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Abstract

The main purpose of this thesis is the development of methods for high-

resolution MAS solid-state NMR and its application to membrane proteins and protein

fibrils (i.e. protein complexes). The thesis is organized in six chapters, including a gen-

eral introduction in Chapter 1 that sets solid-state NMR spectroscopy in the context of

structural biology.

Chapter 2 contains an introduction of NMR, focusing on the most important

concepts, techniques and biological applications. Chapter 3 presents new pulse sequences

for fast MAS on oriented samples of membrane peptides in aligned lipid bilayers. Here, the

orientation and structure of selectively labeled, well-known examples of membrane pep-

tides (Gramicidin A and WALP23) are investigated. Due to the high-resolution achieved

at fast MAS, the same experiments can be applied on uniformly labeled proteins.

The main part of the thesis (Chapters 4 and 5) is devoted to the study of structure

and dynamics of uniformly labeled proteins. In Chapter 4 the membrane protein Phospho-

lamban, an important regulator of the cardiac function and drug target in heart failure,

is investigated when free in the lipid membrane and bound to its regulatory partner, the

sarco-endoplasmic Ca-ATPase (SERCA). A new concept that uses dynamics-based spec-

tral editing is introduced and proven. Chapter 5 extends the previous strategy to the

study of the paired helical filaments prepared from a three repeat construct (K19) of the

protein Tau involved in Alzheimer’s Disease. Novel water-edited experiments are used to

probe the supramolecular arrangement of the monomers inside the fibril. A model of the

minimal structural unit of the fibrils is proposed.

Chapter 6 contains final conclusions, summarizes the main results of this the-

sis and proposes future directions. In addition, four appendixes with supplementary

information are provided for Chapters 2-5.
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Zusammenfassung

Der Hauptzweck dieser Arbeit ist die Entwicklung von Methoden für hoch-

auflösende MAS-Festkörper-NMR und ihre Anwendung auf Membranproteine und Prote-

infibrillen (also Proteinkomplexe). Die Arbeit ist in sechs Kapitel gegliedert, einschließlich

einer allgemeinen Einführung in Kapitel 1, das die Festkörper-NMR-Spektroskopie in den

Kontext der Strukturbiologie einbettet.

Kapitel 2 enthält eine Einführung in die NMR-Spektroskopie, wobei der Schw-

erpunkt auf den wichtigsten Konzepten, Techniken und biologischen Anwendungen liegt.

Kapitel 3 stellt neue Pulssequenzen für schnelles MAS an orientierten Membranpepti-

den in definiert ausgerichteten Lipiddoppelschichten vor. Hier werden Orientierung und

Struktur von selektiv markierten, gut bekannten Membranpeptiden (Gramicidin A und

WALP23) untersucht. Aufgrund der hohen Auflösung, die bei schnellem MAS erreicht

wird, können dieselben Experimente auf uniform markierte Proteine angewendet werden.

Der Hauptteil dieser Arbeit (Kapitel 4 und 5) ist der Untersuchung von Struktur

und Dynamik uniform isotopenmarkierter Proteine gewidmet. In Kapitel 4 wird das Mem-

branprotein Phospholamban, ein wichtiger regulierender Faktor der Herzfunktion und Ziel

von Medikamenten gegen Herzversagen, sowohl als freies membranständiges Protein als

auch im an seinen regulatorischen Partner, die sarco-endoplasmatische Calcium-ATPase

(SERCA), gebundenen Zustand untersucht. Ein neues Konzept, das spektrales Editieren

auf der Basis von Dynamik verwendet, wird eingeführt und überprüft. Kapitel 5 erweit-

ert die bisherige Strategie auf die Untersuchung von gepaarten helikalen Filamenten, die

aus einem Drei-Repeat-Konstrukt (K19) des Proteins Tau, das an der Entstehung der

Alzheimer-Krankheit beteiligt ist, hergestellt wurden.



xiv Zusammenfassung

Neuartige wassereditierte Experimente werden verwendet, um die supramoleku-

lare Anordnung der Monomere in der Fibrille zu erforschen. Ein Modell der minimalen

Struktureinheit der Fibrillen wird vorgestellt.

Kapitel 6 enthält abschließende Folgerungen, faßt die Hauptresultate dieser Ar-

beit zusammen und macht Vorschläge für die weitere Forschung. Zusätzliche Informatio-

nen zu den Kapiteln 2 bis 5 finden sich in vier Kapiteln im Anhang.



Chapter 1

General introduction

The three-dimensional structures and dynamics of proteins are among the most

valuable contribution of biophysics to the knowledge of biological systems. Such informa-

tion can explain key effector roles of proteins: enzymes, receptors, ion channels, pumps,

exchangers, or the cytoskeleton. Understanding how proteins work is not only a funda-

mental problem, but serves also as a scientific basis in the attempt to control or correct

their function. Rational drug design is extensively using ’Structure-Activity-Relationship’

(SAR) in the search of more specific and efficient medicines. Because of their large com-

plexity, proteins represent a challenging task for physical and computational structural

techniques, fueling their progress and interdisciplinarity with chemistry, biology and medi-

cine.

Since its discovery in 1946 by Bloch [1] and Purcell [2] (Nobel prize for physics

in 1952), nuclear magnetic resonance (NMR) has developed into a major spectroscopic

and imaging technique with important applications in physics, chemistry, biology and

medicine, acknowledged during the last two decades by three Nobel prizes (R. R. Ernst

1991 [3] and K. Wüthrich 2002 [4] for chemistry and P. C. Lauterbur [5] together with

P. Mansfield [6] for medicine in 2003). As a result, today NMR spectroscopy is one of
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the most important tool in structural biology besides X-ray crystallography. This is doc-

umented by the growing number of deposited structures each year [7] in the protein data

banks (PDB), or assignments in the biological magnetic resonance data bank (BMRB).

