

In accordance to the HN(CA)CO experiment, the sensitivity of an HN(CO)CA experiment 

suffers from an additional magnetization transfer in comparison to HNCA or HNCO. In com-

parison to HN(CA)CO, however, only one correlation per residue is observed, and the relay 

nucleus (13CO) does not evolve homonuclear (Cβ) or heteronuclear J-coupling that are diffi-

cult to refocus. Although 13CO CSA based relaxation is higher, the sensitivity of the 

HN(CO)CA was observed slightly better. We observed a signal to noise of the 3D of ~25:1 

after 3 d of acquisition. In comparison to an HSQC of the same sample (yielding a signal to 

noise of ~30:1 in 15 min), this is a sensitivity of 4.5 %. We refer to a sample with 10 % back-

substitution in amide sites and 150 mM Cu-PRE. Like for the HNCACB, use of 25-30 % 

back-substitution is assumed hence to increase the sensitivity by a factor of ~2. 

 

CP-based triple resonance experiments 

Especially for systems with increased relaxation due to higher protonation degrees or PRE, 

INEPT steps may lead to severe relaxation losses in comparison to CP based experiments. 

This can e. g. be the case for a higher degree of 1H interactions, as described in Chapter 5. In 

this work, higher protonation levels were used in particular in the course of the Aß1-40 assign-

ment. Additionally, we observed this system to suffer from significantly higher relaxation 

rates than the SH3 domain even for identical proton concentrations, maybe due to dynamics 

or different behaviour towards CuII-PRE (see Chapter 3). In these cases, an exchange of 

INEPT magnetization transfer by Cross Polarization (CP) steps turned out to be a reasonable 
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expansion of the solid state out-and-back triple resonance experiments. The details of this 

strategic change in respect to pulse schemes and resulting spectra can be found in Chapter 5. 

 

4.3 Differential relaxation and spin state selection 

In solution, an overall tumbling motion determines the values of the spectral density functions 

that are important for R1 and R2. In solid state NMR, however, the only motion encountered 

are local dynamics. The common measure for this kind of dynamics is the model-free ap-

proach, which was introduced by Lipari and Szabo[145] and extended by Gronenborn and 

coworkers.[150] Here, motion is described by a model-free order parameter S2 and a correla-

tion time τ for each regime of motion. Therein, the order parameter can be understood as how 

the resulting state of a dynamic process correlates with the initial state after a long time. If this 

motion is not completely random but rather restricted to a certain range of results (e. g. the 

direction of an interatomic bond vector), the final state will correlate much with the initial one 

and the parameter S2 is larger than 0. 

As described in Chapter 1.3, relaxation is coupled to motional processes in the protein. Using 

the model-free approach for different kinds of motion, the spectral density function is consid-

ered 
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with the indices s and f denoting the values for slow and fast motion. The first term describes 

the rotational diffusion, using the index r and being relevant only for molecules in solution. In 

the following, only a qualitative description of motion will be used, referring to the kind of 

motional regime (fast, slow) and the amplitude of the respective motion. 

 

The different contributions to the observed overall relaxation, like e. g. dipolar or CSA-

induced relaxation, only appear for certain regimes of motion, while for motion of a different 

time scale, they are largely absent. This is the case for very fast motion (ps) or very slow mo-

tion. Although – to a first order approximation – solid state proteins are immobilized and do 

not comprise the dynamics we find in solution or gas phase, local mobility is largely present 

also in the solid state. Besides the overall rotation introduced by MAS of the rotor, internal 

mobility of e. g. methyl groups[151], side chains[152] or loops[153] make up a whole set of 
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sources relevant for relaxation. Backbone motion of the SH3 domain has been characterized 

by the measurement of 15N T1 relaxation times,[127] the 1H-15N dipole, 15N CSA cross corre-

lated relaxation rates ηDD/CSA, [118] and 1H-15N dipolar couplings[154]. The analysis revealed 

vast presence of internal motion in the solid state. Most prominently, the C-terminus (residue 

D62) was shown to undergo large amplitude motion in comparison to protein parts included 

in rigid β-sheet structures e. g.. 

An exemplary excerpt of the large amount of data needed for an accurate determination of all, 

order parameters S2, amplitudes and time scales of different motional processes, is given in 

Figure 4.20, presenting 15N R1 relaxation. The represented values are influenced by 1H/2H 

exchange processes, since these reduce the acquirable signal in just the same way as longitu-

dinal relaxation does. 

 

Figure 4.20. Longitudinal 15N relaxation rates R1 of a 25 % 1H back-exchanged SH3 sample doped with 75 mM CuII(edta). 

Although PRE has site specific influence on R1, the main contribution to longitudinal relaxation can still be assumed to be 

due to dynamics (see Chapter 3). The data were recorded at 700 MHz, 24 kHz MAS and an effective temperature of 22 °C.  

 

Residues undergoing slow motional processes are difficult to access in dipolar based experi-

ments because the dipolar couplings used in the course of a Cross Polarisation are a function 

of time on the time-scale of the motion itself. This problem is hard to overcome with tradi-

tional Cross Polarization. Using scalar based transfers, however, residues undergoing slow 

motion are enabled to appear in correlation spectra. This can be seen in Figure 4.21, compar-

ing two representative regions of the H/N correlation of the SH3 domain, recorded with CP 

and INEPT transfer, respectively. We find residues of flexible regions that have not been ob-
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servable before using traditional approaches, proving that scalar transfer very much facilitates 

an observation of slow molecular motion. 

 

 

Figure 4.21. Comparison of dipolar and scalar magnetization transfer in an H/N correlation experiment, depicted in black 

and red, respectively. Flexible residues show up only in the INEPT-experiment. Both experiments were recorded and proc-

essed under the same conditions. The spectra were obtained at 600 MHz for a deuterated sample of the SH3 domain of α-

spectrin, in which labile sites have a proton content of 25 %. The sample was spun at 24 kHz at 22 °C effective temperature. 

 

The residues that show up in correlation spectra exclusively are weak and comparably broad 

in both, the proton and the 15N dimension. While rigid residues show a linewidth of around 20 

and 10 Hz in the 1H and 15N dimension, the additional resonances have linewidths of up to 50 

and 30 Hz for 1H and 15N dimension. Figure 4.22 shows M25 as a largely immobile residue in 

comparison to mobile T4 and E7. The spectrum was recorded for a sample with 10 % proton 

content at exchangeable sites at 24 kHz MAS and an effective temperature of 22 °C. The ad-

ditional broadening must be due to the difference in mobility and an according cross-

correlated cross relaxation, since dipolar relaxation alone cannot be assumed to differ 

throughout the primary sequence. 
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Figure 4.22. Line shapes of rigid residues and those undergoing slow motion, represented by M25 and by T4 and E7. The 

H/N-correlation is based on INEPT-transfers using the HSQC pulse scheme. The columns in the center and at the right are 

traces along the 1H and 15N axis, respectively. The spectra was recorded within 20 h with a t1max of 100 ms. No apodization 

was used for procession. The sample was spun at 24 kHz at an effective temperature of 22 °C. 

 

As mentioned in Chapter 1.3, relaxation interference results in mutual cancellation of dipolar 

and CSA induced relaxation for certain spin states. Thus, separation of spin states with con-

venient relaxation properties from those with inconvenient properties can yield long-lived 

NMR coherences. As shown by Pervushin et al.,[155] Transverse Relaxation Optimised Spec-

troscopy (TROSY) may select only one quad image out of the four possible coherences that 

are obtained with traditional methods. Selection of the coherences with a long lifetime results 

in an accordingly sharp linewidth and reduced relaxation loss in the course of transverse mag-

netization periods of the NMR experiment. Extraction of the narrow component can be 

achieved using a spin-state-selective magnetization transfer in combination with an appropri-

ate phase cycle. In contrast to an INEPT transfer, an ST2-PT (Single Transition to Single 

Transition-Polarization Transfer) building block uses intermediate zero- and double-quantum 

coherence in order to yield observable H- coherence. This avoids mixing of spin states.  

Using the TROSY sequence, a pulse scheme for the measurement of spin-state dependent 

transverse relaxation rates of 15N in an amide group can be created. This scheme is shown in 

Figure 4.23.  
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Figure 4.23. A) Pulse scheme for the spin state selective determination of transverse relaxation rates R2 of the coherences 

N-Hα and N-Hβ. Open and closed bars refer to 180 and 90° pulses, the bar with a reduced height is a 1 ms water purge pulse. 

For phase sensitive indirect acquisition, φ1 was incremented according to TPPI. Inversion of pulses marked with an asterisk 

allows for swapping of the selected spin state. (Since only 15N R2 is measured, the first marked pulse should be inverted 

here.) 

 

According to the TROSY scheme, one quad-image is selected by a simple two-step phase 

cycle, in which the first 90° pulse as well as the receiver are cycled in parallel 90° steps. By 

inversion of the last proton 90° pulse, the phase cycle selects the opposite 15N coherence. In-

version of the last 15N 90° pulse gives evolution of the H- coherence under influence of the 

opposite 15N spin state.  

Figure 4.24 shows the 15N transverse relaxation rates of N-Hα and N-Hβ coherence for a sam-

ple of 25 % proton amount in exchangeable sites at 24 kHz MAS with an effective tempera-

ture of 22 °C at 700 MHz 1H Larmor frequency. A) and B) refer to 3 °C and 22°C effective 

temperature. C) gives a representation of the SH3 structure, with loop regions plotted in 

brown, β-sheet-regions plotted in blue and the short α-helix shown in orange. 
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Figure 4.24. Relaxation rates for coherences N-Hα (narrow component) and N-Hβ (broad) component at 700MHz. Data were 

recorded for two different temperatures, 3 °C (A) and 22 °C (B). Transverse relaxation rates R2 of sharp and broad compo-

nent are depicted as black squares and white circles, respectively. Dashed lines are drawn in order to guide the eye. Secon-

dary structure is indicated in the upper part of the Figure. Loop regions are shaded in brown. The protein internal motion and 

the effect of differential relaxation are dependent on the temperature as well as on the specific protein site. Especially high 

values for differential relaxation are found in the C-terminal D62, the N-terminus and the distal loop involving residues 45 to 

50. Rates are depicted on a logarithmic scale. At low temperature, relaxation rates were not measurable for the N-terminal 

residues due to insufficient signal to noise. C) Pictorial representation of  the loop regions in a structural model of SH3.[60] 

The flexible N-terminus (up to K6) is not refined in the crystal structure and shown with an arbitrary conformation. 

 

Relaxation rates of N-Hα and N-Hβ are almost identical for the rigid parts of the molecule. 

This is true for large parts of the β-sheet regions as well as for the short α-helix between resi-

dues 54 and 58. Only minor parts of the β-sheet between residues 22 and 35 display differen-

tial relaxation. On the other hand, loop regions seem to undergo motion on the slow motion 

time scale. Particularly the N- and C-terminus display large differences between N-Hα and 

N-Hβ coherence (with a difference of ~50 Hz at 22 °C). A difference of ~70 Hz can be ob-

served for E7, e. g.. For the RT and distal loop, the difference amounts to approximately 10-

15 Hz. Residues 47 and 48 are expected to yield even higher differential rates, however, they 

have not yet been assigned due to low signal to noise due to their dynamics. In addition to an 

effective temperature of 22 °C, data were measured at 3 °C. At this temperature, the N-

terminal residues do not give enough signal intensity for reliable relaxation data. The other 

loop regions display an enhanced differential relaxation. Even the outer parts of the distal loop 

(E45, V46, R49, and Q50 give rise to differential relaxation of up to ~35 Hz. At this tempera-

ture, the C-terminal D62 has a differential rate of almost 100 Hz. 

Figure 4.25 displays the resulting picture of differential relaxation in case of a rigid and a mo-

bile residue. TROSY spectra with selection of the narrowest and the broadest component of 

the quad images are shown for V53 and G5. While the difference in signal intensity and 

linewidth is marginal for V53, G5 almost disappears upon swapping of the selected coher-

ences. The cross-section on the right side of each picture was generated in parallel to the 15N 

axis in each case. 
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Figure 4.25. Comparison of narrow and broad HN multiplet components in a spin state selective H/N-correlation.[155] 

While inflexible residues (represented by V53, left) do not display pronounced differential relaxation, residues in flexible 

regions (e. g. G5, right) display a substantial difference between the narrow and the broad component. The narrow compo-

nent (coherences N-Hα/ H-Nα) is depicted in red, the broad component (N-Hβ/ H-Nβ) is shown in black (below). 1D traces 

represent slices along the 15N axis (dashed lines). The spectra were recorded and plotted identically and without use of apodi-

zation. The sample contained 25 % protons in exchangeable sites and was spun at 24 kHz with an effective temperature of 

22 °C. 

 

Differential relaxation plays an even bigger role for experiments in which transverse magneti-

zation is needed in order for magnetization transfer. This applies e. g. to scalar transfers like 

INEPT. For 15N/13CO, 1J-couplings amount to approximately 15 Hz. For 15N/13Cα transfers, 

the respective coupling is on the order of 11 and 7 Hz for intra- and interresidual transfers, 

respectively. Accordingly, transverse magnetization decays during the respective dephas-

ing/rephasing periods of ~24 ms. Although deuteration allows for low relaxation losses due to 

heteronuclear dipolar interactions, high relaxation rates due to slow motion can deteriorate the 

performance of INEPT based experiments in case of flexible residues. Particularly these resi-

dues, however, require that scalar transfer be used, since dipolar transfers are hampered by 

residue motion (vide ultra). In these cases, selection of the slowly relaxing coherence may 

provide significant improvement of the experiment. If this is true or not depends very much 

on the time scale of the motion. For C-terminal residue D62, Figure 4.26 displays three differ-

ent motional scenarios by choice of different experimental temperatures. The signal intensity 

after 48 ms 15N transverse magnetization is compared to that of a rigid residue in the cases of 

a coherence selective and a standard magnetization transfer. The employed delay time is the 

time usually encountered in scalar triple-resonance out-and-back sequences.  
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Figure 4.26. H/N correlation with a 15N-T2 filter. The filter-time was set to 48 ms, which corresponds to the typical scalar 

coupling evolution periods in triple-resonance HNCO type experiments. Correlations with mixing of the spin states are de-

picted in black, and those including coherence selection are shown in red. For quantitative comparison, 1D cross-sections 

along the proton dimension (as indicated in the 2D by dashed lines) are represented at the bottom of the Figure (for Q16, 

D62). Depending on the temperature (and thus the amplitude of internal motion), spin state selection results in better signal to 

noise for flexible residues like D62. The factors depicted in the Figures reflect the ratio between coherence selective and 

standard experiment. The indicated temperatures represents the effective temperatures. TROSY peaks are shifted by JNH/2 in 

both dimensions. Spectra were obtained using a deuterated sample which was prepared using 10 % H2O in the crystallization 

buffer. The MAS frequency was set to 24 kHz at a 1H Larmor frequency of 400 MHz. 

 

Triple-resonance experiments including an ST2-PT were introduced for solution already in 

the late 1990s.[156, 157] The original pulse sequences for solution can be adapted to the solid 

state according to the description given in Chapter 4.2. As shown in Figure 4.27, severe dif-

ferences in signal intensity are found for residues undergoing slow motion. Rigid residues 

loose in intensity when compared to the non-selective experiment. The double-resonance ex-

periments (HSQC and TROSY, depicted in A and B for completeness, respectively) provide 

only little gain for mobile residues, while rigid ones loose approximately half of the intensity 

of a non-selective experiment. For the triple-resonance experiment, however, the difference 

between rigid and mobile residues is critically enlarged. An intensity gain of a factor of 1.5, 

1.8, 1.9, and ~3 e. g. apply for G5, E45, R49, and E7, respectively, according to a factor 2.3, 

3.2, 3.6, and 9 in measurement time. Comparable values account for the other (even weaker) 

residues annotated in bold in Figure 4.27, which, however, are compromized by lower overall 
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signal to noise or peak overlap. All of these experiments were recorded at 700 MHz. Larger 

gains will be possible at higher fields. 

 

 

Figure 4.27. HN correlations recorded with an HSQC (A), TROSY (B),  standard HNCO (C) and TROSY-HNCO scheme 

(D), recorded as a 2D without 13CO incrementation. The intensity of mobile residues, which appear as broad resonances in 

the HSQC, decreases in the triple resonance experiments due to relaxation during the N-CO INEPT period. This problem is 

decreased by use of coherence selection. Respective residues are annotated in bold, grey labels indicate immobile residues. 

Blue boxes indicate resonances below the lowest contour. The double resonance experiments in A and B were recorded and 

processed under identical conditions and plotted to the same scale. The same is true for HNCO (C) and TROSY-HNCO (D). 

The lowest contour was chosen as 3σ compared to noise RMS. (Triple-resonance experiments in C and D were recorded and 

processed using parameters different from A and B.) E) and F) show 15N sections at resonance positions of V9 and G5, serv-

ing as representatives for normal and mobile residues, respectively. 

 

The general loss of signal to noise in the absence of differential relaxation is due to the fact 

that only one half of the initial 1H magnetization contributes to the selected coherence, while 

the other half of the magnetization is sacrificed. Additionally, the experiment using ST2-PT 

transfer is slightly longer and uses more pulses, which are intrinsically imperfect and thus 

prone to loss of signal to noise. On the other hand, TROSY is sensitivity-enhanced in terms of 

a preservation of equivalent pathways[158], which again improves the signal to noise by a 

factor of ~√2 in multidimensional experiments. 

For a quantitative analysis of the intensity gain, Figure 4.28 gives a composition of the signal 

intensities obtained in the four spectra in Figure 4.27. Double- and triple-resonance experi-

ments were recorded and processed using different conditions. 
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Figure 4.28. Comparison of relative intensities in an HSQC, TROSY, HNCO, and a TROSY-HNCO. Although the overall 

performance of the coherence selective experiments is worse, mobile residues are critically improved in the TROSY-

experiments. This applies significantly more strongly to the triple-resonance experiment. A) Site-specific signal to noise of an 

HSQC (black squares) and a TROSY experiment (white circles). Both spectra were acquired recording 250 complex points 

according to 65 ms t1max, using the same acquisition and processing parameters. For apodization of the direct dimension, 5 Hz 

exponential line-broadening was applied. B) Signal to noise of an HNCO (black squares) and a TROSY-HNCO (white cir-

cles), recorded as an H/N-2D without 13C evolution. Both experiments were recorded and processed under identical condi-

tions with 70 complex points in t1, corresponding to 22 ms t1max. Procession was performed including 30 Hz exponential 

multiplication. All spectra were recorded within 2 h at 22 °C effective temperature and 24 kHz MAS at 600 MHz 1H Larmor 

frequency. For the indirect dimensions, Gaussian Multiplication with a line-broadening of 10 Hz and a shift of the bell by 0.1 

was used. 

 

By the help of INEPT and ST2-PT transfers, flexible parts of the SH3 domain can be ob-

served in multidimensional solid state experiments for the first time. The implications for a 

complete assignment of the protein backbone of this protein is described in Chapter 4.6. Gen-

erally speaking, the gain for residues undergoing slow motion upon use of coherence selection 

tends to be crucial especially for detection and assignment of protein parts that are important 

for protein functionality, like e. g. active centers of enzymes. 

 

4.4 Side chain assignment  

Backbone assignment is an important first step in protein structure calculation. The protein 

residues’ side chains, however, contain a number of atoms an order of magnitude larger than 

present in the backbone. Especially, 13C resonances are important for distance restraints be-

tween different amino acids in the hydrophobic core. Furthermore, an assignment can be 
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largely facilitated by the knowledge of the amino acid type, which can be determined by the 

help of side chain chemical shifts.  

Full side chain correlations for deuterated proteins have been obtained for hydrophobic amino 

acids using residual protonation in deuterated proteins.[159] In order for a complete side 

chain assignment of deuterated proteins, correlations to the amide backbone would be neces-

sary in order to include residues without methyl groups. Here, the strategy of an out-and-back 

transfer starting and ending with 1HN magnetization as in the case of the backbone assignment 

experiments is not viable anymore, since too many successive magnetization transfer steps 

would hamper a reasonable signal to noise. Instead, starting magnetization in the side chain 

would be favourable for a one-way transfer to the amide group. In principle, direct cross po-

larization from 1H can be used to excite carbons. This, however, seems inconvenient for long 

side chains, where 1H magnetization of only one amide will be split up for excitation of 13C 

nuclei. A distribution of Cα magnetization along the side chain before 13C chemical shift evo-

lution results in poor polarization of aliphatic carbon nuclei. This can easily be probed by a 

comparison of the 13C one pulse direct excitation spectrum with the 1D 13C spectrum resulting 

from Cross Polarization from 1H or 1H/15N with a subsequent mixing step.  

Direct excitation of 13C is usually inconvenient not only due to a four times lower gyromag-

netic ratio in comparison to protons but also because of an extremely long recycle delay, 

which is even longer in the absence of protons in deuterated samples.[46] Due to a widely 

enhanced longitudinal relaxation by use of Paramagnetic Relaxation Enhancement (PRE) (see 

details in Chapter 3), experiments that are based on a direct excitation of 13C nuclei can be 

performed under reasonable recycling. Figure 4.29 shows inversion recovery curves for dif-

ferent 13C bulk resonances in the presence of 75 mM Cu(edta) in a protein sample with 25 % 

protonation in exchangeable sites. Fitting of the data yields T1 values of 1.0 s for the aliphatic 

region, 1.6 s for the Cα-region, and 1.4 s for the CO bulk. 
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Figure 4.29. Inversion recovery data for CO, Cα, and aliphatic carbons under 75 mM Cu(edta)-doping in the presence of 

25 % protons in exchangeable sites. Aliphatic carbons return to equilibrium with a T1 of 1s, whereas CO and Cα have a T1 of 

1.37 and 1.57 s, respectively. 

 

Full-side chain correlations 

An experimental scheme for the acquisition of a full-side chain correlation is shown in Figure 

4.30. The strategy of employing an adiabatic mixing sequence in the experiment (TOBSY-

mixing[160, 161]) goes back to work done by Agarwal et al..[62] Since the C/H transfer is 

partially bidirectional, the obtained spectra also yield sequential correlations and can in prin-

ciple be used for a sequential assignment. This feature of long-range C/H transfers is used in 

the following section for a 1H shift based sequential assignment. For experiments yielding 

intra-residual 13C side chain correlations, a direct transfer of 13C magnetization to 15N can be 

used in principle. This, however, results in comparably lower signal to noise for non-Cα-

resonances than with the detour pathway along 1H, as probed by the 13C detected reverse ex-

perimental scheme. This effect is caused by the non-specific C/H transfer, which provides an 

effective Cali./HN contact already directly in the absence of intermediate 13C mixing. These 

desired long-range contacts can also be enforced for CN-CPs with longer duration. However, 

even for a CP duration of 14 ms, the obtained long range contacts were observed to be only 

half as strong as the contacts obtained with H/C long range transfers of 3 ms transfer time. 
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Figure 4.30. Pulse scheme for a full side chain CNH-correlation for sequential backbone assignment. By bi-directional trans-

fer to 1HN, both, inter- and intra-residual cross peaks can in principle be observed. A) Direct excitation of 13C resonances. B) 

Use of direct excitation in combination with CP enhancement. Both experiments employ Tobsy-mixing[160, 161] as pro-

posed for deuterated samples by Agarval et al..[62] 

 

For the start magnetization on 13C, the natural polarization can be used in terms of a direct 

excitation. As an alternative, a CP polarization transfer from 1H can be added to the natural 
13C polarization. This works since the CP pulse on the 13C channel spin locks the coherence 

gained by natural 13C polarization. The phases have to be chosen such that the relative phases 

of the first four pulses do not change in the course of the phase cycle and TPPI incrementa-

tion. The effect of a magnetization add-up is represented in Figure 4.31 (obtained by leaving 

out respective pulse scheme elements). As seen from the comparison between blue and green 

spectra, the signal from 13C natural polarization is slightly reduced by the spin lock. The over-

all signal intensity, however, is increased by the increased starting magnetization (of mainly 

Cα and Cβ).  

 

Figure 4.31. Comparison of the different contributions to the observed overall signal. The spectra were recorded without 13C 

mixing, which would decrease the relative improvement of the CP sustainment by an equalisation of different start magneti-

zation.  

 

A representative part of the side chain correlations obtained with the pulse scheme A in Fig-

ure 4.30 on the SH3 domain of α-spectrin is shown in Figure 4.32. Interresidual contacts only 
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appear in part of the strips, since the transfer efficiency is relatively small in comparison to 

the intraresidual one. 

 

Figure 4.32. Exemplary subset of full-side chain correlations of the SH3 domain of α-spectrin, recorded with the pulse 

scheme in Figure 4.30 A, using 14.4 ms Tobsy-mixing.[160, 161] In principle, by a bi-directional C/H-transfer, the employed 

pulse scheme allows for a sequential assignment. This is, however, only true for a fraction of the resonances.  

 

Full side chain correlations are valuable information not only for a determination of the amino 

acid type of the residue and the assignment of side chain chemical shifts. In addition to back-

bone and side chain assignment concerning 13C resonances, assignment of the NH2-groups is 

crucial for a complete understanding of protein function. Assignment of amide moieties with 

high reliability is important since amide groups of the Asn and the Gln side chain tend to be 

involved in salt bridges stabilizing the tertiary or quaternary structure of biomolecules. Figure 

4.33 shows the unambiguous assignment of the side chain amide of Q16 by the help of full 

side chain correlation experiments. Here, the assignment can in principle be derived from an 

HNCACB spectrum. The signal intensity is sufficient for mapping the Cβ resonance in the 

strip with the 1H and 15N backbone resonances to the strip with the 1H and 15N shifts of the 
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side chain amide moiety. This single match, however, can be ambiguous in case of larger pro-

teins. For additional clarity, the whole side chain experiment (shown in blue) can be mapped 

to the HNCACB strips. Besides the Cβ resonance, the Cγ resonance, which matches the side 

chain strip, shows up in addition. The unambiguity achieved by this approach very much fa-

cilitates a complete assignment of side chain residues.  

 

Figure 4.33. Exemplary assignment of a side chain amide. The mere match of Cβ in the HNCACB strips leads to ambiguities 

when more Gln/Asp side chain amides are to be assigned. Unambiguous assignment by a pair of matching frequencies (Cβ 

and Cγ) can lead to higher reliability. In this case the Q16 Cα resonance does not show up in the full side chain experiment. 

For backbone amides frequencies, the HNCACB spectra (see above) displays Cα and Cβ resonances in light and dark green. 

At the right side, shifts correlated by the full side chain correlation (blue) and HNCACB (green) are illustrated. 

 

Side chain amide correlations 

Besides an electrostatic stabilization important for tertiary structure formation, side chain am-

ide groups are responsible for a solvation of the protein or protein-ligand contacts in the 

course of signal transduction or target recognition. In principle, information about the NH2-

groups can be obtained by mapping 13C chemical shifts correlated to the amide H/N shifts to 

those that have been assigned in the backbone sequential walk. Due to high solvation for most 
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side chain amides, however, proton exchange of the amide group with the surrounding solvent 

is an issue for the respective resonances. Especially the INEPT-based out-and-back experi-

ments rely on a high kinetic stability of the involved proton, since they have an overall dura-

tion on the order of 70 ms. In addition, the success of these experiments is dependent on the 

motional characteristics of the involved residues. While for residues pointing out to the sol-

vent, a high flexibility is intuitive, those involved in salt bridges are prone to undergo slow 

motional processes, which complicates acquisition by unfavourable fast relaxation (vide ul-

tra). 

 

Based on the idea of a 13C direct excitation according to the description above, an experiment 

for the evolution of 13Cali, sc and 13COsc chemical shift in the course of two indirect dimensions 

in addition to a direct 1H acquisition was created. The pulse scheme of this CACOH is pre-

sented in Figure 4.34. The INEPT-based transfer among the involved 13C nuclei was chosen 

instead of a dipolar mixing in order for a clean and directed transfer among the carbons. Po-

larization transfer to 1H can be achieved by use of a long-range H/C CP. Water suppression is 

affected according to Zhou et al..[162] 

 

 

Figure 4.34. Pulse scheme for a 3-dimensional 13C direct excitation based C/H correlation experiment. Direct excitation of 
13Cali is followed by a refocused INEPT to 13COsc. A long-range transfer to 1H is achieved by a 1.5 ms CP (70 and 45 kHz 

field strength for the 1H and 13C channel). Water suppression was achieved as denoted above. Open and closed bars refer to 

180 and 90° pulses, respectively. Selective pulses were applied using on-resonance soft rectangular pulses. The according 13C 

frequency (in ppm) is denoted in the bottom of the Figure. T is set to 3 ms. 

 

For the homonuclear 13C transfer, the delay time T in the refocused INEPT takes into account 

the evolution of  competing 1J-couplings to the adjacent aliphatic (as a passive coupling) and 

to the carbonyl carbon (as the active coupling) with a coupling constant 1J of 35 and 55 Hz, 

respectively. The relative signal intensity of the transfer for the first INEPT can be calculated 

as 

(74) I(T) = sin (π 1Jali-CO T) cos (π 1Jali-ali T) exp(-2T/T2). 
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Figure 4.35 shows a simulation of the transfer efficiency dependent of the duration of the 

INEPT for a T2 of 40 ms. The ideal transfer amplitude can be reached with an INEPT duration 

of 2T = 6 ms. Dashed lines represent the evolution of the passive and active coupling alone. 

 

 

Figure 4.35. Transfer efficiency for the 13Cali, sc/13COsc refocused INEPT in the CACOH experiment (solid black line). Due to 

simultaneous evolution of the passive coupling to the vicinal aliphatic carbon, the transfer efficiency is compromized and 

reaches a maximal value at only 6 ms duration. For the simulation, a T2 relaxation time of 40 ms was assumed. 

 

Using this pulse scheme for the observation of side chain amides, additional correlation sig-

nals show up in comparison to the described out-and-back experiments. Figure 4.36 A shows 

an overlay of the 1H/13C projection with the respective projection of a 3D out-and-back 

HNCA. Grey boxes indicate the side chain amide signals. An according comparison of the 
1H/13CO projection to HNCO and HNCACO projections is given Figure 4.36 B and C. For all 

out-and-back experiment, the signals arising from side chain amides are weak in comparison 

to the direct excitation CACOH experiment. The appearance of CACOH signals overlaying 

with either of both out-and-back correlations dues to a non-selective transfer of COi magneti-

zation to inter- and intra-residual amide protons 1Hi and 1Hi+1. In some cases, signals present 

in the out-and-back experiments do not show up in the direct excitation approach. This is 

probably due to the use of a dipolar magnetization transfer in case of mobile residues or a 

short T2 (13Cα). 
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Figure 4.36. Comparison of side chain signals in the CACOH experiment to triple-resonance out-and-back experiments. A) 

Overlay of the 1H/13Cali projection with an H/Cα projection of an HNCA (red). B) and C) Overlay of the 1H/13COsc projection 

of the CACOH with the respective projection of an HNCO (green) and an HNCACO (blue), respectively. The experiments 

were recorded and processed in a comparable manner. 

 

The implications for the assignment of amide side chain amide moieties of the SH3 domain of 

α-spectrin are described in Chapter 4.6. In order to give an exemplary representation of the 

assignment process, Figure 4.37 shows the combination of respective strips of a CACOH and 

the HNCACB for the side chain and the HNCACB strip for the backbone resonances in case 

of N35. Here, both side chain carbons, Cα and Cβ, show up in the HNCACB strip through one 

of the amide resonances and can be mapped to the strip through the respective backbone am-

ide. However, the signal is hardly higher than the noise level and the resonances with the 

chemical shifts of the other amide are not visible. The CACOH experiment, on the other hand, 

contains both correlations with a good signal to noise. Due to the direct transfer of magnetiza-

tion from 13C to the detection nucleus, fast signal decay on the 15N is prevented and 1H ex-

change in the course of the transfer and evolution periods does not interfere with the signal to 

noise of the experiment. In this case, assignment of the (E)-proton of the amide moiety could 

only be assigned by use of the direct excitation experiment. 
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Figure 4.37. Support of the side chain amide signal assignment by the 13C direct excitation experiment. Due to a 13C starting 

magnetization, no exchange of the side chain amide protons can occur in the course of the transfer. Accordingly, also proton 

correlations are seen that have pronounced exchange with the bulk solvent or decay quickly due to large T2 (15N) due to 

motion. 

 

In addition to the described side chain assignment, the CACOH experiment gives a comple-

mentary approach for a backbone assignment of dilute protonated proteins. By choosing the 

C/H Cross Polarization step such that inter- and intra-residual transfers are of the same effi-

ciency, a sequential assignment of the backbone can be achieved. The transfer amplitudes are 

on the same order, since the distances between 13COi and 1Hi (2.6 Å) and 1Hi+1 (2.0 Å) are 

comparable. Figure 4.38 shows a representative part of the sequential backbone walk, includ-

ing residues 22-32. Although signal to noise is sufficient, the resolution is determined by the 

length of the constant-time delay within the C/C INEPT. For this reason, many signals show 

up “bleeding through” from planes with different 13CO shift in the strips in Figure 4.38. 
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Figure 4.38. Walk on the backbone by sequential CO/H contacts. For each Cα-CO pair, magnetization is transferred to an 

inter- and an intra-residual 1H. Due to the shorter distance to 1Hi+1, the inter-residual contact is stronger in each of the strips. 

Due to low resolution in the 13CO dimension, signals from other planes bleed through. In addition to the strong sequential 

correlations (thick black lines), non-sequential correlations (depicted with thinner lines) to other protons close in space can be 

found. This is true e.g. for the kink in between K26 and I30 (vide infra). 

 

Since the 13CO/1H magnetization transfer occurs through space, contacts to protons across the 

β-sheet can be found in addition to sequential backbone contacts. This is particularly useful, 

since these contacts are important for the determination of the overall fold of the protein. Fig-

ure 4.39 A displays several long-range contacts between CO and 1H nuclei. D29-1H is in con-

tact to A11-CO (4.66 Å), I30-1H makes a correlation to G28-CO (4.24 Å). K26-CO has a cor-

relation to G28-1H (4.07 Å) and to D29-1H (3.10 Å). In this particular kink, relatively many 

non-sequential contacts are seen due to the bend structure of the sequential amino acids. The 

residue pair V44/G51 is a representative for a usual β-sheet. Here, both possible CO/1H-

contacts are observed (V44-CO/G51-1H: 3.22 Å, V44-1H/G51-CO: 3.01 Å). Additionally, 

G51-CO gives a correlation signal with V53-1H (4.20 Å). The respective distances for the 

case of the kink around D29 are depicted in Figure 4.39 B. It is expected that many more 
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long-range contacts are present. Mostly, however, resonances are not sufficiently resolved in 

the third dimension. 

 

Figure 4.39. Non-sequential contacts arising from the CO-H magnetization transfer through space (A). In the kink around 

G28, which is structurally represented in (B), many long-range transfers can be seen. Blue dashed lines denote these non-

sequential distances, orange ones depict the intra- and inter-residual sequential contacts. The last two strips in (A) represent 

the mutual contact of residues V44 and G51. 

 

4.5 Magnetization transfer through space – proton RFDR ex-

periments 

In order to get to a structure of a protein, the mere chemical shift information, which can be 

extracted after sequential assignment, already gives hints about the secondary structure of 

protein domains.[163] Primarily, 13Cα and 13Cβ chemical shifts can be translated into so called 

secondary chemical shifts.[164] These are characteristic for α-helices (with Cα chemical shifts 

higher and Cβ chemical shifts lower than random coil structure) and β-sheets (with Cα chemi-

cal shifts lower and Cβ chemical shifts higher than random coil structure). The respective in-

formation are usually taken into account in structure calculations by the help of the program 

TALOS.[165]  Nevertheless, direct distance restraints between nuclei are important for a cor-

rect local fold. While in solution NMR, the Nuclear Overhauser Effect (NOE) is used for 

magnetization transfer through space, solid state NMR can employ dipolar interaction to ob-

tain through-space transfer. In protonated solids, even fast MAS (up to ~60 kHz) does not 
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achieve a full averaging of 1H/1H dipolar couplings. Many sequences aiming for an effective 

exchange of magnetization focus on this interaction. Examples for a mixing using proton di-

polar couplings are DARR[49], DREAM[50], or PDSD.[166] Often, distance restraints be-

tween heteronuclei can be obtained by indirect use of the proton bath via a back and forth-

transfer to protons for an efficient mixing.[167] Direct recoupling of heteronuclear dipolar 

interaction can be performed by Radio-Frequency Driven Recoupling (RFDR), in which a 

non-zero dipolar average Hamiltonian is created by rotor-synchronized 180°-pulses on the 

respective nucleus.[43, 44] For a dilute proton content, an active recoupling of 1H/1H dipolar 

interaction as in the case of heteronuclei can yield distance restraints. This has been shown for 

ubiquitin, which structure could be refined by inclusion of direct proton-proton distance re-

straints to a backbone RMSD of 0.82±0.14 Å .[58] 

 

An assignment approach for a mutual correlation of amide moieties has been proposed ear-

lier.[168, 169] Instead of a stepwise magnetization transfer through the backbone, we can use 

the through-space transfer in order to obtain chemical shifts of one amide moiety in addition 

to the chemical shifts of the adjacent one. Given the fact, that sequential amide moieties are in 

close spatial proximity, a dipolar HN-HN-correlation should also enable a sequential assign-

ment without involvement of 13C nuclei. Such, the HN/HN-correlation can be helpful for dis-

tance restraints as well as for ambiguities in the assignment. 

 

Experiments providing correlations exclusively between amide moieties were established al-

ready in early biomolecular work with protonated systems in solution.[170, 171] These NOE-

based sequences can be applied to the solid state if only the mixing step of the pulse sequence 

is adapted to the above mentioned mechanism. The combination of a 15N edited and a 1H ed-

ited correlation experiment gives the same information as a respective 4D experiment in 

which both dimensions are evolved. The information can be extracted more accurately from a 

4D experiment, this, however, would result in a 20.5 fold loss of an additional dimension and 

in the difficulty of reaching sufficient resolution in a given time if no Reduced-

Dimensionality (RD) approach[172] is employed. A solid state pulse scheme of a HSQC-

NOESY-HSQC using RDFR as the element for proton-proton magnetization transfer is de-

picted in Figure 4.40 A. The magnetization transfer steps are achieved by ramped H/N CPs in 

each case. The first indirect dimension resolves 15N chemical shift of the spatially close amide 

moiety by a simple back-and-forth transfer of 1H starting magnetization. The second HSQC-
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type block is enriched by water suppression through four successive water purge pulses ac-

cording to Zhou et al..[162] Heteronuclear decoupling from 1H is achieved by use of Walz-

16[132] with a power of 10 kHz. The RFDR block consists of rotor-synchronized π-pulses 

(one pulse per rotor period) on protons, using a pulse strength of 65 kHz. The mixing time 

was chosen to be between 3 and 15 ms (vide infra), corresponding to 24 to 360 cycles at 

24 kHz MAS. 

 

 

Figure 4.40. Pulse schemes for the correlations resolving spatial HN/HN contacts. (A) Pulse scheme for the N-NH experi-

ment. (B) Pulse scheme for the H-NH experiment. (C) INEPT-based N-NH experiment. CPs were applied as rectangular 

pulses on 1H and 75-100% ramps on 15N. Open and closed bars denote 180 and 90° pulses. The single open pulse of reduced 

height is a water purge pulse of 1 ms duration applied at a strength of 60 kHz. The block of 4 successive smaller open bars 

are applied at 15 kHz and a duration of 20 ms each. Pulses marked with an asterisk denote phase-sensitive incrementation 

according to TPPI. The phase of the 180° pulses (φ) in the RFDR-block is incremented according to XY-8. τrot is the rotor 

period. τ is a delay of 1JHN/4. 