Moreover, combination of complementary methods (e.g., X-ray and NMR or EM and

NMR) is required in challenging cases [8, 9].

While the majority of the NMR structures have been obtained by liquid-state

NMR (lsNMR) on soluble proteins, solid-state NMR (ssNMR) spectroscopy can be the

method of choice for high-resolution studies of membrane proteins or protein fibrils. These

two types of samples pose problems for both lsNMR1 and X-ray because of their insoluble

nature or resistance to form crystals. Hence, only about 90 membrane proteins and less

than 10 protein fibrils structures have been deposited to date (March 2006) from a total

of 32519 PDB entries (proteins only), despite very high interest in these systems.

Figure 1.1: (a) Model of the cell membrane showing major components such as lipids and

proteins, and (b) EM micrograph of protein fibrils with details of their supramolecular arrange-

ment.

1lsNMR can study membrane proteins in lipid micelles [10, 11].

http://www.rcsb.org/pdb
http://www.bmrb.wisc.edu/
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Membrane proteins account for almost 30% of the genome of an organism,

having crucial functions (receptors, ion channels, pumps, exchangers, vesicle fusion), and

as such they represent about 50% of all pharmaceutical drug targets [12]. In addition

to normal constitutive fibrils such as collagen or myofibrils, abnormal ordered aggregates

of proteins (’amyloids’ ) have received major attention in the last years due to medical

evidence of their implication in many degenerative diseases, among the most known being

type-II diabetes, Alzheimer’s, or Parkinson’s disease [13, 14, 15].

Important advantage of ssNMR, regarding sample preparation, is the fact that

it does not require solubilization or crystallization. For example, membrane proteins can

be studied in lipid bilayers that are similar to cell membranes. Also, compared to other

structural methods with atomic (X-ray diffraction or neutron scattering [16]) or near

atomic resolution (cryo-EM [17]) that can be applied on the same systems, ssNMR is a

non-destructive technique.

Solid-state NMR spectroscopy is becoming an active method in the field of

’structural proteomics’. Advancement in hardware technology (probeheads, pulse genera-

tors) have provided the resolution and sensitivity necessary for structural characterization

of biomolecules, and very elaborate multidimensional experiments have been proposed.

However, further development is needed to find the most successful combination of ex-

periments for automating the procedures and creating a high-throughput method.

Two main directions have emerged: (i) randomly oriented samples in combi-

nation with magic angle spinning (MAS, [18]) as reviewed in [19, 20], and (ii) oriented

samples under static [21, 22] or spinning conditions [23, 24]. The scalability of the first

approach to study larger proteins is straightforward.
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From the early MAS solid-state NMR studies of selectively labeled proteins

targeting key residues [25], successful applications have been recently shown on uniformly

labeled proteins [26, 27, 28], aiming to complete 3D structure determination. Although,

these last results represent a proof of principle obtained on test cases of small-size proteins

in microcrystalline form, they serve as useful steps in developing a general methodology

applicable to uniformly labeled membrane proteins and protein fibrils.

Progress obtained so far has enabled the structural study of high-affinity com-

plexes of large membrane proteins (GPCRs) with ligands of significant medical and phar-

maceutical interest [29]. Lately, the ability to probe molecular interfaces and specific

interactions [30, 31] has also been demonstrated, with promising applications in studies

of drug-target complexes by ssNMR. Altogether, these unique merits of ssNMR have mo-

tivated and inspired the research performed in this thesis.



Chapter 2

Principles of NMR spectroscopy and

its biological applications

2.1 Fundamentals of nuclear magnetic resonance

The phenomenon of nuclear magnetic resonance [1, 2, 32] is based on the inter-

action of the nuclear spins1 situated in a constant magnetic field ( ~B0) with a periodic

magnetic field ( ~B1).

Figure 2.1: Phenomenon of nuclear magnetic resonance: Zeeman levels and NMR transitions.

1Only nuclei with non-zero spin number are detectable by NMR. For biomolecular NMR applications
1H, 13C, 15N and 31P one-half spins (I = 1/2) are the most important.
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In the case of spins 1/2, the Zeeman interaction determined by the static mag-

netic field ~B0 produces two energy levels corresponding to the spin-up |↑〉 and spin-down

|↓〉 eigenstates. Resonant transitions between these states will be induced (absorption and

stimulated emission) by a coherent oscillating field ~B1 that has the frequency2 equal to

the Larmor frequency ωL = γnB0 (γn is the nuclear gyromagnetic ratio, shortly γ ratio).

Among all nuclei, protons (1H) have the largest γ ratio, while 13C and 15N have ratios

that are 4 and 10 times smaller, respectively. 1H nuclei have also the highest natural

abundance in biomolecules. As a result, they are the most sensitive nuclei for detection

in NMR3.

Pulsed Fourier Transformed (FT) NMR spectroscopy is currently the most suc-

cessful and versatile form of NMR spectroscopy [33].

Figure 2.2: Pulsed Fourier-transformed NMR: the thermal equilibrium magnetization ~M0 is

flipped in the transverse plane by the r.f. pulse where the free precession of the transverse

magnetization ~MT around ~B0 field determines the free-induction-decay (FID) signal S(t) that,

by Fourier transformation (FT), yields the NMR spectrum S(ν) (conventionally given in δ [ppm]

scale). The longitudinal magnetization ~ML is recovered with the relaxation time T1 while the

transverse magnetization decays with the relaxation time T2 as described by the Bloch equations.