 

The counterpart for the pseudo-4D approach, the NOESY-HSQC, resolves the respective 1H 

chemical shift before the mixing sequence. This experiment is suitable for contacts to methyl 

protons, for which reason the spectral width has to be chosen accordingly and a sufficient 

resolution requires relatively many points in the 1H dimension. This pulse scheme is depicted 

in Figure 4.40 B. Figure 4.40 C gives the according HSQC-NOESY-HSQC from solution 

state, which is based on INEPT-transfers instead of Cross Polarization, adapted to solid state 

proton detection by the RFDR mixing sequence. 
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Cross peak build-up 

Figure 4.41 shows the build-up of cross-peak intensity for an exemplary residue (Y13) for 

mixing times of 3, 8, and 15 ms. The residue was chosen such that little overlap in the addi-

tional 15N dimension (t1) appeared even for the longest mixing duration. 

 

 

Figure 4.41. Build-up of magnetization upon RFDR mixing on protons. Y13 is taken as an example of the magnetization 

equilibration among vicinal amide sites. Successive spectra were recorded with mixing times of 3, 8, and 15 ms. Spectra were 

scaled to the same diagonal peak intensity. All spectra were recorded at 22 °C effective temperature and 24 kHz MAS using a 

deuterated sample with 25 % proton back-substitution in labile sites within 4 h each. t1max amounted to 18 and 9 ms in the 

first and second indirect 15N dimension. Distances are indicated in addition to the respective contacts of Y13 HN. 

 

At a mixing time of 3 ms, the sequential contacts (L12 and D14 with a distance of 2.4 Å and 

4.4 Å, respectively) give the strongest cross peaks. The respective cross-peak intensity, how-

ever, is surprisingly comparable already at this mixing time despite the distance difference. 

Thus, in order to resolve short contacts in terms of a build-up, even shorter mixing times seem 

to be necessary. Also G28 (4.9 Å) and K27 (5.4 Å) have some discernable cross peak inten-

sity even at a mixing time of 3 ms. Their reduced intensity accords to the increasing distances. 

At 8 ms mixing time, the proximal contacts give rise to cross peaks of an unchanged intensity, 

however, especially K27 with its longer distance results in a cross-peak twice as strong as at 
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3 ms. An additional contribution of D29 (6.5 Å) is responsible for this relatively strong inten-

sity gain. Furthermore, K59 (6.7 Å) shows an intensity significantly larger than the noise level 

at 8 ms. For 15 ms RFDR, even long-range contacts like K26 (7.4 Å) give rise to very weak 

signals (with a signal to noise of 1.5). The general cross peak intensity in comparison to the 

diagonal peak is about 1/8. This value corresponds to 8 ms mixing and an intermediate dis-

tance (4 Å). The relative loss of intensity is in particular due to a probability of only ¼ for the 

adjacent amide moiety to bear a 1H. 

In order for a visualisation of the contacts that can be determined for Y13, Figure 4.42 dis-

plays the molecular surrounding as taken from the crystal structure at room temperature[60], 

with amide protons added with pymol.[74] 

 

Figure 4.42. Molecular surrounding of Y13 with the adjacent amide moieties and their respective distances (annotated in 

italics) as a visualisation of the exemplary representation of cross peak intensity build up upon RFDR mixing. Y13 sits in a 

non-β-sheet region in the beginning of the RT-loop. The plot (including distance determination) was engineered with the help 

of pymol[74] from the X-ray structure published in Chevelkov et al..[60]  

 

Figure 4.43 displays the build-up for additional two residues, namely G28 and L61. Since it is 

not clear how to normalize the build-up, the spectra with 15 ms mixing are shown with two-

fold normalization. 
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Figure 4.43. Build-up of magnetization upon RFDR mixing on protons. Besides Y13 (see Figure 4.41), two additional reso-

nances are shown. For a quantification of the build-up, the question of how to calibrate the intensity has to be answered. For 

this purpose, spectra were normalized according to their diagonal peak intensity (A) or to their signal to noise (B). In each 

case, the three strips resemble a mixing time of 3, 8, and 15 ms. 

 

In order for an unambiguous extraction of neighbour-neighbour contacts and their cross-peak 

intensities, the combination of the N-NH and the H-NH experiment (corresponding to HSQC-

NOESY-HSQC and NOESY-HSQC) can be used to generate the resolution of an alternative 

4D spectrum. Figure 4.44 shows both strips taken for Y13 1H and 15N chemical shifts in t2 and 
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t3 plotted against the H/N-correlation recorded under identical conditions, but with a better 

resolution (70 ms t1max). All contacts visible at a mixing time of 8 ms are indicated. The spec-

tra were recorded with a t2max of 9 ms and a t1max of 18 ms and 20 ms in a total duration of 4 

and 8 h in the case of the 15N and the 1H resolved experiment, respectively. 

 

 

Figure 4.44. Combination of 15N and 1H resolved experiments (N-NH and H-NH) in order for an unambiguous assignment of 

spatial contacts. The spectra were recorded with 8 ms RFDR mixing. The respective t1max amounted to 20 and 18 ms in the 

case of 1H and 15N resolved experiments. The spectra were recorded in 8 and 4 h, respectively. This reflects the need for 

sufficient resolution rather than the sensitivity (vide infra). 

 

Backbone assignment by sequential contacts 

Backbone assignment can be achieved by finding strips of sequential amino acids, which, in 

this case, is possible due to the relatively strong cross-peak intensities of the sequential con-

tacts. The procedure can be done for the 1H as well as for the 15N resolved correlation experi-

ment, such that ambiguities due to degeneracy in only one dimension are resolves as long as 

no overlap of signal occurs in the H/N-correlation. This results in an accuracy comparable to 

that of the HNCACB approach denoted above. Additional information results from the fact 
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that sequential cross peaks of residue i exist for both directions, residues i+1 and i-1. A minor 

drawback, however, is the existence of the relatively strong diagonal signal, which in case of 

short evolution in the indirect dimensions additionally leads to artefacts due to truncation. 

Figure 4.45 represents a part of the sequential backbone walk for the SH3 domain of α-

spectrin.  

The 15N resolved experiment was recorded as described above within 4 h, using 8 ms RFDR 

mixing. The 1H based spectrum suffers from insufficient resolution, although signal to noise 

is adequate for the experiment. For these cases, in which resolution is the time limiting factor, 

non-linear sampling can be taken into account. The spectrum represented in Figure 4.45 was 

recorded with a minimal phase cycle of 2 and 200 and 50 complex points (8.3 and 9 ms) in 

the indirect dimensions t1 and t2 within 4 h. For procession, 200 additional points were linear 

predicted. 

 

Figure 4.45. Sequential backbone walk for the SH3 domain of α-spectrin. Only a representative part (residues Q50 to V58) is 

shown. Besides the sequential contacts (marked in blue), information for the assignment is also contained in the spatial con-

tacts to neighbouring β-sheets (marked in red). Both spectra were recorded in 4 h each.  

 

Sequential peaks to residue i can be found choosing the respective chemical shift in F1 in both 

spectra and comparing the resulting F2/F3 H/N planes for identical cross peaks. 
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Solid state NOESY using scalar correlations 

The assignment approach as well as the extraction of distance restraints are thought to be gen-

erally applicable. Most target proteins in solid state NMR do not crystallize as nicely as the 

SH3 domain in our case. For that reason, higher protonation levels and accordingly use of 

dipolar transfers will be preferred in comparison to scalar transfers. For flexible residues, the 

use of INEPT instead of CP, however, is crucial. Elevated amplitudes of motion can result in 

very low transfer efficiencies of CP steps (see Chapter 4.3). 

The N-NH and H-NH experiments can therefore be modified such that H/N-transfers are af-

fected like in solution state (see Figure 4.40 C for the respective pulse program). For INEPT 

transfer, a maximum efficiency of 100 % is obtainable if relaxation is negligible in the course 

of the transverse 1H magnetization period (~ 5.5 ms). In the case of the sample with a 25 % 

proton content in exchangeable sites, the overall performance is a factor 1.5x better than with 

the use of Cross Polarization. This value refers to the bulk amide signal without RFDR mix-

ing. However, water suppression is more difficult in comparison to the dipolar sequences due 

to predominance of H/N antiphase operators throughout the sequence. Figure 4.46 represents 

the bulk signal of the first slice for an HSQC, the H-NH-experiment, the N-NH-experiment 

and the N-NH-experiment using INEPTS using 128 scans in each case. 

 

Figure 4.46. Comparison of the intensities obtainable with the experiments presented above in comparison to an HSQC. All 

spectra were recorded using 128 scans and a mixing period of 0 ms for a sample with a 25 % proton content in exchangeable 

sites. Relative intensities in comparison to the HSQC amount to 50 % (H-NH, black), 23 % (N-NH, red) and 37 % (N-NH 

with INEPTs, blue). Solvent suppression was achieved according to Zhou et al.[162] for H-NH and N-NH or with a 1 ms 

proton purge pulse for the INEPT-based experiment, respectively. 
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The main advantage of scalar based spatial correlations is the inclusion of mobile protein 

parts. Interestingly, cross peaks can be observed using dipolar based RFDR mixing although 

CP does not give any transfer for the respective residues. This is probably due to a recoupling 

of dipolar interactions by hard pulses, which does not require a constant coupling as in the 

case of Hartmann-Hahn-matching. As known from relaxation measurements (see Chapter 

4.3), the N-terminus supposedly undergoes large amplitude motion. Consequently, these resi-

dues do not show up in the CP-based versions of the RFDR experiments. In contrast, they can 

successfully be correlated to their sequential neighbours using the INEPT version of the ex-

periment. This is of interest, since these residues have not been assigned with traditional solid 

state NMR methods (see Chapter 4.6). Figure 4.47 gives a representation of the CP-invisible 

part of the RFDR based sequential walk. The spectrum was recorded and processed in anal-

ogy to the CP-version above. 

 

Figure 4.47. Assignment of the N-terminal part of the SH3 domain of chicken α-spectrin. The assignment of flexible residues 

can be performed by use of the INEPT-based versions of the RFDR experiments. The 3D spectrum at the right was recorded 

employing the pulse scheme in Figure 4.40 C within 4 h, using 18 and 9 ms indirect acquisition in t1 and t2. Negative con-

tours due a low signal to noise are drawn using a single contour. The left side of the Figure represents an H/N correlation (see 

Figure 4.44), recorded in 10 min under identical conditions. Residues annotated in italics and correlated with smaller dashes 

are long-range contacts.  
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4.6 Application of improved methodology in 1H detection to the 

SH3 domain of chicken α–spectrin 

Although the SH3-domain of α-spectrin is used as a well characterized standard system for 

solid state NMR methodology in this work, a complete NMR characterization of this protein 

has not been achieved using the traditional 13C detected methods.[71, 173] New insights for a 

complete NMR spectroscopic description of the SH3 domain of α-spectrin described in this 

Chapter are based on the methodological work described in the Chapters before. Although the 

focus of this work are the achievements of the methodology per se, the obtained information 

for this protein has a potential impact on further methodological studies based on the SH3-

domain in the future. 

The use of uniformly protonated samples has the advantage of a high abundance of different 

protons, serving as a carrier of starting magnetization on the on hand and giving structural 

information about the molecule on the other. However, even at fast MAS, the resolution ob-

tainable with samples of this kind is at least a factor of 10 less than achievable when extensive 

deuteration is employed.[55, 59] Figure 4.48 displays an H/N-correlation of the SH3 domain 

obtained with homonuclear frequency-switched Lee-Goldberg (FSLG) decoupling during 

indirect acquisition of protons, taken from van Rossum et al.[173] 

 

 

Figure 4.48. Resolution of the H/N correlation of the SH3 domain of α-spectrin obtainable with protonated protein samples, 

taken from van Rossum et al.[173] 

 

Due to an predominant use of dipolar mixing transfer steps, mainly rigid parts of the β-sheet 

structure have been in the focus of previous investigation. A complete assignment of the pro-

tein, however, would be appreciable for the manifold dynamic[60, 128, 174] and methodo-
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logical studies[59, 62, 72, 129, 141] that the SH3 domain is used for. Particularly the mobile 

regions at the N-terminus and the loop regions are interesting from this point of view. (see 

Figure 4.24 in Chapter 4.3. In addition, side chain resonances can be focused for a characteri-

zation of dynamics of different kinds. While fast rotameric jumps were observed for (side 

chain) methyl groups,[175] side chain amide groups are particularly rich in information about 

slow motional processes like chemical exchange.[174] The proton and 15N chemical shifts of 

side chain amide groups could not be assigned in previous studies.[173, 176] In addition, 

some 1H/15N chemical shifts could not be confirmed with triple-resonance out-and-back ex-

periments. For other resonances, the assignment in the H/N-correlation was not clear due to 

resolution limits of the protonated samples. Figure 4.49 displays the compilation of unas-

signed or misassigned 1H/15N shifts. 

 

 

Figure 4.49. Residues with uncertain or incorrect assignments in previous studies (depicted in red). The N-terminus and the 

distal loop could not be assigned with 13C detection based methods.[177] For the other red residues either a different chemi-

cal shift in either the proton or 15N dimension was determined or the resolution was insufficient for clear separation of chemi-

cal shifts. The side chain amides of Gln and Asn residues (annotated in italics) were not assigned. 

 

Reassigned resonances 

Due to a manifold better resolution in the 1H dimension, several resonances seemed degener-

ate in former approaches, but are significantly separated using extensive proton dilution. Such 

resonances can be assigned with the HNCA and HNCACB spectra or alternatively with the 

HNCACO experiment. This applies e. g. to resonances W42, L10, and K43, for which the 15N 

chemical shift is almost identical. Another case with insufficient resolution in former studies 
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is residue I30. Here, two non-confirmed assignments of proton chemical shifts for E45 and 

R49 make a transfer of previous assignments to our studies difficult. In our hands, R49 dis-

plays chemical shifts that deviate completely from former assignments. A reassignment of 

these three residues according to the triple resonance solution state experiments is shown in 

Figure 4.50. A match of Cα and Cβ resonances with sequential residues V44, D29 and I30, and 

to Q50, respectively, can be found. 
 

 

Figure 4.50. Assignment of residues E45 (A), I30 (B), and R49 (C) with an HNCACB experiment as examples of peak 

reassignment. The respective strip is plotted together with sequential contacts in order for an illustration of the assignment. 

The experiment was recorded at 600 MHz proton Larmor frequency, using 24 kHz MAS and an effective temperature of 

22 °C. The sample contained 25 % protonation in exchangeable sites and 75 mM Cu(edta). Positive and negative contours are 

shown in green and blue, respectively. 
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New assignments 

In order for an assignment of unassigned backbone resonances in the H/N-correlation, the 

temperature was varied in search for an optimal signal to noise using an HSQC pulse scheme. 

While at low temperature, the residues S36, T37, and N38 are visible, the majority of the for-

merly unassigned peaks shows up only at moderate or higher temperature. For G5 and T4, 

22 °C seems an optimal effective temperature, since the peak intensity in an H/N-correlation 

goes down at even higher temperature. This behaviour might be due to a two-step chemical 

exchange process or an elevated solvent exchange at higher temperature. Figure 4.51 shows 

parts of the H/N-correlation for three nominal temperatures, 257, 275, and 293 K, which cor-

responds to 3, 22, and 42 °C. 
 

 

Figure 4.51. Comparison of the N/H correlation recorded for SH3 at different temperatures for the 10 % back-substituted 

sample. Colours refer to 257 K (blue), 275 K (black), and 293 K (red) nominal temperature, according to 3 °C, 22 °C, and 

42 °C. Resonances which yield higher intensities at either elevated or lower temperature are highlighted by the surrounding 

grey rectangles. All spectra were recorded, processed and plotted using identical parameters (see Experimental Section). 

 

Most assignments of the SH3 domain could be checked and, in some cases, reassigned. For 

the majority of the formerly unassigned resonances, no sufficient signal to noise is obtainable 

in an HNCACB experiment even after a manifold variation and optimization of the experi-

ment. This refers to development and improvements of the pulse sequences, decoupling, 

Paramagnetic Relaxation Enhancement (PRE), and the protonation degree of exchangeable 

sites. However, the interplay of HNCA, HNCO, HNCACO and the TROSY-versions of these 

experiments give sufficient information about the resonances for an assignment based on 

chemical shift comparison with the solution state shifts.[177] Figure 4.52 displays the back-

bone walk for the N-terminal residues in the Cα and CO chemical shifts. The depicted assign-

ments match the results of the RFDR-experiment represented in Figure 4.47. 
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Figure 4.52. Assignment of the N-terminus based on the comparison with solution state shifts. The combination of HNCA 

spectra (green), HNCO (light blue), and HNCACO (dark blue and violet) enable a comparative assignment. The upper row 

displays the 15N chemical shifts of each strip. An addition to an incomplete backbone walk shown in black, the solution state 

chemical shifts are represented by the red dashed lines, giving an imaginary “solution” backbone walk. These resonances 

were used to fit the assignment of the solid state. As a second parameter, the amide resonances (1H and 15N) were tried to 

match the solution values (see below). 

 

The carbon chemical shifts are expected to move less than the amide moiety resonances, since 

different H-bond characteristics altered by crystal crystal contacts easily result in chemical 

shift changes of the involved nuclei. The great majority of the resonances, however, show 

largely similar chemical shift values also for amide nitrogens and protons.[173, 177] Thus, a 

chemical shift comparison was pursued also for the N-terminal amide resonances. Figure 4.53 

shows the H/N-correlation assigned with previous assignments[177] (black), new assignments 

according to HNCACB and HNCA spectra (blue) and the side chain assignments obtained by 

the combination of these experiments with 13C direct excitation experiments (green, see be-

low). In addition, solution state chemical shifts of the missing resonances are shown with red 

crosses and labels. Except for E7, all unassigned resonances were found to match the closest 

solution resonances in the H/N-correlation also in the carbon chemical shifts of the backbone.  
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Figure 4.53. Comparative assignment of the N-terminal resonances concerning proton and 15N chemical shifts. The solution 

state resonances are depicted with red crosses. Reassigned residues due to an improved resolution of assignment experiments 

as described in Chapter 4.2 are depicted in blue. Residue labels written in green denote side chain correlations assigned by 

the combination of solution state experiments, whole side chain experiments and direct 13C excitation experiments. 

 

The amide moiety of glutamine and asparagines side chains is detectable in the H/N-

correlation due to two 1H resonances with a degenerate 15N chemical shift. As probed for the 

SH3 domain of α-spectrin, out-and-back experiments optimized for a backbone-assignment 

also lead to reliable side chain amide assignments in most cases. As described in Chapter 4.4 , 

direct 13C excitation experiments were used in addition to obtain more complete information 

about the side chain amides. The derived assignments are depicted in Figure 4.53 (green). The 

downfield resonances of  N38sc. and N35sc. could not be assigned unambiguously, neither was 

the side chain of N47. By exclusion, however, it is probable that the remaining pair of reso-

nances next to Y57 with a 15N chemical shift of 113.5 ppm are the N47 side chain correla-

tions. 

The chemical shifts of the backbone amide resonances of R21 have been obtained as 8.1 and 

112.2 ppm for the 1H and 15N dimension, respectively.[177] Since the Q50sc. resonance has 

quite similar shifts, the respective peak in the H/N-correlation has been interpreted as R21 in 

previous studies.[59] The side chain amide of Q50 is not involved in any kind of H-bonds and 
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sticks to the solvent. Accordingly, a high flexibility is observed. This gives rise to significant 

outliers in dynamic studies.[128] The assignment of the side chain amide moiety of Q50 is 

shown in Figure 4.54. The assignment is possible only by a combination of different experi-

ments. The signals in the HNCACB experiment are weak, but can be supported in part by the 

direct 13C excitation CACOH experiment (vide ultra). The degeneracy of the chemical shifts 

of R49 Cβ and Q50 Cγ can be enlightened by an additional strip through the backbone amide 

group of G51 in the whole side chain correlation. 
 

 

Figure 4.54. Assignment of the side chain amide resonances of Q50. The HNCACB experiment shows only weak signal 

intensity for the side chain amide correlation (left) even for a several fold optimized PRE and proton content of the ex-

changeable sites. The additional experiment with direct 13C excitation (pink) supports the Cγ chemical shifts. Since the Cγ 

chemical shift coincides with R49 Cβ, the strip through Q50 in the whole side chain experiment (blue) does not seem to show 

Cγ (3rd strip) That this shift indeed coincides with Cγ is confirmed by the strip through G51 of the whole side chain experi-

ment (5th strip), where appearance of  R49 Cβ is not expected. For completeness, the HNCACB strip through G51 is depicted 

in addition (4th strip). 

 

Unfortunately, we do not observe a different peak that we can clearly assign R21. There is a 
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small chance that the resonances coincide with Q50sc. (E) (downfield 1H resonance). More 

likely, however, R21 undergoes slow chemical exchange und is not visible in the experiments 

due to fast relaxation. 
 

The additional information about side chain mobility are of great use for studies concerned 

about intermediate and slow dynamics. For the respective groups in the SH3 domain, 

differential relaxation is represented in Figure 4.55. The data was obtained by the experiments 

described in Chapter 4.3 (see Figure 4.24). For the side chain amide groups, differential 

relaxation rates are less understood due to the moiety’s constitution deviating from that of the 

protein backbone. Particularly slow motion seems to apply to N47. This residue is located in 

the distal loop, and in our studies, its backbone amide has not provided clearly detect-

able/assignable resonances so far. In the crystal structure, N47 is refined with two conforma-

tions.[60] N38sc., which seems to undergo dynamics on a slow timescale only at higher tem-

perature, takes part in two H-bonds, namely to T32-OH and I30-CO for the Z- and E-proton, 

respectively. Q50, on the other hand, is directed to the bulk solvent and undergoes fast motion 

due to low restriction. The same is true for Q16. 

 

 

Figure 4.55.  Transverse relaxation rates R2 of the narrow HαN- and the broad component HβN- in an H/N-correlation for two 

different temperatures, 3 °C (A) and 22 °C (B). The experiments are described in Chapter 4.3, Figure 4.24. Not all moieties 

could be characterized due to insufficient signal to noise. The dynamics displayed by side chains reflect their function in the 

protein structure. The left and right value for each amide group in the Figure displays low- and highfield component, respec-

tively. 

 

The amide moieties of asparagine and glutamine side chains are prone to showing extraordi-

nary mobility. In addition, the side chain amide protons may exchange with water quite easily 

(for an outward position) or rather not (for an involvement in a salt bridge in the protein core), 
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dependent on their function. If the respective side chain is directed to the bulk solvent, it can 

(dependent on the activation barrier) undergo rotational exchange or a direct exchange of pro-

tons between the E and the Z position. A significant exchange process will lead to cross peaks 

in experiments correlating the two states, as shown in Figure 4.56 A. In general, these dynam-

ics can be considered for an understanding of protein constitution in a biological context. Ac-

cordingly, for methodological approaches, these groups are of special interest.[174] The as-

signment of the resonances in the SH3 domain has provided a quantification and understand-

ing of the exchange process of N35sc. (as shown for the dipolar CODEX experiment[174] in 

Figure 4.56 B). 

 

   

Figure 4.56. Dynamics of side chain amides. (A) Chemical exchange of the side chain amide moiety of Q16. The experiment 

was recorded using a 1H-NOESY-1H/15N -type experiment similar to that in Figure 4.40 B with a mixing time of 150 ms 

without use of RFDR pulses. The exchange with water protons is also visible. (B) Side chain dynamics observed by Dipolar 

CODEX spectroscopy.[174] Particularly strong mobility is suggested for N35sc. by a decreasing peak amplitude for an in-

creasing delay between dipolar encoding and decoding. 
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5  PROTON DETECTED SOLID STATE NMR APPLIED 
TO Aβ1-40 

 

As described in Chapter 2.2, the 40 residue peptide Aβ1-40 is produced after cleavage of the 

Amyloid Precursor Protein (APP) by the β-secretase BACE and γ-secretase in the brain of 

Alzheimer’s patients. The peptide tends to form oligomers and high-molecular weight poly-

mers by aggregation. In contrast to these fibrils, no secondary structure is adopted in solution. 

This is shown in Figure 5.1, representing the H/N-correlation of Aβ1-40 dissolved in DMSO.  

 

Figure 5.1. Solution state H/N-correlation of Aβ1-40 in DMSO. The random coil structure is recognizable by the clustered 

amide resonances between 8 and 8.5 ppm and around 125 ppm in the 1H and 15N dimension. The only residues with a differ-

ent chemical shift (downfield shifted in the 15N dimension) pair are the glycines.  

 

Little of this behaviour is maintained upon fibrillization. The resulting spectra are dominated 

by large downfield shifts in particular in the proton dimension, which is indicative for a β-

sheet structure of the fibrils. For an assignment and an eventual structure calculation, this is 

advantageous since peak overlap tends to be reduced for β-sheet structures. However, in con-

trast to solution, a massive heterogeneity complicates standard experiments. This is due to 

peak overlap and a largely reduced peak height of the same integral peak intensity. Thus, in 

order for any successive work on the peptide, preparation conditions providing an optimal 

sample homogeneity are required. 
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5.1 Sample preparation and spectral quality 

The sample preparation was done by Uwe Fink and Murali Dasari. For completeness, the 

most important samples on the way to spectroscopically valuable conditions are listed in Ta-

ble 5.1. 

 

Sample H2O/D2O [[Cu(edta)]2-] other conditions 

A 15 % 75 mM doping upon fibrillization, 40 % glycerol, 20 mM Tris, 

8 mg 

B 10 % 100 mM doping only after formation of fibrils, 40 % glycerol, 

ca. 8 mg 

C 30 % 75 mM doping upon fibrillization, seeded, ca. 20 mg 

D 50 % 75 mM doping upon fibrillization, seeded, 20 mM Tris, 20 mg

E 25 % 75 mM doping upon fibrillization, seeded, 25 mM NaCl, 

45 mg 

Table 5.1. Preparation conditions for the most important subset of samples. All samples were filled into 3.2 mm 

rotors. Sample amounts are approximate. 

 

To achieve high signal to noise, paramagnetic doping as described in Chapter 3 was sought 

for the Aβ1-40 fibrils. 10 % proton back-exchange in the absence of PRE yielded a longitudinal 

relaxation time T1 of 1.3 s. While an HSQC with decent signal to noise (~8:1) could be re-

corded within 3.5 d for this non-doped sample, the spectra shown in Figure 5.2 were recorded 

in around 12 h. These spectra were recorded for samples A and B, both containing Cu(edta). 

Two ways of sample doping were implemented, (A) fibrillization in the presence of Cu(edta) 

and (B) washing of preformed fibrils in a Cu-edta containing buffer (B). The signal to noise of 

the sample A is approximately 10:1. Here, a protonation level of 15 % and a concentration of 

100 mM Cu(edta) was employed. The spectrum in Figure 5 B was recorded for a 10 % back-

exchanged sample with 75 mM Cu(edta) (sample B). This latter spectrum yields only half the 

signal to noise in comparison to the spectrum in A. 
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Figure 5.2. Preparation of fibrils doped with Cu(edta) added either upon fibrillization (A) or after fibrillization (B), using 

samples A and B of Table 5.1, respectively. Due to the heterogeneity of the sample no specific differences can be observed. 

In order for the most representative appearance of the samples, the spectra were processed using QSINE apodization. The 

spectrum in A has a proton content of 15 % in exchangeable sites and displays a better signal to noise (~2 fold) , both ex-

periments were recorded in approximately 12 h. The two samples were prepared without seeding. 

 

We found a decrease of longitudinal T1 times from 1.3 s without doping to 0.3 s (0.5 s) upon 

doping with 100 mM (75 mM) Cu(edta)) for the preparations (A) and (B), respectively.  

In order to increase the homogeneity of the sample, fibrils were generated by seeding (see 

Chapter 2.2). The gain in sample quality by a nucleation is depicted in Figure 5.3. In these 

preparations (samples C and D, respectively), the amount of protons was increased while the 

level of PRE was maintained. The H/N-correlation of sample C in Table 5.1 with a proton 

content of 30 % (depicted in Figure 5.3 B) yields a better signal to noise also in triple reso-

nance experiments based on N/C INEPTs (see section 4.1). Despite an increasing signal to 

noise in 2D H/N-correlations, a proton content of 50 % (sample D in Table 5.1) turned out to 

induce inconvenient relaxation properties for assignment experiments. 
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Figure 5.3. Spectra obtained upon use of seeded fibrillization for two different levels of proton back-exchange. The sample 

in (A) contained 30 % protons in exchangeable sites (sample C in Table 5.1), the one in B contained 50 % (sample D). The 

higher degree of protonation resulted in good signal to noise for H/N-correlations but turned out to be inconvenient for back-

bone assignment experiments based on N/C INEPTs (see section 5.2). 

 

In comparison to protonated samples, isotope induced shift changes result from deuteration 

(ca. 0.35 ppm/proton).[33] These effects are particularly significant for methylene or methyl 

groups due to two-fold substitution of bonded atoms. 

 

 

Figure 5.4. Comparison of C,C-correlations obtained for deuterated (25 % 1H proton back-exchanged at labile sites and 

doped with 75 mM Cu(edta), blue) and for uniformally protonated Aβ1-40 fibrils (green). In addition, chemical shift 

values taken from Paravastu et al.[90] are depicted using red squares. Mixing among carbon spins was achieved 

using TOBSY (15 ms) and PDSD mixing (50 ms) for the deuterated and protonated sample, respectively. For the 

acquisition of the first correlation, 2D-decoupling was applied during indirect and direct detection. 
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5.2 Backbone assignment 
 

For systems that show increased relaxation due to higher concentration of protons (see Chap-

ter 4.1) or PRE, INEPT steps may lead to severe relaxation losses in comparison to CP based 

experiments. In this work, higher protonation levels were used in particular in the course of 

the Aß1-40 assignment. Additionally, we observed this system to yield significantly higher 

relaxation rates than the SH3 domain even for an identical content of proton. This is maybe 

due to dynamics or different behaviour towards CuII-PRE (see Chapter 3). In these cases, an 

exchange of INEPT magnetization transfer by Cross Polarization (CP) steps turned out to be a 

reasonable expansion of the solid state out-and-back triple resonance experiments. Use of CP 

provides a reduction of transverse relaxation during 1H/15N magnetization transfer in compari-

son to J-based sequences, because the CP step (~250 µs) is usually much shorter than the 

magnetization transfer by INEPT (~5 ms) (see Chapter 1). For a sample in which exchange-

able protons are 30 % back-substituted, we observed a more than two fold increase in sensi-

tivity. For 50 % back-exchange, INEPT-based spectra did not yield more than a tenth of the 

respective CP experiment, however, this comparison does not consider that just a subset of the 

protein residues (especially flexible residues) are detected (compare Chapter 4.1). Figure 5.4 

shows the first increment of an HSQC of Aß1-40 fibrils with 30% and 50 % protonation in ex-

changeable sites (samples C and D in Table 5.1), respectively, in comparison to that of an 

H/N correlation recorded with the help of CP. 

 

 

Figure 5.4. Comparison of INEPT and CP for a H/N-correlation for 30 % (A) and 50 % back-exchange at HN sites (B) (sam-

ples C and D in Table 5.1). Black spectra were recorded according to Chevelkov et al.[59] using a ramped CP, while the red 

spectra depict the first increment of an HSQC experiment. All experiments were recorded under identical conditions using 

128 scans. Slightly different amounts of protein might have to be taken into account in case of a comparison between A and 

B. 
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Implementation of H/N-CPs into solution state out-and-back experiments is straight forward 

replacing the respective INEPT steps against CPs. A ramped CP was used to ensure a higher 

resistance against experimental instabilities in the course of longer experiments. Additional 

changes exclusively apply to the phase cycle. Additional 1H decoupling during transverse 13C 

magnetization did not yield any improvement. Figure 5.5 shows the pulse schemes for HNCA 

and HNCACB experiments relying on CP magnetization transfer from 1H to 15N. To yield 

correlations between covalently bonded atoms only, the 15N/13C transfer was performed as 

INEPT in all cases. For proteins of low proton concentration, this feature performed better in 

terms of signal to noise as well. For higher protonation levels, CP (or other dipolar based 

techniques like REDOR), however, are an alternative.  

 

Figure 5.5. Pulse schemes for CP based out-and-back experiments. HNCA (A) (interchange of CO and Cα pulses yields an 

HNCO scheme) and HNCACB (B). Alternatively, decoupling can be used during 13C transverse magnetization as well. Open 

bars of reduced height refer to water purge pulses of alternating phase.[162] C) depicts a complete exchange of J-based 

against dipolar based transfer. For SH3, intensities were found to be lower than A) and B) for low proton content (10 % back-

exchange) but are an alternative if higher protonation levels are used. 

 

At the same time, the implementation of CP transfers holds the advantage that no antiphase 
1H/15N coherence has to be refocused. For samples in which 15N transverse magnetization 

relaxes quickly due to 1H/15N dipolar interactions, the immediate application of 1H heteronu-
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clear decoupling hence increases the sensitivity additionally. This is favourable, since in-

creased transverse relaxation in 1H (during the INEPT) and in 15N naturally appear in the 

same samples.  

Figure 5.6 displays a comparison between the first increment of an INEPT and a CP based 

HNCO experiment with and without decoupling for an Aß1-40 sample containing 30 % back-

substituted proton content at exchangeable sites. Obviously, decoupling is even more effective 

in combination with CP. 

 

 

Figure 5.6. Comparison of the performance of heteronuclear 1H-decoupling during transverse 15N magnetization in case of 

CP transfers (green: without, black: with decoupling) and INEPT transfer (without: blue, with decoupling: red) in HNCO 

experiments of Aβ1-40. The spectra were recorded under identical conditions on a 30 % 1H back-exchanged Aß1-40 sample 

with 2048 scans each (sample C in Table 5.1).  

 

Using INEPTs, decoupling may increase the sensitivity of the triple resonance experiment by 

a factor of 2.1. Due to the absence of a HzNx refocusing delay (5.5 ms), the CP based experi-

ment was found to gain by decoupling by a factor of 2.8. Due to these effects, the ratio be-

tween decoupled CP and INEPT based experiments is approximately 1.3 for 30 % HN proto-

nation. For 50 % 1H back-substitution, INEPT based out-and-back experiments perform even 

worse in respect to CP-based ones.  

In the case without decoupling, 1H/15N-1J-couplings were refocused by 180° composite pulse 

concomitant to the off-resonance 13C pulses. For the other case, decoupling was found to per-

form best using WALTZ-16[132], employing ~85 µs pulse duration and an approximate field 

strength of 8 kHz. We did not use decoupling of higher power in the course of the 15N trans-

verse magnetization periods (48 ms per experiment) in order not to compromize the sample 

integrity. 
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A second benefit of the absence of antiphase 1H/15N coherence is the possibility of a largely 

improved water suppression. The improved spectral quality can be appreciated in Figure 5.7, 

which shows a comparison between first slices of HNCO spectra of Aß1-40 fibrils with 30% 

back-substitution of exchangeable protons using INEPT transfer with a water purge pulse of 

1 ms duration and 60 kHz power (red) and CP with four 25 ms water dephasing pulses of 

10 kHz field strength adapted from the MISSISSIPPI sequence published by Zhou et al. for a 

facilitated water suppression with protonated (natural abundance) samples (blue).[162] For 

comparison, the Figure depicts a CP-based HNCO experiment without any water suppression 

in addition (black). 

 

Figure 5.7. Comparison of CP based HNCO without water suppression (black) to the water suppression achieved in an 

INEPT based HNCO using a water purge pulse (red) and water suppression achieved by use of long purge pulses during 15N 

longitudinal magnetization of a CP-based HNCO experiment (blue). Almost no water signal is observed even in the 3D spec-

tra after application of four 25 ms pulses of 10 kHz with alternating phase on 1H.[162] Spectra were recorded using 512 scans 

each (sample C in Table 5.1). 

 

The use and performance of triple resonance assignment experiments in case of Aβ1-40 is 

demonstrated in Figure 5.8. The HNCA and HNCACB experiments were recorded with the 

CP-based pulse schemes given in Figure 5.5. Although the HNCA spectra yield all resonances 

with a reasonable signal to noise of approximately 6:1 after 2.5 d, the assignment process is 

hampered by an overlap of Cα chemical shifts. This degeneracy is partly due to unrefocused 

Cα/Cβ couplings and consequently broad lines. On the other hand, the sample inhomogeneity 

mentioned in Chapter 5.1 results in broad resonances. The use of an HNCACB can potentially 

resolve ambiguities in the Cα resonances, however, due to a fast signal decay in the course of 

the J-coupling evolution between Cα and Cβ, resonances are weak or absent in many cases. 
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This is true especially for Cβ resonances (except for alanine residues) because of the evolution 

of homonuclear couplings to Cγ. As an additional experiment yielding Cα, Cβ, and (partly) Cγ 

resonances, a correlation recorded with the PAIN pulse scheme[51] helps identifying reso-

nances in case of a low signal to noise (depicted in Figure 5.8 in columns annotated C).  

 

 

Figure 5.8. Visualization of the sequential backbone assignment of Aβ1-40 using (A) HNCACB, (B) HNCA and (C) PAIN 

(Ref.) experiments represented for residues G25 to I31. Due to unambiguities, the assignment by Paravastu[90] was used as 

an orientation. The experiments were conducted using a sample with 25 % H2O and 75 mM Cu(edta) (sample E in Table 5.1). 

 

Although the sample fibrillized in 30 % H2O (see Figure 5.3 B) did not yield enough signal to 

noise for an HNCACB experiment, the HNCA could be used as an additional help for the 

assignment of backbone resonances of the peptide. This is due to an improved sample homo-

geneity in comparison to the sample used in the other experiments. Figure 5.9 compares the 
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respective backbone walk for residues V36 to V40, extracted from the HNCA and the 

HNCACB of the 30 % and the 25 % H2O sample in A and B, respectively. 

 

 

Figure 5.9. Representation of the improved sample homogeneity of the 30 % H2O sample (sample C in Table 5.1) shown in 

(A) in comparison to the sample used in the remainder of the experiments (sample E in Table 5.1) shown in (B), which yields 

a better signal to noise. Supposedly due to a lower amount of material in the sample, no HNCACB experiment was obtain-

able for sample C. 

 

For both latter samples, HNCO experiments could be recorded in a straight forward way. Fig-

ure 5.10 shows a representative part of an exemplary HNCO experiment, recorded with a 

sample having a proton content of 30 % at labile sites and 75 mM Cu(edta) (sample C in Ta-

ble 5.1). The excerpt displays residues M35 to V39. 
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Figure 5.10. Example of an HNCO experiment, recorded at 600 MHz Larmor frequency, 24 kHz MAS and a temperature of 

22 °C. The strips show a representative part of the residues for the case of a 30 %  proton back-substituted sample (sample C 

in Table 5.1). The spectrum was recorded with the pulse sequence shown in Figure 5.5 A, exchanging Cα and CO pulses. 

 

As described in Chapter 4.5, RFDR mixing among protons has been shown to yield correla-

tions between dipolar coupled protons. This can be used for elucidation of distances between 

assigned H/N resonance pairs. In addition, for non-assigned resonances, the correlations can 

be used to probe proximities within the primary sequence of the protein. Sequential contacts 

yield relatively strong cross peaks, as can be seen from the spectra in Chapter 4.5. In case of 

Aβ1-40, the dispersion of 15N and especially 1H resonances is comparably weak. Consequently, 

the gain of H/N based spatial correlations is limited by the overlap of signals in the respective 

dimensions. Figures 5.11 A and B display the general strategy of the N- and H-resolved am-

ide correlations, respectively, for the example of residue A21. Due to only one resolved shift 

of the distant amide group, one experiment alone is not enough in order to know which cross 

peak belongs to which of the diagonal peaks with degenerate shift. Combining the two ex-

periments for one residue allows to exclude false cross peaks. This is described in more detail 

in Chapter 5.4. Unfortunately, the information obtained by these experiments was insufficient 

for an unambiguous assignment in the case depicted in Figure 5.11. 
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Figure 5.11. Experiments for the determination of amide moieties in close spatial proximity (black) overlaid with an H/N 

correlation with identical procession (red). A) The 15N chemical shift of the distant amide group is resolved in F1, B) the 

respective 1H chemical shift is resolved in the indirect dimension additional to the H/N-correlation. Displaying the H/N-slice 

for an arbitrary shift of the F1 dimension yields H/N-coordinates of all connected amides. By combination of the two experi-

ments for one common cross peak, ambiguous contacts can be dissected. The employed sample is listed as “E” in Table 5.1. 