2The frequency of the periodic field falls in the radio-frequency (r.f.) range (MHz) for NMR and B1

is called the r.f. field.
3Hence, in NMR the intensity of the B0 field is usually specified by the 1H Larmor frequency (i.e. 900

MHz at 21.4 T - commercially, the highest available field at the moment).
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In FTNMR, the r.f. field is applied in pulses of defined length, amplitude, phase

and offset frequency (amplitude, phase or offset frequency can be modulated) that are

separated by periods of free evolution as defined by the pulse sequence. The classical

theory of NMR given by the phenomenological Bloch equations [34, 35] (see Figure 2.2)

describes the evolution of the total magnetization vector ~M under the influence of r.f.

and ~B0 fields and two relaxation times: T1 for longitudinal (spin-lattice) relaxation and

T2 for transverse (spin-spin) relaxation. In NMR the relaxation caused by spontaneous or

induced emission is negligibly small and the main mechanisms are the non-adiabatic (T1)

or adiabatic (T2) coupling with a thermal bath (lattice) and the loss of phase coherence

(T2) [36, 37, 38]. The full-width at half-maximum (FWHM) of the NMR line is given by

the inverse of the transverse T2 relaxation time. In solid-state NMR, the T2 relaxation

times are in general shorter than in liquid-state NMR [32] leading to broader lines and

reduced spectral resolution (see further discussions in § 2.3 and § 2.5.2).

For an ensemble of nuclear spins at thermal equilibrium (temperature T), the

Boltzmann distribution approximates well the populations of the spin eigenstates. For

nuclear magnetism, the paramagnetic contribution is most important [32] and the ther-

mal equilibrium magnetization of an ensemble of Ns nuclear spins can be calculated as

M0 = Nsγ~I(I+1)
3kBT

B0 (Curie law, ’high temperature approximation’ ). Together with in-

strument dependent parameters (e.g., quality factor of the probe coil Q) and number of

averaged scans (Nscans) this determines the signal-to-noise ratio (SNR) of NMR [39]:

SNR ∝ (Nscans)
1/2 QNs γ

5/2

(
B0

T

)3/2

T2 (2.1)

showing how sensitivity increases at high fields and low temperatures.

The classical Bloch formalism of NMR (suitable for isolated spins) does not con-

tain an adequate description of the internal spin interactions, which are the basis of the

detailed structural and dynamical information obtained from NMR. These are properly

defined in a quantum mechanical formalism (see § 2.2.2). However, the r.f. fields can be

further treated classically [32].
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2.2 Quantum mechanical description of NMR

2.2.1 Equation of motion

Generally, for diamagnetic4 molecules the nuclear degrees of freedom can be

treated separately from those of electrons and a statistical ensemble of Ns nuclear spins

in a mixed quantum state can be described by a density operator [33]:

ρ̂(t) =
Ns∑
k=1

pk

∑
i

∑
j

cki(t)c
∗
kj(t)|i〉〈j| (2.2)

where pk represents the probability that spin k is found in the state specified by the

cki complex coefficients in the orthonormal base {|i〉}. The diagonal elements ρii of the

density matrix represent populations of the pure-states |i〉, while off-diagonal terms ρij are

coherences (coherent superpositions) of |i〉 and |j〉 that can be associated with (coherent)

transitions between them.

ConsideringNs one-half nuclear spins at thermal equilibrium in the ~B0 field (along

z), the density matrix can be approximated (’high temperature approximation’ ) to:

ρ̂eq =
1

2Ns

(
1̂ +

~γnB0

kBT

Ns∑
k=1

Îz,k

)
(2.3)

where 1̂ is the identity matrix and Îz,k is the Pauli matrix for the z spin operator of spin

k.

The time evolution of the spin system under the action of a Hamiltonian Ĥ(t) is

given by the Liouville von Neumann equation of motion (not including relaxation):

d

dt
ρ̂(t) = − i

~
[Ĥ(t), ρ̂(t)] (2.4)

The formal solution for equation of motion can be written using Dyson’s time-

ordering operator T :

ρ̂(t) = T
{
e
− i

~

tR

0

Ĥ(t′) dt′
}
ρ̂(0) T

{
e

i
~

tR

0

Ĥ(t′) dt′
}

(2.5)

4Referring to the electronic magnetism - the discussions and applications presented in this thesis are

restricted to molecules without paramagnetic centers which is often the case for biomolecules.
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The expectation value of the observable operator (Â) that corresponds to the

measured physical quantity (A) is given by:

〈A〉 = Tr{ρ̂Â} (2.6)

Simple transformation rules of the product operator formalism [33] allow to cal-

culate the evolution of the density matrix (Equation 2.5) under the effect of r.f pulses or

NMR interactions. For Hamiltonians that are constant in time, exact calculations can

be perfomed. In the case of periodic Hamiltonians (often encountered in NMR), analyti-

cal methods such as average Hamiltonian theory (AHT) [40] (see Chapter 3) or Floquet

theory [41] allow to calculate the system evolution (Equation 2.5) for time steps equal

to one period. For arbitrary time-dependent Hamiltonians only numerical results can be

obtained, using simulations platforms such as GAMMA [42, 43] or SIMPSON [44].