The pulse programs employed for spectra A and B are depicted in Figure 4.40 A and B, respectively. 

 

Figure 5.12 shows the H-resolved experiment for spatially close amide moieties in case of 

G38, where a strong cross peak to G37 arises. In cases like this, the correlation yielding spa-

tial contacts could be used for a confirmation of the assignments made by HNCA and 

HNCACB type experiments. The traditional purpose of experiments like these ones, i. e. pro-

viding distance restraints for structure calculation, however, could not be approached due to 

an incomplete assignment of the Aβ1-40 fibrils. 

The HN-correlation of Figure 5.12 displays the preliminary assignment based on the various 

experiments described before (HNCA, HNCACB, PAIN, RFDR-experiments). A great part of 

the resonances, especially those lying in the region of unresolved chemical shifts, could not be 

assigned unambiguously. For this future aim, an improved sample preparation will help. 



Application to Aβ1-40  124

 

Figure 5.12. Representation of an unambiguous case in which the RFDR experiments could successfully be used for a con-

firmation of an assignment known before from HNCA/HNCACB experiments (top). The deduced assignment of the HN-

correlation (bottom) is only preliminary, since a great part of the shifts could not be unambiguously dissected in the course of 

the backbone assignment. 

 

5.3 Side chain spectroscopy 

In the course of the acquisition of H/N-correlation experiments, histidine side chain signals 

could be observed for different Aβ1-40 samples. The respective resonances of protonated imi-

dazole groups are depicted for a H/N-correlation of a 30 % proton back-exchanged sample in 

Figure 5.13. In addition, an H/C-correlation (recorded by Vipin Agarval) is depicted for com-

pleteness (C). 
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Figure 5.13. Histidine signals could be observed for experiments at low temperature (3 °C). A) H/N-correlation of a sample 

with 50 % protons at exchangeable sites showing side chain N/H correlation signals. The fourth peak is broadened to the 

noise level. B) and C) The spin systems as deduced from the chemical structure and as seen in H/C correlation experiments 

(recorded by Vipin Agarval). The spectra in A and B were recorded at 600 MHz 1H Larmor frequency and 24 or 20 kHz 

MAS, respectively. 

 

In future work, the assignment of these extremely shifted peaks will be aimed at, using the 

assigned backbone resonances described in Chapter 5.2. Further investigation into this direc-

tion is interesting as the extreme downfield shift of the His-resonances is supposedly due to 

Cu-binding, which may also play a role for the toxicity of Aβ1-40 fibrils.[87] 

 

CIDNP type effects observed for Aβ1-40 fibrils at elevated temperatures 

The presence of a histidine probably interacting with Cu causes a yet unclear observation. 

Recording experiments at higher temperatures, down-field shifted resonances were observable 

in the 1H spectrum. These signals were phaseable in experiments with simple one-pulse exci-

tation. Upon use of CP transfer, unphaseable spectra were obtained. This is documented in 

Figure 5.14, representing simple excitation experiments at 700 MHz 1H Larmor frequency 

before and after temperature increase to 40 °C and the first slice of a CP based HSQC ex-

periment.  
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Figure 5.14. Example for down-field shifted signals arising upon heating the sample to ~40 °C. The unassigned signal has 

much higher intensity than the amide bulk signal and vanishes after several minutes. (top) 1H spectrum at 30 °C. (center) 

Spectrum at 40 °C, both using simple single pulse excitation schemes. (bottom) Spectrum obtained at 40 °C upon use of CP 

for 15N filtered proton 1D experiments. The spectra were recorded at 700 MHz 1H Larmor frequency and 24 kHz MAS. 

 

The unassigned signals reproducibly arose after heating of the sample to 40 °C and faded 

away after approximately 3 min. The observation was reproducible for two spectrometers, 

however, the chemical shift of the hump was altered to lower values at 600 MHz 1H Larmor 

frequency. The little time span until the signal decayed was sufficient to record a preliminary 

2D H/N-correlation. This spectrum is shown in Figure 5.15. 

 

The origin of the signal arising downfield from the amide bulk at different chemical shift val-

ues is unclear and might be due to the influence of Cu bound to the histidine residues. A po-

tential explanation might involve recombination of Cu radical pairs induced by thermal po-

larization in terms of the CIDNP effect.[178] The existence of unpaired electrons in Aβ fibrils 

has been supposed to be entangled with their toxicity.[179] Future investigation will aim at 

the elucidation of the observations made here. 
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Figure 5.15. 2D H/N-correlation recorded after temperature increase from 30 to 40 °C. Due to a time slot of only some min-

utes, the 15N dimension is severely truncated. The experiment was recorded at 600 MHz and 24 kHz MAS. 
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6  PROTON DETECTED SOLID STATE NMR APPLIED 
TO MEMBRANE PROTEINS 

 

The experiments developed in the course of the thesis have in part been applied to the mem-

brane protein OmpG (Outer Membrane Protein G) already. The aim of a facilitated assign-

ment and structure calculation by means of proton detected NMR, however, has been re-

stricted by sample preparation in case of OmpG yet. Due to the long T1 times found in exten-

sively deuterated proteins, long recycle delays have to be used if no paramagnetic relaxation 

enhancement (PRE) is used. Respectively prepared samples in case of OmpG are planned to 

be produced in future studies. 

Undoped samples of deuterated OmpG yield H/N-correlations qualitatively comparable to 

those of the SH3 domain. Supposedly due to a larger protein heterogeneity, 1H (approxi-

mately 50 Hz) and 15N linewidths (approximately 30 Hz) are slightly increased. Furthermore, 

significant overlap occurs due to the larger number of residues. Figure 6.3 shows an overlay 

of H/N-correlations recorded with scalar and with dipolar magnetization transfers. 
 

 

Figure 6.3. H/N-correlation of the Outer Membrane Protein OmpG, recorded using INEPT and CP for magnetization trans-

fer. The sample was prepared using deuterated protein with a 25 % proton back-substitution of exchangeable sites and 
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deuterated E. coli lipids. Acquisition of the spectra was performed at 850 MHz 1H Larmor frequency, 20 kHz MAS and a 

temperature of approximately 25 °C. Apodization used a shifted sine-bell function in both dimensions. 

 

The use of deuterated lipids was assumed to provide longer T2 times due to reduced interac-

tions between the nuclei in the protein with lipid protons. Figure 6.4 displays H/N-

correlations recorded for samples crystallized with deuterated and protonated E. coli lipids. 

Minor differences are visible, which are supposedly due to a different chemical surrounding 

for residues close to the outside of the pore.  

 

 

Figure 6.4. H/N-correlations recorded for samples crystallized with protonated (black) and deuterated (red) E. coli lipids. 

Both spectra were recorded identically using CP magnetization transfer at 850 MHz 1H Larmor frequency and 20 kHz MAS 

at a temperature of approximately 25 °C. 

 

In order to verify the assumption of longer T2 values upon deuteration of the lipid environ-

ment, relaxation measurements were performed using relaxation delays refocusing evolution 

of chemical shift and J-couplings. The respective values measured for OmpG at 850 MHz 1H 

Larmor frequency with protonated and deuterated lipids are shown in table 6.1. The observed 

differences are significant, however, protein relaxation values do not seem to be influenced to 

a large extend by the lipid surrounding. 
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 13CO T2 (ms) 15N T2 (ms) 
1H T2 (ms) 

1H T1 (s) 

Protonated lipids 5.7 ± 1.5 10.0 ± 1.0 6.8 ± 0.5 0.99 ± 0.04 

Deuterated lipids 5.6 ±1.5 11.1 ± 2.3 9.2 ± 1.0 1.16 ± 0.07 

Table 6.1. T2 for various nuclei and 1H T1 in samples containing protonated or deuterated E. coli lipids, respec-

tively, with otherwise identical parameters. No 1H decoupling was used for the relaxation measurements. 
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7 DISCUSSION AND CONCLUSIONS 
 

Solid state NMR is an important tool for the elucidation of a vast range of biological proc-

esses in living organisms. This is particularly essential since the understanding of these proc-

esses provides the basis for improved preventive and therapeutic means against a broad range 

of diseases. For a deeper understanding of the structure and function of most biomolecules of 

contemporary interest, however, manifold obstacles, depending on the employed techniques, 

have yet to be overcome. For NMR techniques, these obstacles mainly base on the sensitivity 

and the accuracy that is achievable for a target molecule. Large scale protein production using 

recombinant expression has become a standard method in structural biology. Although host 

system cells like E. coli can be grown in isotope labelled media (e.g. D2O in combination with 

specifically labelled carbon sources), mg-quantities of mammalian membrane proteins e.g. are 

difficult to express. In many other cases, the spectroscopic possibilities themselves (in terms 

of sensitivity and resolution) are insufficient even if the protein preparation provides suffi-

ciently large amounts of protein.  

The scope of the thesis focuses on the methodological improvement of techniques to allow 

proton detected solid state NMR. This technique is important for innumerable (biologically 

and pharmacologically important) proteins for which alternative techniques for elucidation of 

structure and function, like X-ray crystallography and solution NMR, are difficult. There are 

many examples for targets that are important for the understanding of a biological process but 

insoluble, difficult to crystallize or simply to large for these techniques. The spectral quality 

that is achievable in solid state NMR, however, is still far away from that obtained for NMR 

of small soluble proteins. Although the potential of NMR in the solid phase is promising, its 

applicability is still limited mainly due to technical complications.  

 

The main obstacles for solid state NMR are limitations in signal to noise in combination with 

a low resolution that does not allow for clear differentiation between resonances of larger 

biomolecules. Both problems are largely alleviated by the results of this work. We chose the 

approach of an extensive proton dilution, which had been shown to dramatically increase 

spectral resolution. The sensitivity achieved traditionally had not been sufficient for most 

spectroscopic issues. This major problem could be alleviated by Paramagnetic Relaxation 
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Enhancement, which allowed to enhance the former signal to noise by a factor of 3-4. This 

tool lead to an effective reduction of measurement time up to 15 fold and made it possible to 

combine an excellent resolution with a good signal to noise. All of the follow-up strategies 

could not have been accessed without this signal enhancement. The applicability of PRE, 

however, is probably not ubiquitous. The SH3 domain is a comparably small protein domain. 

Here, the effect of paramagnetic doping could be shown to access all residues of this mole-

cule. Although effective transfer of PRE also further into the protein by hydroxyl groups and 

water was confirmed, first trends of a differential approachability were observed (see Chapter 

3.2).  For applications on large molecules with an extensive hydrophobic core e. g., the ques-

tion of how far a chelate complex may be away from a spin of interest without deterioration of 

PRE efficiency will have to be considered.  

As a second important basis for a good sensitivity of an excessive proton dilution in addition 

to PRE, we improved the protonation level of exchangeable sites to an optimal value. The 

optimal concentration varies dependent on what type of experiment is to be performed. In 

general, however, in comparison to previous studies, another factor of 2-3 could be gained 

without losing spectral resolution.  

 

Although these achievements are important independent results on their own, they also al-

lowed for manifold improved spectroscopic strategies on perdeuterated protein samples. 

Among these techniques, the effective correlation of amide resonances with the carbon reso-

nances of the backbone is the most important achievement. Similarly, a sequential assignment 

strategy based on solution state NMR techniques could be developed. In conclusion, we found 

two main advantages of this approach (in comparison to traditional solid state NMR): Firstly, 

the approach yields clean correlations between successive amino acids without non-sequential 

spatial contacts. Secondly, in the process of 13C resonance mapping for sequential assignment, 

a clear separation of the 13C resonances in two additional dimensions (by the amide nitrogen 

and proton) yields a very good resolution. This is in contrast to traditional experiments, where 

only 15N chemical shift information is employed and high power decoupling determines recy-

cle delays and resolution. In solution state, this assignment strategy has already been used for 

the assignment of proteins up to several tens of kDa. Although we found a different perform-

ance for different protein samples, it is expected that this highly unambiguous assignment 

strategy will greatly facilitate future solid state protein assignments.  
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Furthermore, the inclusion of proton chemical shifts turned out to also be viable for sidechain 

amide and sidechain 13C resonance assignment. Due to larger HN/Cali. distances, however, 

access of 13C resonances in the sidechain had to be mainly based on direct excitation. This 

compromise is due to the difficulty of reaching side chain carbons far away from amide sites 

if exclusively protons are used for start magnetization. Consequently, the respective correla-

tions suffer from a lower gyromagnetic ratio of the start nuclei and a longer recycle delay than 

in case of the backbone experiments. In conclusion, however, the direct excitation approach 

works surprisingly well, which dues to the high abundance of 13C nuclei in comparison to the 

proton content. The resulting experiments, one of which corresponds to an HN-TOCSY in 

solution, are of enormous value for sidechain assignments of deuterated proteins. This ap-

proach appreciates the shorter recycle delay reduced by PRE in a particular way.  

Taken together, the complete and accurate assignment of all resonances (1HN, 15N, 13C) of a 

solid state protein can be demonstrated using a single sample. Compared to the expensive and 

lengthy process of specific labelling, which has traditionally been used for many solid state 

studies, this is an important achievement, which will largely facilitate the applicability of fu-

ture solid state NMR on proteins. An appreciable future extension of this approach might be 

the inclusion of other (dilute) protons than HN for backbone torsion angles and a higher proton 

restraint density. This subject is a valuable prospective being worked at in our group. 

 

Another result of the thesis is the observation and assignment of protein residues in dynamic 

regions undergoing slow motion. This achievement, which is based on the selection of spin 

states, has a particular value. The tool will be of great importance for future studies focusing 

on different kinds of protein functionality, since these are often accompanied by slow mo-

tional processes. With traditional techniques, the respective assignments are difficult or im-

possible to achieve and thus represent an important new focus for solid state NMR.  

More as a side aspect, accurate structural restraints are obtained by measuring proton-proton 

distances. Still, this technique can only complement existing methods, since even long range 

proton contacts are sparse in comparison to e. g. 13C/13C distances. For the first time, how-

ever, these spectra have been obtained with an ultra-fine resolution and yield unambiguous 

correlations for up to ~7 Å, which is a much longer distance than those encountered in tradi-

tional solid (and even solution) state NMR. 
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The assignment strategies worked very well for the α-spectrin SH3 domain. The assignment 

of larger proteins (as shown in the last part of the manuscript), however, is not straight for-

ward even with this methodology due to a lower number of molecules in the rotor and a de-

creased signal to noise. The work necessary for the completion of this task would span a time 

frame beyond the scope of this thesis. As a conclusion of this work, however, assignment and 

a successive structure determination of a membrane protein like OmpG without use of site 

specific labelling schemes is not out of reach anymore. Although OmpG samples can already 

be obtained with a decent degree of order, no proton back-substituted, PRE-doped samples are 

available so far and the presented spectra only give a first impression of the obtainable spec-

tral quality. 

Although the much smaller Aβ1-40 was supposed to give rise to a fast assignment and structure 

calculation, this probe turned out to be a rather improper system for the application of the 

methodology developed in the thesis. The great advantage of deuteration are potentially ex-

tremely narrow resonances that are not broadened by strong dipolar interaction to the proton 

bath in case of proton dilution. However, due to the intrinsic line broadening of an inhomoge-

neous sample as expected for a fibrillar (in contrast to a micro-crystalline) protein, the ap-

proach can impossibly reach its entire potential. Consequently, for the Aβ1-40 peptide, a re-

maining large resonance overlap and a resulting low sensitivity complicated the usage of the 

NMR data. Although much work has been dedicated to the sample preparation, all protein 

samples obtained suffered from large heterogeneity. For this reason, only parts of their spectra 

overlap, while new resonances appeared and others disappeared with each new preparation. 

Consequently, unambiguous resonance assignment was hampered and only parts of the pri-

mary structure could be assigned so far. Once difficulties on the sample preparation side have 

been solved, e.g. by an even slower fibrillization process, the assignment using proton de-

tected methodology is supposed to be as simple as for the SH3 domain.  

 

In summary, the presented methodology provides a wide range of new tools for solid state 

NMR on perdeuterated proteins. Backbone and sidechain assignment experiments are manda-

tory for most successive spectroscopic work. Although there are still potential extensions, the 

presented set of experiments thus enables a large improvement of solid state NMR on pro-

teins. This is even more decisive as all mentioned strategies for a resonance assignment and 

structural constraints are based on an extensive proton dilution and very narrow resonance 

linewidths. In contrast to solution, the linewidth in the solid state does not depend on the mo-
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lecular weight of the sample. Especially for large proteins, the potential resolution of solid 

state NMR can easily rival solution NMR. Thus, the methods will be of utter importance also 

for membrane proteins whose detergent micelles would tumble too slowly for solution NMR.  

The combination of adequate sample preparation with the spectroscopic methodology pro-

posed here gives rise to very much facilitated protein solid state NMR. In addition to the de-

scribed preliminary applications, these strategies are expected to greatly improve future solid 

state NMR in general by providing valuable tools for NMR based structure determination and 

mechanistic understanding of proteins. This way, the margin of accessible targets can be 

pushed towards larger molecules, those that are difficult to obtain in large amounts, and those 

that display specific function only in a native environment. Although a work like this can al-

ways be just a piece of the scientific progress, it will help to better understand many biologi-

cal processes which are interesting and important from a purely scientific or a medical point 

of view. 
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APPENDIX 
Out-and-back HNCO using INEPTs and WALTZ-16 decoupling 

 

;rl_hncosel3test 

;3D sequence with 

;   inverse correlation for triple resonance using multiple 

;      inept transfer steps 

; 

;      F1(H) -> F3(N) -> F2(C=O,t1) -> F3(N,t2) -> F1(H,t3) 

; 

;on/off resonance Ca and C=O pulses using soft/shaped pulses 

;phase sensitive (t1) 

;phase sensitive (t2) 

;using constant time in t2 

 

 

prosol relations=<triple> 

 

 

#include <Avance.incl> 

#include <Delay.incl> 

 

 

 

"d0=3u" 

 

"d11=30m" 

 

"d13=4u" 

"d16=4u" 

 

"d21=5.5m" 

"d23=12m" 

"d26=2.3m" 

 

 

"in29=in10" 

"in30=in10" 
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"d10=d23/2-p14/2" 

"d29=d23/2-p14/2-p26-d21-4u" 

"d30=d23/2-p14/2" 

 

 

"DELTA=d0*2+larger(p14,p22)-p14" 

"DELTA1=d23-d21-p26" 

"DELTA2=d26-p16-d16-p11-12u" 

 

 

 

 

aqseq 321 

 

 

1 d11 ze 

  d11 pl16:f3 

2 d11 do:f3 

3 d1 pl1:f1 

  2u pl2:f2 

  p1 ph1 

  d26 pl3:f3 

  (center (p2 ph1) (p22 ph1):f3 ) 

  d26                                                  

  (p1 ph2):f1 

 

  4u pl0:f1                                                 

  4u                                                  

  (p21 ph3):f3 

  d21  

  4u pl19:f1 

  DELTA1 cpds1:f1 ph1 

  4u 

  (center (p4 ph1):f2 (p22 ph1):f3 )                    

  d23  pl4:f2 

  (p21 ph1):f3 

  10u do:f1 

  (p3 ph4):f2                                          

  d0 

  (center (p14:sp5 ph1):f2 (p22 ph1):f3 ) 
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  d0 

  4u   pl2:f2 

  (p4 ph1):f2                                          

  DELTA 

  (p14:sp5 ph1):f2 

  4u 

  4u  pl4:f2 

  (p3 pl4 ph1):f2                                                 

  4u 

  10u cpds1:f1 ph1 

  (p21 ph5):f3 

  d30 

  (p14:sp5 ph1):f2 

  d30 

  4u pl2:f2 

  (center (p4 ph1):f2  (p22 ph8):f3)    

  d10 

  (p14:sp5 ph1):f2 

  d29 

  4u do:f1 

  4u  

  d21 

  (p21 ph1):f3                                                      

   

  d16                                                                                  

  4u 

  4u pl1:f1 

 