2.2.2 NMR Interactions

Magnetic resonance experiments can be described by a simplified spin Hamil-

tonian that contains only nuclear spin operators and phenomenological constants resulting

from the reduction of the complete molecular Hamiltonian. It is common to classify the

NMR interactions as: (1) external spin interactions - the Zeeman interaction (ĤZ) with

~B0 field and the r.f. interaction (Ĥrf ) with ~B1 field , and (2) internal spin interactions -

chemical shielding (ĤCS), dipolar coupling (ĤD), scalar coupling (ĤJ) and quadrupolar

coupling (ĤQ).The total spin Hamiltonian Ĥ is obtained from:

Ĥ = ĤZ + Ĥrf + ĤCS + ĤD + ĤJ + ĤQ (2.7)

Usually, in NMR the strength of an interaction is specified in frequency units. At

high fields the strongest interaction is the Zeeman interaction in the range of 0-900 MHz,

chemical shielding (in the absence of paramagnetic centers) and dipolar couplings are in

the order of 0-100 kHz (122 kHz for 1H at 1 Å). The scalar coupling is the weakest internal

http://gamma.magnet.fsu.edu/
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interaction 0-200 Hz (for 1H, 13C, 15N in proteins), while the quadrupolar interaction (only

for I > 1/2) is the strongest internal interaction up to few MHz (not considered further).

R.f. fields comparable to the strength of internal interactions (up to 120 kHz in solid-state

NMR described in the following) can be applied, allowing to manipulate them efficiently.

Additionally, magic-angle-spinning (see § 2.3.1) enhances further these possibilities in

solid-state NMR.

Hamiltonians of the internal interactions relevant in the context of this thesis are

summarized in the table bellow, according to the definitions used in [40, 45].

Interaction Origin Hamiltonian

R.f. External r.f. field

B1 cos(ωLt+ ϕ)

Ĥrf = −B1

N∑
k=1

γk~(Îkx cosϕ+ Îky sinϕ)

Chemical shielding Electrons shielding the

nucleus

ĤCS =
N∑

k=1

γk~Îkσ̃k
~B0

Dipolar coupling Through-space (direct)

dipole-dipole

ĤD =
N∑

i<k

ÎiD̃ikÎk =

= 1
2

N∑
i<k

γiγk~
r3
ik

[1− 3 cos2 θik] (3Îiz Îkz − ÎiÎk)

Scalar coupling Through-bond (indi-

rect) electron mediated

ĤJ = 2π
N∑

i<k

ÎiJ̃ikÎk

Table 2.1: Hamiltonians of the r.f. interaction and of the internal interactions: σ̃ represents

the chemical shielding tensor, D̃ the dipolar coupling tensor and J̃ the scalar coupling tensor.

The r.f. interaction is defined in the rotating frame (i.e. the frame rotating with the Larmor

frequency around ~B0) where it is time-independent.

Conventionally, NMR measurements and calculations are made in the rotating

frame (see table) that eliminates the Zeeman interaction term (containing no structural

information).
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2.2.3 Tensor rotations

In the solid state, the NMR interactions are anisotropic (the size of the interaction

depends of the molecule orientation in the magnetic field) and often transformations

(Euler rotations) between different reference frames are necessary (§ 3.2). This task

becomes simpler when the Hamiltonians are expressed using irreducible spherical tensors

[45]:

ĤΛ =
2∑

k=0

k∑
q=−k

(−1)qÂΛ
k,qT̂

Λ
k,−q (2.8)

where ÂΛ
k,q and T̂Λ

k,−q correspond to the space and spin tensors, respectively, for the in-

teraction Λ (CS, D, Q, J). Wigner rotation matrices can be employed to perform Euler

rotations of the space coordinates:

(x, y, z)
R(α,β,γ)
−−−−−−→ (x′, y′, z′)

Â′k,q = R(α, β, γ) Âk,q R
−1(α, β, γ) =

k∑
p=−k

Âk,p D
(k)
p,q (α, β, γ) (2.9)

where D
(k)
p,q = e−ipαd

(k)
p,q(β)e−iqγ and d

(k)
p,q are the reduced Wigner elements. Definitions of

ÂΛ
k,q, T̂

Λ
k,−q, Euler angles and reduced Wigner elements are provided in Appendix A.

Equation 2.8 can be simplified if one considers that, at high fields, it is justi-

fied to retain only the secular part of the internal Hamiltonians (elements with q = 0 in

Equation 2.8 that commute with ĤZ in the laboratory frame - ’high field approximation’ )

[40, 45]. For randomly oriented samples, integration over all possible orientations has to

be performed in order to reproduce the experimental lineshapes.

Euler transformations can be performed also in the spin space to mimic the effect

of r.f. pulses. By rotating the spin coordinates of the Hamiltonians, the NMR interactions

can be expressed in the interaction frame (defined by the r.f. field) where the calculations

are simpler. The well established theory and the possibility for arbitrary spin manip-

ulations via r.f. pulse sequences or sample spinning are important advantages of NMR

spectroscopy compared to other forms of spectroscopy.
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2.3 Basic solid-state NMR techniques

Most of the experimental techniques used in solid-state NMR have been devel-

oped to achieve (1) line-narrowing, (2) signal enhancement or (3) selective recoupling of

spin interactions. Solid-state NMR is characterized by intrinsic broad lines due to the

anisotropy of NMR interactions and short T2 relaxation times. Anisotropically broadened

lineshapes affect mainly randomly oriented (sometimes called ’powder’ ) samples5 that are

also the most interesting for biological applications.

There are line-narrowing methods that average-out anisotropic interactions either

in real space (magic-angle-spinning) [46, 47] or in spin-space (Lee-Goldburg [48, 46] or

WAHUHA [40] based r.f. pulse sequences). Short T2 relaxation times and wide-lines are

particular problems for strongly coupled proton networks (’homogeneous broadening’ ), as

often encountered in organic solids. Improved resolution can be achieved either by detect-

ing rare hetero-nuclei like 13C or 15N at the cost of sensitivity, or by diluting (deuteration)

the proton bath. Techniques that increase sensitivity when detecting heteronuclei use iso-

tope labeling (13C,15N) and polarization transfer from protons. Although MAS is very

helpful in improving the resolution of solid-state NMR spectra, useful structural infor-

mation contained in the dipolar couplings or chemical shielding anisotropy (CSA) is lost

and pulse sequences that reintroduce (’recouple’ ) these interactions under MAS have been

designed (see § 2.3.3).

2.3.1 Magic angle spinning

Magic-angle-spinning (MAS), first proposed by Andrew [18] and Lowe [49], relates

to sample spinning about an axis that is inclined by an angle θ to the static magnetic

field ~B0. If θ equals 54.44◦ (’magic angle’ ) the second rank tensor interactions (k = 2 in

Equation 2.8) can be averaged out [40, 45]. The effect of MAS is evident especially in

5Single crystals or oriented samples can have sharper lines due to the presence of only one or a reduced

number, respectively, of molecular orientations.
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the case of powder samples where it can provide high resolution spectra. As a result, the

experimental study of non-soluble materials that do not crystallize (polymers, glasses) or

that are hard to crystallize (membrane proteins in their lipid environment), and hence

cannot be studied by other high-resolution methods (i.e. X-ray crystallography and liquid-

state NMR) becomes possible. When spinning the sample, all internal interactions become

time-dependent resulting in spectra that contain spinning sidebands separated by the

spinning rate ωr. If the spinning rate is larger than the anisotropy of the NMR interactions

(ωr ≥ 3 × anisotropy), these can be averaged out efficiently over the NMR time-scale.

In this regime, high-resolution solid-state NMR spectra are obtained, characterized by

vanishingly small spinning sidebands well separated from the central line.

Figure 2.3: Magic angle spinning: the rotor inclined by the magic angle (θMAS = 54.44◦) from

~B0 rotates with the ωr and leads to a narrowing of the broad powder pattern to an isotropic

line and spinning sidebands. The measured spectrum in the laboratory frame (LAB) can be

calculated through two consecutive Euler rotations of the NMR interactions from the principal

axis system (PAS) via the rotor axis system (RAS).
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Sample spinning renders the space part of the interactions periodic. Because

at high fields γB0 (MHz) >> ωr (kHz), only the secular terms must be taken in account

in the system Hamiltonian6:

ĤLAB,Λ(t) = ÂLAB,Λ
00 T̂Λ

00 + ÂLAB,Λ
10 (t)T̂Λ

10 + ÂLAB,Λ
20 (t)T̂Λ

20 (2.10)

The antisymmetric part A10 does not contribute to the spectrum in first order and

the isotropic part ALAB,Λ
00 is invariant under rotations (ALAB,Λ

00 = APAS,Λ
00 ). Hence, only

the modulation of rank 2 component ALAB,Λ
20 under MAS has to be analyzed. The space

components in the LAB frame can be obtained from the PAS diagonal tensor (molecule

dependent and assumed to be known) via two successive Euler rotations:

PAS
(α, β, γ)
−−−−−→ RAS

(ωrt, θ, 0)
−−−−−−→ LAB

ALAB,Λ
20 (t) =

2∑
q=−2

2∑
p=−2

APAS,Λ
2,p D

(2)
p,q(α, β, γ)D

(2)
q,0(ωrt, θ, 0)

(2.11)

Using the properties of the Wigner matrices and of the PAS components (A2,±1 =

0, A22 = A2,−2) Equation 2.11 can be cast into:

ALAB,Λ
20 (t) =

[
1
2
(3 cos2 β − 1)APAS,Λ

20 +
√

3
2
cos 2α sin2 βAPAS,Λ

22

]
1
2
(3 cos2 θ − 1)+

+CΛ
1 cos(ωrt) + SΛ

1 sin(ωrt) + CΛ
2 cos(2ωrt) + SΛ

2 sin(2ωrt)

(2.12)

It can be seen that for the magic angle condition (3 cos2 θ − 1 = 0) the time-

independent part of ALAB,Λ
20 vanishes, while the time-dependent part is averaged-out over

the rotor period. If the spinning speed is larger than the interaction, efficient averag-

ing over the NMR time-scale can be achieved. Thus, under fast MAS only the isotropic

part AΛ
00T

Λ
00 from Equation 2.10 survives, yielding the same Hamiltonian as in the high-

resolution liquid-state NMR. This is easily obtainable for hetero-nuclei at the available

6Equation 2.10 is written in the laboratory frame of the space part ÂΛ
k,q and the rotating frame of the

spin part T̂Λ
k,−q.
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MAS rates, while for strongly coupled protons the resolution is only partially improved.

Better results can be obtained for protons by averaging the homonuclear dipolar inter-

action in the spin space with tailored r.f. sequences (i.e. WAHUHA type [40, 50, 51],

Lee-Goldburg type [48, 52, 53], or DUMBO [54]).

2.3.2 Cross polarization

Sensitivity of 13C or 15N detection is worse compared to protons due to smaller γ

ratios, lower natural abundances and longer spin-lattice relaxation times. Cross polariza-

tion (Hartmann and Hahn [55], Pines [56]) is the main technique to increase sensitivity

by transferring magnetization from the abundant proton bath to the rare heteronuclei.

In addition, it provides a means for spectral editing and obtaining information about

spatial proximity. This scheme employs simultaneous irradiation (double-resonance) of

the protons and heteronuclei with two matched r.f. fields ω1I = ω1S (Hartmann-Hahn

condition, I abundant spins, S rare spins).