  (p1 ph1)  

  4u                                                        

  d26                                                           

  4u 

  4u pl1:f1 

  (center (p2 ph1) (p22 ph1):f3 ) 

  4u                                               

                                                             

  4u 

  d26             pl16:f3                                  

                                                                  

                                                       

  4u                                                            
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  go=2 ph31 cpd3:f3 

  d11 do:f3 mc #0 to 2  

     F1PH(rd10 & rd29 & rd30 & ip4, id0) 

     F2PH(ip5, id10 & id29 & dd30) 

exit 

 

 

ph1=0 

ph2=1  

ph3=0 0 0 0 0 0 0 0 2 2 2 2 2 2 2 2 

ph4=0 2 

ph5=0 0 2 2 

ph6=2 

ph7=3 

ph8=0 0 0 0 2 2 2 2 

ph31=0 2 2 0 0 2 2 0 2 0 0 2 2 0 0 2 

 

 

;pl0 : 120dB 

;pl1 : f1 channel - power level for pulse (default) 

;pl2 : f2 channel - 180 soft rectang. C 

;pl3 : f3 channel - power level for pulse (default) 

;pl4 : f2 channel - 90 soft rectang. C 

;pl16: f3 channel - power level for CPD/BB decoupling 

;pl19: f1 channel - power level for CPD/BB decoupling 

;sp5: f2 channel - shaped pulse 180 degree  (Ca off resonance) 

;p1 : f1 channel -  90 degree high power pulse 

;p2 : f1 channel - 180 degree high power pulse 

;p3: f2 channel -  90 degree soft pulse 

;p14: f2 channel - 180 degree shaped pulse 

;p4: f2 channel - 180 degree soft pulse 

;p21: f3 channel -  90 degree high power pulse 

;p22: f3 channel - 180 degree high power pulse 

;d0 : incremented delay (F1 in 3D)                     [3 usec] 

;d1 : relaxation delay; 1-5 * T1 

;d10: incremented delay (F2 in 3D) =  d23/2-p14/2 

;d11: delay for disk I/O                               [30 msec] 

;d13: short delay                                      [4 usec] 

;d16: short delay 

;d21: 1/(2J(NH)                                        [5.5 msec] 

;d23: 1/(4J(NCO)                                       [12 msec] 
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;d26: 1/(4J'(NH)                                       [2.3 msec] 

;d29: incremented delay (F2 in 3D) = d23/2-p14/2-p26-d21-4u 

;d30: decremented delay (F2 in 3D) = d23/2-p14/2 

;cnst21: CO chemical shift (offset, in ppm) 

;cnst22: Calpha chemical shift (offset, in ppm) 

;o2p: CO chemical shift (cnst21) 

;in0: 1/(2 * SW(CO)) =  DW(CO) 

;nd0: 2 

;in10: 1/(4 * SW(N)) = (1/2) DW(N) 

;nd10: 4 

;in29: = in10 

;in30: = in10 

;NS: 8 * n 

;td1: number of experiments in F1 

;td2: number of experiments in F2       td2 max = 2 * d30 / in30 

;FnMODE: States-TPPI (or TPPI) in F1 

;FnMODE: States-TPPI (or TPPI) in F2 

;cpds1: decoupling according to sequence defined by cpdprg1 

;cpd3: decoupling according to sequence defined by cpdprg3 

;pcpd1: f1 channel - 90 degree pulse for decoupling sequence 

;pcpd3: f3 channel - 90 degree pulse for decoupling sequence 

 

 

 

 

Out-and-back HNCO using CPs and WALTZ-16 decoupling 

 

;rl_hncoCP2test_water 

;3D sequence with 

;   inverse correlation for triple resonance using multiple 

;      inept transfer steps 

; 

;      F1(H) -> F3(N) -> F2(C=O,t1) -> F3(N,t2) -> F1(H,t3) 

; 

;on/off resonance Ca and C=O pulses using soft/shaped pulses 

;phase sensitive (t1) 

;phase sensitive (t2) 

;using constant time in t2 
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;water suppression using mississippi pulses (Zhou and Rienstra, 2008) 

 

;$OWNER=guest 

prosol relations=<triple> 

 

 

#include <Avance.incl> 

#include <Delay.incl> 

 

 

 

"d0=3u" 

 

"d11=30m" 

 

"d13=4u" 

 

"d21=5.5m" 

"d23=12m" 

"d26=2.3m" 

 

 

"in29=in10" 

"in30=in10" 

 

"d10=d23/2-p14/2" 

"d29=d23/2-p14/2-p26-d21-4u" 

"d30=d23/2-p14/2" 

 

 

"DELTA=d0*2+larger(p14,p22)-p14" 

"DELTA1=d23-d21-p26-2u" 

"DELTA2=d26-p16-d16-p11-12u" 

 

 

aqseq 321 

 

 

1 d11 ze 

  d11 pl16:f3 

2 d11 do:f3 
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3 d1 pl1:f1 

20u reset:f1 reset:f3  reset:f2  

3u fq=cnst3:f1 

  2u pl2:f2 

  2u pl17:f3 

  p1 ph1 

  0.4u pl5:f1 

 

  (p15:spf1 ph3):f3 (p15 ph2):f1 

 

  4u 

  4u pl19:f1 

  4u 

                                                    

  4u   cpds1:f1 ph2 

                                                   

  d21  

  2u pl3:f3 

 

  DELTA1  

  4u 

  (center (p4 ph1):f2 (p22 ph1):f3 )                    

  d23  pl4:f2 

  

  (p21 ph2):f3 

 

  10u do:f1 

 

  (p3 ph4):f2                                 

  d0 

  (center (p14:sp5 ph2):f2 (p22 ph1):f3 ) 

  d0 

  4u   pl2:f2 

  (p4 ph1):f2 

  DELTA 

  (p14:sp5 ph1):f2 

  4u 

  4u  pl4:f2 

  (p3 pl4 ph1):f2                            

                                           

  4u pl19:f1 
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  4u cpds1:f1 ph2 

                                                                                       

  (p21 ph5):f3 

  d30    

   

  (p14:sp5 ph1):f2  

 

  d30 

  4u pl2:f2 

   

  (center (p4 ph1):f2  (p22 ph8):f3)      

  d10 

 

  (p14:sp5 ph1):f2  

     

  d29  

 

  d21  

 

  (p21 ph1):f3 

                                                         

  10u    do:f1        

4u pl10:f1 

(p10 ph2):f1 

(p10 ph1):f1                                        

(p10 ph2):f1  

(p10 ph1):f1 

4u 

(p21 ph6):f3 

                                                         

  4u pl17:f3 

  4u pl5:f1 

  

  (p16:spf2 ph2):f3  (p16 ph1):f1 

  2u        pl16:f3                                  

                                                      

  4u                                                            

  go=2 ph31 cpd3:f3 

  d11 do:f3 mc #0 to 2  

     F1PH(rd10 & rd29 & rd30 & ip4, id0) 

     F2PH(ip5, id10 & id29 & dd30) 
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exit 

 

 

ph1=0 

ph2=1  

ph3=1 1 1 1 1 1 1 1 3 3 3 3 3 3 3 3 

ph4=0 2 

ph5=1 1 3 3                          

ph6=2 

ph7=3 

ph8=0 0 0 0 2 2 2 2 

ph31=0 2 2 0 0 2 2 0 2 0 0 2 2 0 0 2 

 

 

 

;pl0 : 120dB 

;pl1 : f1 channel - power level for pulse (default) 

;pl2 : f2 channel - 180 soft rectang. C 

;pl3 : f3 channel - power level for pulse (default) 

;pl4 : f2 channel - 90 soft rectang. C 

;pl10: f1 channel - power level water suppression (10kHz) 

;pl16: f3 channel - power level for CPD/BB decoupling 

;pl19: f1 channel - power level for CPD/BB decoupling 

;pl5:  f1 channel - power level for CP 

;pl17: f3 channel - power level for CP 

;sp5: f2 channel - shaped pulse 180 degree  (Ca off resonance) 

;p1 : f1 channel -  90 degree high power pulse 

;p2 : f1 channel - 180 degree high power pulse 

;p10: water purge pulses (50ms each) 

;p3: f2 channel -  90 degree soft pulse 

;p4: f2 channel -  180 degree soft pulse 

;p14: f2 channel - 180 degree shaped pulse 

;p15: first HN CP                       [1.5 msec] 

;p16: second HN CP                       [1.5 msec] 

;p21: f3 channel -  90 degree high power pulse 

;p22: f3 channel - 180 degree high power pulse 

;d0 : incremented delay (F1 in 3D)                     [3 usec] 

;d1 : relaxation delay; 1-5 * T1 

;d10: incremented delay (F2 in 3D) =  d23/2-p14/2 

;d11: delay for disk I/O                               [30 msec] 

;d13: short delay                                      [4 usec] 
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;d21: 1/(2J(NH)                                        [5.5 msec] 

;d23: 1/(4J(NCO)                                       [12 msec] 

;d26: 1/(4J'(NH)                                       [2.3 msec] 

;d29: incremented delay (F2 in 3D) = d23/2-p14/2-p26-d21-4u 

;d30: decremented delay (F2 in 3D) = d23/2-p14/2 

;cnst21: CO chemical shift (offset, in ppm) 

;cnst22: Calpha chemical shift (offset, in ppm) 

;o2p: CO chemical shift (cnst21) 

;in0: 1/(2 * SW(CO)) =  DW(CO) 

;nd0: 2 

;in10: 1/(4 * SW(N)) = (1/2) DW(N) 

;nd10: 4 

;in29: = in10 

;in30: = in10 

;NS: 8 * n 

;DS: >= 16 

;td1: number of experiments in F1 

;td2: number of experiments in F2       td2 max = 2 * d30 / in30 

;FnMODE: States-TPPI (or TPPI) in F1 

;FnMODE: States-TPPI (or TPPI) in F2 

;cpds1: decoupling according to sequence defined by cpdprg1 

;cpd3: decoupling according to sequence defined by cpdprg3 

;pcpd1: f1 channel - 90 degree pulse for decoupling sequence 

;pcpd3: f3 channel - 90 degree pulse for decoupling sequence 

 

 

 

 

 

 

Out-and-back TROSY -HNCO  

 

;rl_hncoTrosy_purge 

;3D sequence with 

;   inverse correlation for triple resonance using multiple 

;      inept transfer steps 

; 

;      F1(H) -> F3(N) -> F2(C=O,t1) -> F3(N,t2) -> F1(H,t3) 

; 



Appendix  155

;on/off resonance Ca and C=O pulses using soft/shaped pulses 

;phase sensitive (t1) 

;phase sensitive (t2) 

;using constant time in t2 

;water suppression using purge pulse in first HN-INEPT 

 

 

prosol relations=<triple> 

 

 

#include <Avance.incl> 

#include <Delay.incl> 

 

 

 

 

"d0=3u" 

 

"d10=3u" 

 

"d11=30m" 

 

"d12=20u" 

 

 

"d23=12m" 

"d26=2.3m" 

 

 

"in30=in10" 

 

"d30=d23-p1" 

 

 

"DELTA=d0*2+larger(p14,p22)-p14" 

"DELTA1=d26-p11-p16-d16-8u" 

"DELTA2=d23-d10-p14-p21*4/3.1416-4u" 

"DELTA3=d26-p16-d16" 
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"l0=1" 

 

"spoff2=0" 

"spoff3=0" 

;"spoff5=bf2*(cnst22/1000000)-o2" 

"spoff8=0" 

 

 

aqseq 321 

 

 

1 d11 ze 

  d11 pl16:f3 

2 d11 do:f3 

3 d1 pl1:f1 

  2u pl2:f2 

  p1 ph1 

  d26 pl3:f3 

  (center (p2 ph2) (p22 ph1):f3 ) 

  d26   

 (p5 ph1):f1 

  1u                                                 

  (p1 ph4):f1 

                                                  

  4u 

  (p21 ph1):f3                                                  

  d23                                                

  (center (p4 ph1):f2 (p22 ph1):f3 )                   

  d23  pl4:f2 

  (p21 ph2):f3 

 

  (p3 ph5):f2                                         

  d0 

  (center (p14:sp5 ph1):f2 (p22 ph1):f3 ) 

  d0 

  4u   pl2:f2 

  (p4 ph1):f2                                         

  DELTA 

  (p14:sp5 ph1):f2 

  4u 

  4u  pl4:f2 
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  (p3 pl4 ph1):f2     

 

  4u                       

   if "l0 %2 == 1" 

     { 

     (p21 ph6):f3 

     } 

  else 

     { 

     (p21 ph7):f3 

     }                                             

   

  d10 

  (p14:sp5 ph1):f2 

  DELTA2 

  4u pl2:f2 

  (center (p4 ph1):f2  (p22 ph1):f3)               

  d30  

  (p1 ph8) 

                                              

  d26                           

   

  (center (p2 ph1) (p22 ph1):f3 ) 

   

  d26                                               

  (center (p1 ph1) (p21 ph8):f3 )                                                      

  d26  

  (center (p2 ph1) (p22 ph1):f3 )                                                   

  d26 

  (p21 ph1):f3                                                           

  go=2 ph31  

  d11 do:f3 mc #0 to 2  

     F1PH(rd10 & rd30 & ip5, id0) 

     F2EA(ip8*2 & iu0, id10 & dd30) 

exit 

 

 

ph1=0 

ph2=1  

ph3=2 

ph4=3 
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ph5=0 0 0 0 2 2 2 2 

ph6=1 3 0 2 

ph7=1 3 2 0 

ph8=3 

ph31=1 3 2 0 3 1 0 2 

 

 

;pl0 : 120dB 

;pl1 : f1 channel - power level for pulse (default) 

;pl2 : f2 channel - 180 soft rectang. C 

;pl3 : f3 channel - power level for pulse (default) 

;pl4 : f2 channel - 90 soft rectang. C 

;pl16: f3 channel - power level for CPD/BB decoupling 

;pl19: f1 channel - power level for CPD/BB decoupling 

;sp5: f2 channel - shaped pulse 180 degree  (Ca off resonance) 

;p1 : f1 channel -  90 degree high power pulse 

;p2 : f1 channel - 180 degree high power pulse 

;p5: f1 channel -  water purge pulse             [1 msec] 

;p13: f2 channel -  90 degree shaped pulse 

;p14: f2 channel - 180 degree shaped pulse 

;p21: f3 channel -  90 degree high power pulse 

;p22: f3 channel - 180 degree high power pulse 

;d0 : incremented delay (F1 in 3D)                     [3 usec] 

;d1 : relaxation delay; 1-5 * T1 

;d10: incremented delay (F2 in 3D) =  d23/2-p14/2 

;d11: delay for disk I/O                               [30 msec] 

;d13: short delay                                      [4 usec] 

;d21: 1/(2J(NH)                                        [5.5 msec] 

;d23: 1/(4J(NCO)                                       [12 msec] 

;d26: 1/(4J'(NH)                                       [2.3 msec] 

;d29: incremented delay (F2 in 3D) = d23/2-p14/2-p26-d21-4u 

;d30: decremented delay (F2 in 3D) = d23/2-p14/2 

;cnst21: CO chemical shift (offset, in ppm) 

;cnst22: Calpha chemical shift (offset, in ppm) 

;o2p: CO chemical shift (cnst21) 

;in0: 1/(2 * SW(CO)) =  DW(CO) 

;nd0: 2 

;in10: 1/(2 * SW(N)) =  DW(N) 

;nd10: 2 

;in29: = in10 

;in30: = in10 



Appendix  159

;NS: 8 * n 

;DS: >= 16 

;td1: number of experiments in F1 

;td2: number of experiments in F2       td2 max = 2 * d30 / in30 

;FnMODE: States-TPPI (or TPPI) in F1 

;FnMODE: echo/antiecho in F2 

;cpds1: decoupling according to sequence defined by cpdprg1 

;cpd3: decoupling according to sequence defined by cpdprg3 

;pcpd1: f1 channel - 90 degree pulse for decoupling sequence 

;pcpd3: f3 channel - 90 degree pulse for decoupling sequence 

 

 

 

 

 

 

 

 

 

Out-and-back HNCACB using INEPTs and WALTZ-16 decoupling 

 

;rl_hncacbtest 

;HNCACB 

;3D sequence with 

;   inverse correlation for triple resonance using multiple 

;      inept transfer steps 

; 

;      F1(H) -> F3(N) -> F2(Ca -> Cb,t1) -> F3(N,t2) -> F1(H,t3) 

; 

;on/off resonance Ca and C=O pulses using soft/shaped pulses 

;phase sensitive (t1) 

;phase sensitive (t2) 

;using constant time in t2 

 

prosol relations=<triple> 

 

 

#include <Avance.incl> 

#include <Delay.incl> 
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"d0=3u" 

 

"d11=30m" 

 

"d13=4u" 

"d16=4u" 

 

"d21=5.5m" 

"d23=12.4m" 

"d26=1.95m" 

"d28=3.6m" 

 

 

"in29=in10" 

"in30=in10" 

 

"d10=d23/2-p14/2" 

"d29=d23/2-p14/2-p26-d21-4u" 

"d30=d23/2-p14/2" 

 

 

"DELTA1=d23-d21-p26" 

"DELTA2=d0*2+larger(p14,p22)-p14" 

 

 

aqseq 321 

 

 

1 ze 

  d11 pl16:f3  

2 d11 do:f3 

3 d1 pl1:f1 

  2u pl2:f2 

  (p1 ph1) 

  d26 pl3:f3 

  (center (p2 ph1) (p22 ph1):f3 ) 

  d26                                                   

  (p1 ph2):f1  

 

  4u pl0:f1 
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  4u 

    

  (p21 ph3):f3 

  d21 pl19:f1 

  DELTA1 cpds1:f1 ph1 

  4u 

  (center (p4 ph1):f2 (p22 ph1):f3 )                

  d23   pl4:f2 

  (p21 ph1):f3 

 

  4u do:f1 

 

  (p3 ph4):f2                                  

  d28 pl2:f2 

  (p4 ph1):f2                               

  d28  pl4:f2 

  (p3 ph2):f2                           

 

  d0 

  (center (p14:sp5 ph1):f2 (p22 ph8):f3 ) 

  d0 

  4u pl2:f2 

  (p4 ph1):f2                                

  DELTA2 

  (p14:sp5 ph1):f2 

  4u 

  4u pl4:f2 

  (p3 ph9):f2                               

  d28 pl2:f2 

  (p4 ph1):f2                          

  d28 pl4:f2 

  (p3 ph10):f2                    

 

                                     

  4u 

                                           

    4u pl19:f1 

    4u cpds1:f1 ph1 

 

  (p21 ph5):f3 
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  d30 

  (p14:sp5 ph1):f2 

  d30 

  4u pl2:f2 

  (center (p4 ph1):f2 (p22 ph8):f3 )            

  d10 

  (p14:sp5 ph1):f2 

  d29 

  4u do:f1 

  d21 

  (p21 ph1):f3 

 

                                              

  d16                                               

  4u pl1:f1 

 

  (p1 ph1)  

                                                     

  d26  pl1:f1                                                                          

  (center (p2 ph1) (p22 ph1):f3 ) 

  d26        pl16:f3          
       

  4u         

  go=2 ph31 cpd3:f3  

  d11 do:f3 mc #0 to 2  

     F1PH(rd10 & rd29 & rd30 & ip9 & ip10, id0 & dp9*2)  

     F2PH(ip5, id10 & id29 & dd30) 

exit 

 

 

ph1=0 

ph2=1  

ph3=0 0 0 0 0 0 0 0 2 2 2 2 2 2 2 2 

ph4=0 

ph5=0 0 2 2 

ph6=2 

ph7=3 

ph8=0 0 0 0 2 2 2 2 

ph9=3 1 

ph10=0 2 

ph31=0 2 2 0 0 2 2 0 2 0 0 2 2 0 0 2 
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;pl0 : 120dB 

;pl1 : f1 channel - power level for pulse (default) 

;pl3 : f3 channel - power level for pulse (default) 

;pl16: f3 channel - power level for CPD/BB decoupling 

;pl19: f1 channel - power level for CPD/BB decoupling 

;sp5: f2 channel - shaped pulse 180 degree  (C=O off resonance) 