Figure 2.4: Direct cross-polarization experiment: transverse magnetization of abundant I spins

is created first by the 90◦ pulse, which is spin locked by the ω1I r.f. field. A contact with the

proton bath is established by applying an r.f. field on the rare S spins at the Hartmann-Hahn

condition ω1S = ω1I . After the contact time t the S spins are observed under r.f decoupling of

the I spins.
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In the doubly rotating frame7 the energy difference becomes equal for protons

and heteronuclei for matched r.f. fields, hence energy conserving flip-flop transitions are

possible due to the heteronuclear dipolar Hamiltonian ĤD
IS = DIS[Î+Ŝ− + Î−Ŝ+] (inter-

action frame).

Figure 2.5: Energy level diagram for an I-S spin pair: (a) in the laboratory frame, (b) in the

doubly rotating frame energy exchange during CP is possible between the two nuclei with a net

magnetization transfer from I to S.

On thermodynamic grounds a net energy (magnetization) transfer from the high

temperature proton reservoir to the low temperature rare nuclei reservoir takes place until

a thermodynamic equilibrium is reached. In a simple model (Pines [56]) the net magne-

7The frame that rotates at Larmor frequency for I spins and Larmor frequency for S spins.



2.3 Basic solid-state NMR techniques 17

tization gain (η) of the S spins in a single cross-polarization contact can be calculated:

η =
γI

γS

1

1 + ε
(2.13)

where ε = NSS(S + 1)/NII(I + 1) and NS and NI are the number of S and I spins,

respectively (due to spin-lattice relaxation the gain is higher in multiple scans).

Under MAS conditions, this simple description of CP is not valid and the match-

ing conditions are given by ω1I−ω1S = ±ωr,±2ωr where only one of the terms in Equation

2.12 is recoupled. The ±1 conditions are more efficient (’finger pattern’ ).

The above considerations are valid for rigid solids. In the case of biological

samples that exhibit a high degree of molecular mobility, cross-polarization can become

ineffective. Different strategies are discussed later (Chapter 4) to overcome these limita-

tions.

2.3.3 Recoupling techniques

As discussed, MAS provides high-resolution spectra for solid-state NMR by aver-

aging out chemical shift anisotropies and dipolar couplings. For the purpose of structure

determination, these interactions contain, however, useful information providing orienta-

tional or distance constraints [20, 57]. It is possible to recouple some of these interactions

with the aid of r.f. pulse sequences. Especially for dipolar recoupling, a lot of progress

has been made resulting in a variety of (i) homonuclear broadband (RFDR [58], RIL-

ZQT/DQT [59], HORROR [60], MELODRAMA [61], DRAMA [62], symmetry-based R

and C sequences [63]) or chemical-shift selective (rotational resonance [64], R2TR [65])

and (ii) heteronuclear (REDOR [66], TEDOR [67], symmetry-based R and C sequences

[68]) recoupling pulse sequences.

There is a common principle underlying the design of these recoupling pulse se-

quences [69]. If r.f. pulses are applied synchronized with the MAS period it is possible to

interfere with the MAS averaging effect. In the case of MAS alone, the average Hamil-

tonian over one-rotor period vanishes (H
Λ,(0)

first-order average Hamiltonian), while in
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the presence of rotor synchronized r.f. pulses a non-zero average Hamiltonian over the

sequence cycle Nτr is obtained.

Figure 2.6: Recoupling of the interaction ĤΛ: (a) averaged-out by MAS, and (b) reintroduced

by rotor synchronized r.f. pulses.

However, only a scaled interaction sCΛ (CΛ the size of the interaction when in-

tegrated over the powder orientations) is recovered and the scaling factor s is a measure

of the recoupling sequence efficiency. Due to the fact that the spin tensors (T̂Λ
kq, Equation

2.8) of each NMR interactions are different, it is possible to construct r.f. sequences that

recouple only one interaction and not the others (in zeroth order AHT). For the dipolar

interaction, double-quantum (ĤD
DQ = DIS[Î1+Î2+ + Î1+Î2+]) [59, 60, 61, 62, 63] or zero-

quantum (ĤD
ZQ = DIS[Î1+Î2− + Î1−Î2+]) [64, 58, 59] Hamiltonians can be constructed.

Applications for the CSA recoupling are presented in the Chapter 3.
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2.4 Multidimensional NMR spectroscopy

Multidimensional NMR spectroscopy [70, 71, 72, 33, 73, 74, 75] is essential for

the study of macromolecules such as proteins since it is not possible to resolve in a single

dimension all resonances even for high-resolution spectra of liquid-state NMR. Adding

new dimensions helps in disentangling the complicated protein spectra, especially when

signals of different nuclei are correlated and recorded in separate dimensions. The general

scheme of the 2D NMR spectroscopy is outlined in the Figure 2.7.

Figure 2.7: Two-dimensional NMR spectroscopy: the 2D NMR experiment consists of four

different periods: preparation (Prep), evolution (t1 - also called indirect detected dimension),

mixing (Mix) and acquisition (t2 - direct detected dimension). The evolution period is system-

atically incremented and a collection of FIDs, S(t1, t2) is recorded (a). The two-dimensional

spectrum S(ν1, ν2) is obtained by 2D FT of the S(t1, t2) (b). Phase cycling of the preparation

and mixing units selects the desired coherence transfer pathways (c).
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Preparation periods usually contain various types of excitation (90◦ pulse, CP,

INEPT, DQ, T2 filtered) and during mixing blocks different recoupling or magnetization

transfer sequences can be applied. The length of preparation and mixing units are fixed,

while the evolution time is systematically incremented. Single- (SQ), zero- (ZQ), double-

(DQ) or multiple-quantum (MQ, i.e. TQ or more) coherences can be observed in the

indirect dimension while during acquisition only SQ can be recorded. Different types of

signals such as SQ, ZQ or DQ can be selected by phase cycling the preparation and mixing

blocks [76]. Phase sensitive detection in the indirect dimensions is possible by recording

both sin and cos components of the magnetization (TPPI [77] or States [78] schemes).