;p1 : f1 channel -  90 degree high power pulse 

;p2 : f1 channel - 180 degree high power pulse 

;p3: f2 channel -  90 degree soft pulse 

;p4: f2 channel -  180 degree soft pulse 

;p14: f2 channel - 180 degree shaped pulse 

;p21: f3 channel -  90 degree high power pulse 

;p22: f3 channel - 180 degree high power pulse 

;d0 : incremented delay (F1 in 3D)                     [3 usec] 

;d1 : relaxation delay; 1-5 * T1 

;d10: incremented delay (F2 in 3D) =  d23/2-p14/2 

;d11: delay for disk I/O                               [30 msec] 

;d13: short delay                                      [4 usec] 

;d16: short delay 

;d21: 1/(2J(NH)                                        [5.5 msec] 

;d23: 1/(4J(NCa)                                       [12.4 msec] 

;d26: 1/(4J'(NH)                                       [2.3 msec] 

;d28: 1/(4J(CaCb)                                      [3.6 msec] 

;d29: incremented delay (F2 in 3D) = d23/2-p14/2-p26-d21-4u 

;d30: decremented delay (F2 in 3D) = d23/2-p14/2 

;cnst21: CO chemical shift (offset, in ppm) 

;cnst23: Caliphatic chemical shift (offset, in ppm) 

;o2p: Caliphatic chemical shift (cnst23) 

;in0: 1/(2 * SW(Cali)) =  DW(Cali) 

;nd0: 2 

;in10: 1/(4 * SW(N)) = (1/2) DW(N) 

;nd10: 4 

;in29: = in10 

;in30: = in10 

;NS: 8 * n 

;DS: >= 16 

;td1: number of experiments in F1 

;td2: number of experiments in F2       td2 max = 2 * d30 / in30 

;FnMODE: States-TPPI (or TPPI) in F1 
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;FnMODE: States-TPPI (or TPPI) in F2 

;cpds1: decoupling according to sequence defined by cpdprg1 

;cpd3: decoupling according to sequence defined by cpdprg3 

;pcpd1: f1 channel - 90 degree pulse for decoupling sequence 

;pcpd3: f3 channel - 90 degree pulse for decoupling sequence 

 

 

 

Out-and-back HNCACB using CPs and WALTZ-16 decoupling 

 

;rl_hncacbCP2test_water 

;HNCACB 

;3D sequence with 

;   inverse correlation for triple resonance using multiple 

;      inept transfer steps 

; 

;      F1(H) -> F3(N) -> F2(C=O,t1) -> F3(N,t2) -> F1(H,t3) 

; 

;on/off resonance Ca and C=O pulses using soft/shaped pulses 

;phase sensitive (t1) 

;phase sensitive (t2) 

;using constant time in t2 

;water suppression using purge pulses à la Zhou and Rienstra 2008 

 

;$OWNER=guest 

prosol relations=<triple> 

 

 

#include <Avance.incl> 

#include <Delay.incl> 

 

 

 

"d0=3u" 

 

"d11=30m" 

 

"d13=4u" 
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"d21=5.5m" 

"d23=12m" 

"d26=2.3m" 

"d28=3.6m" 

 

 

"in29=in10" 

"in30=in10" 

 

"d10=d23/2-p14/2" 

"d29=d23/2-p14/2-p26-d21-4u" 

"d30=d23/2-p14/2" 

 

 

"DELTA=d0*2+larger(p14,p22)-p14" 

"DELTA1=d23-d21-p26-2u" 

"DELTA2=d26-p16-d16-p11-12u" 

 

 

 

aqseq 321 

 

 

1 d11 ze 

  d11 pl16:f3 

2 d11 do:f3 

3 d1 pl1:f1 

20u reset:f1 reset:f3  reset:f2  

3u fq=cnst0:f1 

  2u pl2:f2 

  2u pl17:f3 

  p1 ph1 

 0.4u pl5:f1 

 

  (p15:spf1 ph3):f3 (p15 ph2):f1 

 

 3u fq=cnst1:f1 

 4u 

 4u pl19:f1 

 4u 
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  4u   cpds1:f1 ph2 

 

  d21  

  2u pl3:f3 

 

  DELTA1  

  4u 

  (center (p4 ph1):f2 (p22 ph1):f3 )                    

  d23  pl4:f2 

  

 (p21 ph2):f3 

 

  10u do:f1 

 

  (p3 ph4):f2                                  

  d28 pl2:f2 

  (p4 ph1):f2                               

  d28  pl4:f2 

  (p3 ph2):f2                           

 

  d0 

  (center (p14:sp5 ph1):f2 (p22 ph8):f3 ) 

  d0 

  4u pl2:f2 

  (p4 ph1):f2                               

  DELTA 

  (p14:sp5 ph1):f2 

  4u 

  4u pl4:f2 

  (p3 ph9):f2                               

  d28 pl2:f2 

  (p4 ph1):f2                          

  d28 pl4:f2 

  (p3 ph10):f2     

 

  4u pl19:f1 

  4u cpds1:f1 ph2 

                                                

  (p21 ph5):f3 

  d30    
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  (p14:sp5 ph1):f2  

 

  d30 

  4u pl2:f2 

   

  (center (p4 ph1):f2  (p22 ph8):f3)      

  d10 

 

  (p14:sp5 ph1):f2  

     

  d29  

 

  d21  

 

 (p21 ph1):f3 

 

  10u    do:f1 

  2u fq=cnst0:f1 

 4u pl10:f1 

 (p10 ph2):f1 

 (p10 ph1):f1                                        

 (p10 ph2):f1  

 (p10 ph1):f1 

 4u 

 (p21 ph6):f3 

                                                         

  4u pl17:f3 

  4u pl5:f1 

  

  (p16:spf2 ph2):f3  (p16 ph1):f1 

  2u        pl16:f3                                  

                                                    

  4u                                                            

  go=2 ph31 cpd3:f3 

  d11 do:f3 mc #0 to 2  

     F1PH(rd10 & rd29 & rd30 & ip9 & ip10, id0 & dp9*2) 

     F2PH(ip5, id10 & id29 & dd30) 

exit 

 

 

ph1=0 



Appendix  168

ph2=1  

ph3=1 1 1 1 1 1 1 1 3 3 3 3 3 3 3 3 

ph4=0 

ph5=1 1 3 3                            

ph6=2 

ph7=3 

ph8=0 0 0 0 2 2 2 2 

ph9=3 1 

ph10=0 2 

ph31=0 2 2 0 0 2 2 0 2 0 0 2 2 0 0 2 

 

 

 

;pl0 : 120dB 

;pl1 : f1 channel - power level for pulse (default) 

;pl2 : f2 channel - 180 soft rectang. C 

;pl3 : f3 channel - power level for pulse (default) 

;pl4 : f2 channel - 90 soft rectang. C 

;pl10: f1 channel - power level water suppression (10kHz) 

;pl16: f3 channel - power level for CPD/BB decoupling 

;pl19: f1 channel - power level for CPD/BB decoupling 

;pl5:  f1 channel - power level for CP 

;pl17: f3 channel - power level for CP 

;sp5: f2 channel - shaped pulse 180 degree  (Ca off resonance) 

;p1 : f1 channel -  90 degree high power pulse 

;p2 : f1 channel - 180 degree high power pulse 

;p10: water purge pulses (50ms each) 

;p3: f2 channel -  90 degree soft pulse 

;p4: f2 channel -  180 degree soft pulse 

;p14: f2 channel - 180 degree shaped pulse 

;p15: first HN CP                       [1.5 msec] 

;p16: second HN CP                       [1.5 msec] 

;p21: f3 channel -  90 degree high power pulse 

;p22: f3 channel - 180 degree high power pulse 

;d0 : incremented delay (F1 in 3D)                     [3 usec] 

;d1 : relaxation delay; 1-5 * T1 

;d10: incremented delay (F2 in 3D) =  d23/2-p14/2 

;d11: delay for disk I/O                               [30 msec] 

;d13: short delay                                      [4 usec] 

;d21: 1/(2J(NH)                                        [5.5 msec] 

;d23: 1/(4J(NCO)                                       [12 msec] 
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;d26: 1/(4J'(NH)                                       [2.3 msec] 

;d29: incremented delay (F2 in 3D) = d23/2-p14/2-p26-d21-4u 

;d30: decremented delay (F2 in 3D) = d23/2-p14/2 

;cnst21: CO chemical shift (offset, in ppm) 

;cnst22: Calpha chemical shift (offset, in ppm) 

;o2p: CO chemical shift (cnst21) 

;in0: 1/(2 * SW(CO)) =  DW(CO) 

;nd0: 2 

;in10: 1/(4 * SW(N)) = (1/2) DW(N) 

;nd10: 4 

;in29: = in10 

;in30: = in10 

;NS: 8 * n 

;DS: >= 16 

;td1: number of experiments in F1 

;td2: number of experiments in F2       td2 max = 2 * d30 / in30 

;FnMODE: States-TPPI (or TPPI) in F1 

;FnMODE: States-TPPI (or TPPI) in F2 

;cpds1: decoupling according to sequence defined by cpdprg1 

;cpd3: decoupling according to sequence defined by cpdprg3 

;pcpd1: f1 channel - 90 degree pulse for decoupling sequence 

;pcpd3: f3 channel - 90 degree pulse for decoupling sequence 

 

 

 

 

 

 

 

 

Out-and-back HNCACO/HNCOCA using INEPTs  

 

;hncoca 

;HN(CA)CO or HN(CO)CA 

;3D sequence with 

;   inverse correlation for triple resonance using multiple 

;      inept transfer steps 

; 

;      F1(H) -> F3(N) -> F2(C=O) -> F2(Ca,t1)  

;            -> F2(C=O) -> F3(N,t2) -> F1(H,t3) 

; 
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;on/off resonance Ca and C=O pulses using soft/shaped pulses 

;phase sensitive (t1) 

;phase sensitive (t2) 

;using constant time in t2 

;water suppression using water purge pulse in first INEPT 

;$CLASS=HighRes 

;$DIM=3D 

;$TYPE= 

;$SUBTYPE= 

;$COMMENT= 

 

 

prosol relations=<triple> 

 

 

#include <Avance.incl> 

#include <Delay.incl> 

 

 

"p2=p1*2" 

"p22=p21*2" 

"d0=3u" 

 

"d11=30m" 

 

"d13=4u" 

 

"d21=5.5m" 

"d22=4m" 

"d23=12m" 

"d26=2.3m" 

 

 

"in29=in10" 

"in30=in10" 

 

"d10=d23/2-p14/2-p1-p2/2" 

"d29=d23/2-p14/2-d21-4u-p1-p2/2" 

"d30=d23/2-p14/2" 
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"DELTA=d0*2+larger(p14,p22)-p14" 

"DELTA1=d23-d21" 

"DELTA2=d22-p14/2-p4-4u" 

"DELTA3=d26-p16-d16-p11-12u" 

 

 

aqseq 321 

 

 

1 d11 ze 

  d11 pl16:f3 

2 d11 do:f3 

3 d1 pl1:f1   fq=cnst21:f2 

  2u pl2:f2 

  p1 ph1 

  d26 pl3:f3 

  (center (p2 ph1) (p22 ph1):f3 ) 

  d26                                                   

   

  (p5 ph1):f1 

  4u 

  (p1 ph2):f1 

 

  4u                        

 

  (p21 ph1):f3 

  d21  

  DELTA1  

  4u 

  (center (p4 ph1):f2 (p22 ph1):f3 )                    

  d23  pl4:f2 

   

  (p21 ph2):f3 

 

  (p3 ph3):f2                                  

 

  4u 

  (p14:sp5 ph1):f2 

  DELTA2  

  4u pl2:f2 

  (p4 ph1):f2 
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  4u 

  (p14:sp5 ph1):f2 

   

  DELTA2  

  4u pl4:f2 

  (p3 ph2):f2 

 

  4u 

  30u fq=cnst22:f2 

 

  (p3 ph4):f2 

 

  d0 

  (center (p14:sp7 ph1):f2 (p22 ph1):f3 ) 

  d0 

 

  4u pl2:f2 

  (p4 ph1):f2 

  DELTA 

 

  (p14:sp7 ph1):f2 

  4u   

  4u pl4:f2 

  (p3 ph1):f2 

 

  4u 

  30u fq=cnst21:f2 

  (p3 ph2):f2 

 

 

  DELTA2  

 

  (p14:sp5 ph1):f2 

  4u   

  4u pl2:f2 

 

  (p4 ph1):f2 

  DELTA2  

 

  (p14:sp5 ph1):f2 

  4u 
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  4u pl4:f2 

 

  (p3 ph1):f2 

 

  (p21 ph5):f3 

  d30    

  (p14:sp5 ph1):f2  

  (p1 ph2):f1 

  (p2 ph1):f1 

  (p1 ph2):f1 

  d30 

  4u pl2:f2 

  (center (p4 ph1):f2  (p22 ph8):f3)               

  d10 

  (p14:sp5 ph1):f2  

  (p1 ph2):f1 

  (p2 ph1):f1 

  (p1 ph2):f1      

  d29 

   

  d21 

  (p21 ph1):f3 

  4u 

   

  (p1 ph1)  

  d26                           

  (center (p2 ph1) (p22 ph1):f3 ) 

  d26 pl16:f3                                  

                                                             

  go=2 ph31 cpd3:f3 

  d11 do:f3 mc #0 to 2  

     F1PH(rd10 & rd29 & rd30 & ip4, id0) 

     F2PH(ip5, id10 & id29 & dd30) 

exit 

 

 

ph1=0 

ph2=1  

ph3=0 0 0 0 0 0 0 0 2 2 2 2 2 2 2 2 

ph4=0 2 

ph5=1 1 3 3                            
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ph6=2                                      

ph7=3 

ph8=0 0 0 0 2 2 2 2 

ph31=0 2 2 0 0 2 2 0 2 0 0 2 2 0 0 2 

 

 

;pl0 : 120dB 

;pl1 : f1 channel - power level for pulse (default) 

;pl3 : f3 channel - power level for pulse (default) 

;pl16: f3 channel - power level for CPD/BB decoupling 

;pl19: f1 channel - power level for CPD/BB decoupling 

;sp5: f2 channel - shaped pulse 180 degree  (Ca off resonance) 

;sp7: f2 channel - shaped pulse 180 degree  (C=O off resonance) 

;p1 : f1 channel -  90 degree high power pulse 

;p5 : f1 channel -  water purge pulse [1 ms] 

;p2 : f1 channel - 180 degree high power pulse 

;p13: f2 channel -  90 degree shaped pulse 

;p14: f2 channel - 180 degree shaped pulse 

;p16: homospoil/gradient pulse                         [1 msec] 

;p21: f3 channel -  90 degree high power pulse 

;p22: f3 channel - 180 degree high power pulse 

;p26: f1 channel -  90 degree pulse at pl19 

;d0 : incremented delay (F1 in 3D)                     [3 usec] 

;d1 : relaxation delay; 1-5 * T1 

;d10: incremented delay (F2 in 3D) =  d23/2-p14/2 

;d11: delay for disk I/O                               [30 msec] 

;d13: short delay                                      [4 usec] 

;d21: 1/(2J(NH)                                        [5.5 msec] 

;d22: 1/(4J(COCa)                                      [4 msec] 

;d23: 1/(4J(NCO)                                       [12 msec] 

;d26: 1/(4J'(NH)                                       [2.3 msec] 

;d29: incremented delay (F2 in 3D) = d23/2-p14/2-p26-d21-4u 

;d30: decremented delay (F2 in 3D) = d23/2-p14/2 

;cnst21: frequency of relay nucleus 

;cnst22: frequency of detected nucleus (0) 

;o2p: Calpha chemical shift (cnst22) 

;in0: 1/(2 * SW(Ca)) =  DW(Ca) 

;nd0: 2 

;in10: 1/(4 * SW(N)) = (1/2) DW(N) 

;nd10: 4 

;in29: = in10 
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;in30: = in10 

;NS: 8 * n 

;DS: >= 16 

;td1: number of experiments in F1 

;td2: number of experiments in F2       td2 max = 2 * d30 / in30 

;FnMODE: States-TPPI (or TPPI) in F1 

;FnMODE: States-TPPI (or TPPI) in F2 

;cpds1: decoupling according to sequence defined by cpdprg1 

;cpd3: decoupling according to sequence defined by cpdprg3 

;pcpd1: f1 channel - 90 degree pulse for decoupling sequence 

;pcpd3: f3 channel - 90 degree pulse for decoupling sequence 

 

 

 

 

 

 

Full side chain correlation experiment using H/N-INEPTs  

 

;Cx(Ca)(H)NH 

 

;p4 13C 180° pulse 

;pl4 13C p90 power     during tobsy 

;pl2 1H p180 power 

;p5 13C 90° pulse 

;p2 1H 180° pulse 

;l31 MAS frequency (Hz) 

;pl8 13C hard pulse 

;p10: water purge pulses (50ms each) 

;pl10: f1 channel - power level water suppression (10kHz) 

;pl21: f2 channel - power long range CP 

;pl20: f1 channel - power long range CP 

;p15: CP duration 

;sp10: tanhtan shape 

;spf1: ramp CP 

;cnst3: 13C middle of CO and Ca 

;p8: f2 channel 13C broadband 180 pulse 
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#include <prp15.prot> 

#include <Avancesolids.incl> 

#include <Delay.incl> 

 

"d0=3u" 

"d10=3u" 

"d26=2.3m" 

"d11=30m" 

"DELTA=d0*2+larger(p14,p22)-p14" 

 

 

1 ze                     

2 1m do:f3 

    1m do:f2 

  d1             

  10u reset:f2 reset:f1 

  10u fq=cnst1:f2 

  10u pl4:f2             

  10u pl19:f1 

 1u  pl3:f3 

  2u 

  p3:f2 ph4       

  d0 

 (center (p14:sp5 ph1):f2 (p22 ph8):f3 ) 

  d0 

  4u pl2:f2 

  (p4 ph1):f2 

  DELTA 

  (p14:sp5 ph1):f2 

 4u 

 1u pl4:f2 

  

   p3:f2 ph1 

   0.5u pl5:f2 

 

3   ; tobsy mixing 
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    (p6:spf10 ph10):f2 

    (p6:spf10 ph11):f2 

    (p6:spf10 ph12):f2 

    (p6:spf10 ph13):f2 

    (p6:spf10 ph14):f2 

    (p6:spf10 ph10):f2 

    (p6:spf10 ph11):f2 

    (p6:spf10 ph12):f2 

    (p6:spf10 ph13):f2 

    (p6:spf10 ph14):f2 

    (p6:spf10 ph16):f2 

    (p6:spf10 ph17):f2 

    (p6:spf10 ph18):f2 

    (p6:spf10 ph19):f2 

    (p6:spf10 ph20):f2 

    (p6:spf10 ph16):f2 

    (p6:spf10 ph17):f2 

    (p6:spf10 ph18):f2 

    (p6:spf10 ph19):f2 

    (p6:spf10 ph20):f2 

lo to 3 times l1 

 

 

4u pl10:f1 

(p10 ph2):f1 

(p10 ph1):f1 

(p10 ph2):f1 

(p10 ph1):f1 

4u 

 

  1u pl4:f2 

p3:f2 ph2 

 

 10u fq=cnst2:f2 

 10u      pl21:f2 

 10u      pl20 :f1 

 2u 

 (p17:spf1 ph3):f1 (p17 ph1):f2 

 4u         pl1:f1 

 d26       pl8:f2 

 (center (p2 ph1):f1 (p22 ph8):f3) 
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 d26         fq=cnst3:f2 

 (center (p1 ph1):f1 (p21 ph5):f3) 

 d10 

  (center (p2 ph1):f1 (p8 ph1):f2) 

 d10 

 (center (p1 ph2):f1 (p21 ph1):f3) 

  d26 

 (center (p2 ph1):f1 (p22 ph8):f3) 

  d26 

 

 

 2u      pl16:f3 

 

 

  0.5u cpd3:f3 

 

                  

  5u 

  go=2 ph31              

 do:f2             ;decoupler off 

   1m do:f3 

 