For 3D or higher dimensional experiments different approaches such as non-linear

sampling schemes with projection-reconstruction of the NMR spectrum [79], Hadamard

spectroscopy [80] or G-matrix NMR [81] have been proposed to reduce the total acquisition

time. Also, single-scan schemes are developing [82] for ultrafast (ms) multidimensional

NMR spectroscopy.

2.5 Protein structure and dynamics

2.5.1 Protein structure determination

Proteins are biopolymers characterized by four structural levels [83]: (1) primary

structure given by the amino acid sequence, (2) secondary structure defined by the local

conformation of the backbone, (3) tertiary structure represented by the spatial proximity

of the secondary elements and (4) quaternary structure that specifies the packing of several

polypeptide chains.
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Figure 2.8: Structural levels of proteins: primary, secondary, tertiary and quaternary.

Assuming that sample and measured data are available, there are three main

steps [84] in the strategy of protein structure determination by NMR: (1) sequential as-

signment, (2) collection of structural constraints and (3) structure calculation (see Figure

2.9).

During sequential assignment each of the resonances in the NMR spectra are

attributed to residues from the primary sequence of the protein (see conventions in [85]

and BMRB). Assigning the resonances is the critical step in the strategy of Figure 2.9

due to limited resolution and spectral overlap. In the end, the quality of the determined

structures depends on the number of correct assignments.

http://www.bmrb.wisc.edu/
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Figure 2.9: Strategy of NMR protein structure determination and the parameters associated

with structural constraints, particularly for solid-state NMR [20, 57] which is the aim of this

thesis.

Structural constraints (e.g., angles or distances) are obtained from measured

parameters via theoretical or empirical relationships and they define in the context of

solid-state NMR: (1) the local structure (such as 13Cα and 13Cβ chemical shifts [86], see

Figure 2.10, or NHHC [30]) and (2) the global 3D fold (such as CHHC [87]). Structure

calculation uses the determined constraints together with the known covalent topology of

each residue most often in restrained molecular dynamics protocols (CNS [88], XPLOR

[89]) containing NMR specific force fields. For example, restrained potential energy used

in XPLOR is defined as a sum of covalent (first four terms) and non-covalent (the last

two terms contain NMR restrains) contribution:

Epot =
∑

bonds

kb(r − r0)
2 +

∑
angles

kθ(θ − θ0)
2 +

∑
dihedrals

kφ(1 + cos(nφ+ δ))2+

+
∑

impropers

kφ(φ− δ)2 +
∑

non−bonded

krepel(max(o, (sR)2 −R2))2+

+
∑

distance restr.

kdδ
2
d +

∑
angle restr.

kaδ
2
a

(2.14)

http://cns.csb.yale.edu/
http://xplor.csb.yale.edu/xplor/
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Starting from an extended polypeptide chain, potential energy (Equation

2.14) is minimized and the ensemble of 10-20 lowest energy conformations are selected to

represent the NMR derived protein structure. Refinement and validation of the structure

can be done iteratively [90, 91].

Figure 2.10: Elements of protein secondary structure (α-helix and β-sheet) defined by the

backbone torsion angles (φ and ψ) and empirical correlations with 13Cα and 13Cβ secondary

chemical shifts [92, 93, 86].

Liquid-state NMR has constantly developed methods since the first protein struc-

ture determination in 1985 by Wüthrich [94] and currently, a large toolbox of multidimen-

sional NMR experiments [39, 95], labeling schemes [96], automated or semi-automated

programs [84, 90, 97, 91] exist for sequential assignment and structure calculation. Pro-

teins up to 30 kDa can be routinely studied by liquid-state NMR and successful appli-
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cations have been demonstrated for proteins with molecular weights up to 100 kDa [98].

This limitation in liquid-state NMR appears due to the increase of the correlation time

(τc, see Figure 2.12) with the molecular weight (’correlation-time problem’ ) that shortens

the transverse relaxation time (T2 ∝ τc
−1) and degrades spectral resolution. The prob-

lem becomes even more apparent in the case of membrane proteins where the size of the

lipid-protein assemblies (micelles, bicelles, liposomes) can easily reach or exceed the above

limits even for small proteins.

The situation is different in solid-state NMR. Here, the proteins are often im-

mobilized on the NMR time scale. As a result, solid-state NMR is less sensitive to the

correlation-time problem and the resolution will not degrade with increasing molecular

weights. Instead it will be determined by the available MAS rate (T2 ∝ ωr
2, see Equa-

tions 2.15-2.16), the structural heterogeneity (static disorder) and the degree of spectral

overlap. In addition, fast internal dynamics (see § 2.5.2 and Chapter 4 ) may improve

resolution. Although, a routine methodology for solid-state NMR does not exist yet as in

the case of liquid-state NMR, much progress has been recently realized.

The current strategy for uniformly labeled proteins in MAS solid-state NMR re-

lies heavily on 13C (detected) and 15N nuclei, making isotope labeling mandatory [99].