 

d11 do:f3 mc #0 to 2 

    F1PH(rd10 & ip4, id0) 

    F2PH( ip5, id10 & id29 & dd30 & dd31) 

 

HaltAcqu, 1m            ;jump address for protection files 

exit                    ;quit 

 

ph1=0 

ph2=1 

ph3=0 0 0 0  2 2 2 2                 

ph4=0 2 

ph5=0 0 2 2 

ph8=0 0 0 0  0 0 0 0  2 2 2 2  2 2 2 2 

 

 

ph10= (360) 0 

ph11= (360) 240 

ph12= (360) 240 
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ph13= (360) 60 

ph14= (360) 0 

ph16= (360) 180 

ph17= (360) 60 

ph18= (360) 60 

ph19= (360) 240 

ph20= (360) 180 

 

 

ph31= 0 2 2 0 2 0 0 2  0 2 2 0 2 0 0 2 

      

 

 

 

 

CaCOH  experiment for side chain amide assignments  

 

;rl_cacoHtest2 

;CaCOH 

;3D sequence with 

;   inverse correlation for triple resonance using inept and CP transfer 

;                       steps 

; 

;      F2(Ca, t1) -> F2(CO, t2) -> F1(H,t3) 

; 

;on/off resonance Ca and C=O pulses using soft/shaped pulses 

;using constant time in t1 and t2 

;phase sensitive (t1) 

;phase sensitive (t2) 

;water suppression using water purge pulses as in Zhou and Riestra 2008 

 

 

prosol relations=<triple> 

 

 

#include <Avance.incl> 

#include <Delay.incl> 
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"d11=30m" 

 

"d13=4u" 

 

"d23=12m" 

"d26=2.3m" 

"d22=1.5m" 

 

"in29=in10" 

"in30=in10" 

"in31=in10" 

"in19=in0" 

"in20=in0" 

"in21=in0" 

 

"d0=d22-p22/2" 

"d19=d22-p22/2" 

"d20=d22-p22/2" 

"d21=d22-p22/2" 

"d10=d22-p22/2" 

"d29=d22-p22/2" 

"d30=d22-p22/2" 

"d31=d22-p22/2" 

 

 

"DELTA=d0*2+larger(p14,p22)-p14" 

"DELTA1=d23-d21" 

"DELTA2=d26-p16-d16-p11-12u" 

 

 

aqseq 321 

 

 

1 d11 ze 

  d11 pl16:f3 

2 d11 do:f3 

3 d1   pl3:f3 

 

30u fq=cnst1:f2 
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2u pl20 :f1 

2u pl4:f2 

(p3 ph4):f2 

d20 

(p22 ph8):f3 

d21    

4u  pl6:f2 

(p6 ph1):f2 

d0 

 (p22 ph1):f3 

d19   pl4:f2 

4u 

(p3 ph2):f2 

30u fq=cnst2:f2 

 

(p3 ph5):f2 

d30 

(p22 ph8):f3 

d31   

4u pl6:f2 

(p6 ph1):f2 

d10  

(p22 ph1):f3 

d29 pl21:f2   

4u 

 

1u pl4:f2 

   p3:f2 ph2 

 

4u pl10:f1 

(p10 ph2):f1 

(p10 ph1):f1 

(p10 ph2):f1 

(p10 ph1):f1 

4u 

 

1u pl4:f2 

   p3:f2 ph2 

 

 2u pl21 :f2 

 2u pl20 :f1 
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 (p17:spf1 ph3):f1 (p17 ph1):f2 

 

  2u      pl16:f3                                                      

  4u 

  go=2 ph31 cpd3:f3 

  d11 do:f3 mc #0 to 2 

     F1PH(rd10 & rd29 & rd30 & rd31 & ip4, id0 & id19 & dd20 & dd21) 

     F2PH( ip5, id10 & id29 & dd30 & dd31) 

exit 

 

 

ph1=0 

ph2=1 

ph3=0 0 0 0 2 2 2 2                 

ph4=0 2 

ph5=0 0 2 2 

ph8=0 0 0 0 0 0 0 0 2 2 2 2 2 2 2 2 

ph31=0 2 2 0  2 0 0 2  0 2 2 0  2 0 0 2                   

 

;pl0 : 120dB 

;pl1 : f1 channel - power level for pulse (default) 

;pl2 : f2 channel - 180 soft rectang. C 

;pl3 : f3 channel - power level for pulse (default) 

;pl4 : f2 channel - 90 soft rectang. C 

;pl6 : f2 channel - 180 hard rectang. C 

;pl16: f3 channel - power level for CPD/BB decoupling 

;pl19: f1 channel - power level for CPD/BB decoupling 

;sp5: f2 channel - shaped pulse 180 degree  (Ca off resonance) 

;p1 : f1 channel -  90 degree high power pulse 

;p2 : f1 channel - 180 degree high power pulse 

;p10: water purge pulses (50ms each) 

;pl10: f1 channel - power level water suppression (10kHz) 

;p3: f2 channel -  90 degree soft pulse 

;p6: f2 channel -  180 degree hard pulse 

;p21: f3 channel -  90 degree high power pulse 

;p22: f3 channel - 180 degree high power pulse 

;d0 : incremented delay (F1 in 3D)                     [3 usec] 

;d1 : relaxation delay; 1-5 * T1 

;d10: incremented delay (F2 in 3D) =  d23/2-p14/2 

;d11: delay for disk I/O                               [30 msec] 
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;d22: 1/(8J(CaCO)                                        [1.5 msec] 

;cnst21: CO chemical shift (offset, in ppm) 

;cnst22: Calpha chemical shift (offset, in ppm) 

;o2p: CO chemical shift (cnst21) 

;in0: 1/(4 * SW(Ca)) = (1/2) DW(Ca) 

;nd0: 4 

;in10: 1/(4 * SW(CO)) = (1/2) DW(CO) 

;nd10: 4 

;NS: 8 * n 

;DS: >= 16 

;td1: number of experiments in F1       td1 max = 2 * d19 / in19 

;td2: number of experiments in F2       td2 max = 2 * d19 / in19 

;FnMODE: States-TPPI (or TPPI) in F1 

;FnMODE: States-TPPI (or TPPI) in F2 

;cpds1: decoupling according to sequence defined by cpdprg1 

;cpd3: decoupling according to sequence defined by cpdprg3 

;pcpd1: f1 channel - 90 degree pulse for decoupling sequence 

;pcpd3: f3 channel - 90 degree pulse for decoupling sequence 

 

 

 

 

 

 

RFDR-HSQC  experiment, CP based 

 

;rl_hsqcnoesy2inv(CP) 

;3D NOESY-HSQC scheme with RFDR mixing using CP magnetisation transfer only 

; H(H)NH 

 

 

#include <Avance.incl> 

#include <Delay.incl> 

 

 

 

"p2=p1*2" 
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"d0=3u" 

 

"d10=3u" 

 

"d11=30m" 

 

"d12=20u" 

 

"d8=(1/cnst1-p3/1000000)/2" 

 

;"cnst2=l1*(d8+p3)" 

 

"cnst0=0" 

 

 

aqseq 321 

 

 

1 ze 

  d11 pl16:f3 

  d11 pl4:f2 

2 d1 do:f3 

3 d12 pl17:f3 

   4u pl1:f1 

 

  p1 ph7 

  d0 

  (center (p4 ph0):f2 (p21 ph8):f3 ) 

  d0 

  (p1 ph2):f1 

  4u pl8:f1 

 

4 d8 

  (p3 ph11):f1 

  d8  ipp11 

  lo to 4 times l1 

 

  4u pl1:f1 

  (p1 ph4) 
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4u pl17:f3 

4u pl5:f1 

(p15:spf1 ph6):f3 (p15 ph0):f1 

 

4u pl19:f1 

  4u cpds1:f1 ph2 

 

  d10 

 

  (p4 ph0):f2 

 

  d10 pl3:f3 

 

 (p21 ph1):f3 

 

  10u    do:f1 

  2u fq=cnst0:f1 

4u pl10:f1 

(p10 ph0):f1 

(p10 ph1):f1 

(p10 ph0):f1 

(p10 ph1):f1 

4u 

(p21 ph5):f3 

 

  4u pl17:f3 

  4u pl5:f1 

  (p16:spf2 ph1):f3  (p16 ph1):f1 

  0.4u        pl16:f3 

 

 

go=2 ph31 cpd3:f3 

  d1 do:f3 mc #0 to 2 

     F1PH(rd10 & ip7, id0) 

     F2PH(id10, ip6) 

exit 

 

 

ph0=0 

ph1=1 

ph2=0 
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ph3=2 

ph4=1 1 1 1 3 3 3 3 

ph5=0 0 2 2 

ph6=0 

ph7=0 2 

ph8=0 0 0 0  0 0 0 0  2 2 2 2  2 2 2 2 

ph31=0 2 2 0  2 0 0 2  0 2 2 0 2 0 0 2 

ph11= 0 1 0 1 1 0 1 0 

 

 

;pl1 : f1 channel - power level for pulse (1H) 

;pl3 : f3 channel - power level for pulse (15N) 

;pl2 : f3 channel - power level for pulse (13C) 

;pl16: f3 channel - power level for CPD/BB decoupling 

;pl19: f1 channel - power level for CPD/BB decoupling 

;pl4: f2 channel - power level 13C 

;pl8: f1 channel - power level mixing 180 1H pulse 

;p1 : f1 channel -  90 degree high power pulse 

;p2 : f1 channel - 180 degree high power pulse 

;p3 : f1 channel - 180 degree low power during mixing 

;p4: f2 channel - 180 degree 13C pulse for inversion 

;p21: f3 channel -  90 degree high power pulse 

;p22: f3 channel - 180 degree high power pulse 

;d0 : incremented delay (F1 in 3D)                     [3 usec] 

;d1 : relaxation delay; 1-5 * T1 

;d8 : half rotor period (mixing delay) 

;d10: incremented delay (F2 in 3D)                     [3 usec] 

;d11: delay for disk I/O                             [30 msec] 

;d12: delay for power switching                      [20 usec] 

 

;cnst1: spinning fr in Hz 

;cnst2: mixing time 

;in0: 1/(2 * SW(H)) = DW(H) 

;nd0: 2 

;in10: 1/(2 * SW(X)) = DW(X) 

;nd10: 2 

;NS: 8 * n 

;DS: >= 16 

;td1: number of experiments in F1 

;td2: number of experiments in F2 

;FnMODE: States-TPPI (or TPPI) in F1 
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;FnMODE: States-TPPI (or TPPI) in F2 

;cpd3: decoupling according to sequence defined by cpdprg3 

;pcpd3: f3 channel - 90 degree pulse for decoupling sequence 

;cpds1: decoupling according to sequence defined by cpdprg1 

;pcpd1: f1 channel - 90 degree pulse for decoupling sequence 

 

 

 

 

 

 

 

HSQC-RFDR-HSQC  experiment, CP based 

 

;rl_hsqcnoesy(CP) 

;3D HSQC-NOESY-HSQC scheme with RFDR mixing using CP magnetisation transfer 
only 

; (H)N(H)..(H)NH 

                                                                                       

 

#include <Avance.incl> 

#include <Delay.incl> 

 

 

 

"p2=p1*2" 

 

"d0=3u" 

 

"d10=3u" 

 

"d11=30m" 

 

"d12=20u" 

 

"d8=(1/cnst1-p3/1000000)/2" 

 

;"cnst2=l1*(d8+p3)" 

 

"cnst0=0" 
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aqseq 321 

 

 

1 ze 

  d11 pl16:f3 

  d11 pl2:f2 

2 d1 do:f3 

3 d12 pl17:f3 

   4u pl1:f1 

 

  p1 ph7 

 0.4u pl5:f1 

 

 (p15:spf1 ph3):f3 (p15 ph1):f1 

 

4u pl19:f1 

  4u cpds1:f1 ph2 

 

  d0 

  (p4 ph0):f2 

  d0 pl3:f3 

 10u    do:f1 

 

  4u pl17:f3 

  4u pl5:f1 

  (p16:spf2 ph2):f3  (p16 ph5):f1 

 

  4u pl1:f1 

  (p1 ph1):f1 

  4u pl8:f1 

  

;rfdr-mixing                                                                  

4 d8 

  (p3 ph11):f1 

  d8  ipp11 

  lo to 4 times l1 

 

  4u pl1:f1 

  (p1 ph4) 
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4u pl17:f3 

4u pl5:f1 

(p15:spf1 ph6):f3 (p15 ph0):f1 

 

4u pl19:f1 

  4u cpds1:f1 ph2 

 

  d10 

 

  (p4 ph0):f2 

 

  d10 pl3:f3 

 

(p21 ph1):f3 

 

  10u    do:f1 

  2u fq=cnst0:f1 

4u pl10:f1 

(p10 ph0):f1 

(p10 ph1):f1 

(p10 ph0):f1 

(p10 ph1):f1 

4u 

(p21 ph8):f3 

 

  4u pl17:f3 

  4u pl5:f1 

  (p16:spf2 ph1):f3  (p16 ph0):f1 

  2u        pl16:f3 

 

go=2 ph31 cpd3:f3 

  d1 do:f3 mc #0 to 2 

     F1PH(rd10 & ip2, id0) 

     F2PH(id10, ip6) 

exit 

 

 

ph0=0 

ph1=1 

ph2=0 
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ph3=2 

ph4=1 1 1 1 3 3 3 3 

ph5=0 0 2 2 

ph6=0 

ph7=0 2 

ph8=0 0 0 0  0 0 0 0  2 2 2 2  2 2 2 2 

ph31=0 2 2 0  2 0 0 2  2 0 0 2 0 2 2 0 

ph11= 0 1 0 1 1 0 1 0 

 

 

;pl1 : f1 channel - power level for pulse (1H) 

;pl3 : f3 channel - power level for pulse (15N) 

;pl2 : f3 channel - power level for pulse (13C) 

;pl16: f3 channel - power level for CPD/BB decoupling 

;pl19: f1 channel - power level for CPD/BB decoupling 

;pl8: f1 channel - power level mixing 180 1H pulse 

;p1 : f1 channel -  90 degree high power pulse 

;p2 : f1 channel - 180 degree high power pulse 

;p3 : f1 channel - 180 degree low power during mixing 

;p4: f2 channel - 180 degree 13C pulse for inversion 

;p21: f3 channel -  90 degree high power pulse 

;p22: f3 channel - 180 degree high power pulse 

;d0 : incremented delay (F1 in 3D) 

;d1 : relaxation delay; 1-5 * T1 

;d8 : half rotor period (mixing delay) 

;d10: incremented delay (F2 in 3D)                     [3 usec] 

;d11: delay for disk I/O                             [30 msec] 

;d12: delay for power switching                      [20 usec] 

 

;cnst1: spinning fr in Hz 

;cnst2: mixing time 

;in0: 1/(2 * SW(N)) = DW(N) 

;nd0: 2 

;in10: 1/(2 * SW(N)) = DW(N) 

;nd10: 2 

;NS: 8 * n 

;DS: >= 16 

;td1: number of experiments in F1 

;td2: number of experiments in F2 

;FnMODE: States-TPPI (or TPPI) in F1 

;FnMODE: States-TPPI (or TPPI) in F2 
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;cpds1: decoupling according to sequence defined by cpdprg1 

;pcpd1: f3 channel - 90 degree pulse for decoupling sequence 

;cpd3: decoupling according to sequence defined by cpdprg3 

;pcpd3: f3 channel - 90 degree pulse for decoupling sequence 

 

 

 

HSQC-RFDR-HSQC  experiment, INEPT based 

 

;rl_hsqcnoesyhsqc 

;3D HSQC-NOESY-HSQC scheme with RFDR mixing using INEPT magnetisation 
transfer only 

; (H)N(H)..(H)NH 

 

;3D sequence with 

;   homonuclear correlation via dipolar coupling  

;   H-N correlation via double inept transfer 

;phase sensitive (t1) 

;phase sensitive (t2) 

;using trim pulses in inept transfer 

;with decoupling during acquisition 

; 

;A.L. Davis, J. Keeler, E.D. Laue & D. Moskau, J. Magn. Reson. 98,  

;   207-216 (1992) 

 

#include <Avance.incl> 

#include <Delay.incl> 

 

 

 

"p2=p1*2" 

 

"p22=p21*2" 

 

"d0=3u" 

 

"d10=3u" 

 

"d11=30m" 



Appendix  192

 

"d12=20u" 

 

"d26=2.7m" 

 

"d8=(1/cnst1-p3/1000000)/2" 

 

;"cnst2=l1*(d8+p3)" 

 

aqseq 321 

 

 

1 ze 

  d11 pl16:f3 

  d11 pl2:f2 

2 d1 do:f3 

3 d12 pl3:f3 

 

  (p1 ph7) 

  d26 

  (center (p2 ph0) (p22 ph0):f3 ) 

  d26 

 

 (center (p1 ph4) (p21 ph0):f3 ) 

 

 

  d0 

 

   (center (p2 ph0) (p4 ph0):f2 ) 

 

  d0 

 

  (center (p1 ph0) (p21 ph2):f3 ) 

  d26 

  (center (p2 ph0) (p22 ph0):f3 ) 

  d26 

 

  (p1 ph4):f1 

  4u pl8:f1 

 

; rfdr mixing 
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4 d8 

  (p3 ph11):f1 

  d8  ipp11 

  lo to 4 times l1 

 

  4u pl1:f1 

 

  (p1 ph5) 

  d26 

  (center (p2 ph0) (p22 ph0):f3 ) 

  d26 

    (p11 ph5):f1 

 1u 

  (p1 ph4) (p21 ph0):f3 

 

  d10 

 

   (center (p2 ph0) (p4 ph0):f2) 

 

  d10 

 

  (center (p1 ph1) (p21 ph6):f3 ) 

  d26 

  (center (p2 ph8) (p22 ph8):f3 ) 

  d26 

  1u pl16:f3 

 

go=2 ph31 cpd3:f3 

  d1 do:f3  mc #0 to 2 

     F1PH(rd10 & ip2, id0) 

     F2PH(id10, ip6)   

exit 

    

 

ph0=0 

ph1=0 0 0 0 2 2 2 2 

ph2=0 

ph3=2 

ph4=1 

ph5=0 0 2 2 

ph6=0 
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ph7=0 2 

ph8=0 0 0 0  0 0 0 0  2 2 2 2  2 2 2 2 

ph10=0 

ph31=0 2 2 0  2 0 0 2  0 2 2 0  2 0 0 2  

ph11= 0 1 0 1 1 0 1 0 

   

 

;pl1 : f1 channel - power level for pulse (default) 

;pl3 : f3 channel - power level for pulse (default) 

;pl16: f3 channel - power level for CPD/BB decoupling 

;pl2: f2 channel - power level 13C 

;pl8: f1 channel - power level mixing 180 1H pulse 

;p1 : f1 channel -  90 degree high power pulse 

;p2 : f1 channel - 180 degree high power pulse 

;p3 : f1 channel - 180 degree low power during mixing 

;p4: f2 channel - 180 degree 13C pulse for inversion  

;p21: f3 channel -  90 degree high power pulse 

;p22: f3 channel - 180 degree high power pulse 

;d0 : incremented delay (F1 in 3D)                     [3 usec] 

;d1 : relaxation delay; 1-5 * T1 

;d8 : half rotor period (mixing delay) 

;d10: incremented delay (F2 in 3D)                     [3 usec] 

;d11: delay for disk I/O                             [30 msec] 

;d12: delay for power switching                      [20 usec] 

;d26: 1/(4J)NH 

;cnst1: spinning fr in Hz 

;cnst2: mixing time 

;in0: 1/(2 * SW(H)) = DW(H) 

;nd0: 2 

;in10: 1/(2 * SW(X)) = DW(X) 

;nd10: 2 

;NS: 8 * n 

;DS: >= 16 

;td1: number of experiments in F1 

;td2: number of experiments in F2 

;FnMODE: States-TPPI (or TPPI) in F1 

;FnMODE: States-TPPI (or TPPI) in F2 

;cpd3: decoupling according to sequence defined by cpdprg3 

;pcpd3: f3 channel - 90 degree pulse for decoupling sequence 
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