The residues type are identified in (13C,13C) homonuclear correlation spectra

(SQ/SQ or DQ/SQ) based on the unique spin connectivities and distinct 13C chemical

shifts of each residue, while sequential assignment is obtained from combination of het-

eronuclear NCACX and NCOCX spectra that link neighbour residues via the common

amide 15N nucleus [62, 20] (see Figure 2.11). Sequential assignments can be probed also in

CC correlation spectra under specific, so called ’weak coupling conditions’ [100], or in NN

correlations when possible [101]. To improve resolution and obtain long range constraints

in spin diffusion [102, 103] spectra, special 13C labeling schemes have been proposed [26].

Most often, protons are used in solid-state NMR for signal enhancement via cross-

polarization as opposed to liquid-state NMR where 1H is the detect nucleus and provides

important distance constraints and assignments from NOESY experiments [104]. How-



2.5 Protein structure and dynamics 25

ever, a variety of methods have been developed to obtain more information from the

protons either by indirect detection of the 1H − 1H distances in CHHC [105, 87] (probe

3D structure) and NHHC [30] (probe secondary structure and molecular interfaces) ex-

periments, or by decoupling sequences that improve proton resolution [48, 54].

Figure 2.11: Correlation experiments for uniformly labeled proteins in MAS solid-state NMR:

(a) CC residue type (black) or sequential (dashed) assignment, intra-residue NCACX (blue)

and sequential inter-residue NCOCX (red), (b) indirect detected non-trivial 1H-1H distances in

CHHC, or (c) NHHC experiments.

MAS experiments on uniformly [13C,15N] labeled proteins in different prepara-

tions, including (1) microcrystals [106, 107, 108, 109, 27, 110], (2) proteoliposomes [111],

or (3) fibrils [112, 113] have shown that sufficient resolution can be obtained in 2D and

3D spectroscopy for the assignment of proteins up to 150 residues. In addition to MAS,

the use of oriented samples has proven to be helpful for structure determination of mem-

brane proteins reconstituted in macroscopically aligned lipid bilayers [114, 115, 22]. Here,

separated-local-fields experiments such as PISEMA [116, 117, 118] on 15N labeled mem-

brane proteins correlate 15N CSA and 15N− 1H dipolar-coupling interactions and produce

peak patterns that are diagnostic of secondary structure and orientation.
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2.5.2 Protein dynamics

One important advantage of the NMR spectroscopy over X-ray crystallography

or other types of spectroscopy is the ability to study protein dynamics over a wide range of

time-scales and motional modes [119, 120]. Dynamics consist of: (1) external (translation

and rotational diffusion) and (2) internal (local and domain reorientations) degrees of

freedom.

Figure 2.12: Protein dynamics: NMR parameters, time scales, type of motions and the asso-

ciated physical, chemical and biological events. Domain movements relevant in the context of

Chapters 4-5 are highlighted.
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Internal dynamics, highly important for protein function, are characterized by

motional time-scale (fast ps-ns, intermediate µs-ms and slow ms-s), amplitude and mode

(localized - bond vibrations, chemical group rotations, peptide-plane librations, aromatic

ring flips; or extended - random reorientation of whole domains). Different motions can

be present simultaneously in the same sample. For example integral membrane proteins

can have very different dynamics in the transmembrane domains (intermediate-time and

small-amplitude librations) as compared to the connecting loops or N and C termini (fast

and large amplitude motions).

In liquid-state NMR where fast molecular tumbling averages completely the

anisotropic interactions, protein dynamics are usually investigated through relaxation

mechanisms and one of the most employed method to fit experimental with theoretical

derived spectral density functions is the Lipari-Szabo model-free approach [121, 122].

On the other hand, in solid-state NMR the anisotropy of nuclear spin interac-

tions is only partially averaged by internal dynamics. Localized dynamics has been mostly

probed for a long time by solid-state NMR through line-shape analysis [123, 124]. How-

ever, fast movements of larger domains have been less explored. Fast and large amplitude

dynamics can scale-down or even average-out the anisotropic part of NMR interactions.

In particular, strong 1H − 1H dipolar interactions are reduced to such a degree where

protons no longer form a strongly coupled solid spin network. In this situation, their

interactions can be completely averaged-out by MAS. Hence the only relevant interac-

tions remaining are the isotropic chemical shifts and scalar couplings. CSA and dipolar

couplings will manifest only in the relaxation rates, similar to liquid-state NMR. For ex-

ample, the transverse relaxation rate for proton homonuclear dipolar coupling interaction

is given given by the relationship (’weak collision limit’ ) [45, 125]:

1

T2II

=
1

5
I(I + 1) D2

[
3J2 (0) + 5J2 (ω0I) + 2J2 (2ω0I)

]
(2.15)

where I = 1/2 is the spin number, D = µγ2
I ~/4πr3 the dipolar coupling constant (r
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distance between the spins) and J2 the spectral density functions (contribution of k = 2

terms from Equation 2.8.

Spectral density functions are a measure of the energy existing at multiples (m =

0, 1, 2) of Larmor frequency ω0I due to random molecular motion and are modulated by

the spinning rate ωr in the presence of MAS [45]:

J2(mω0I) = (−1)m 1

4π

2∑
m′=−2

[
d

(2)
mm′(β)

]2 τi
1 + (mω0I −m′ωr )2 τ 2

i

(2.16)

where d
(2)
mm′(β) are the reduced Wigner elements (β = 90◦ for T2 relaxation) and τi the (in-

ternal) correlation time of the internal motions. For rigid solids ω0Iτi >> ωrτi >> 1 while

for very flexible domains 1 >> ω0Iτi >> ωrτi (in addition for solids, always ω0Iτd >> 1,

see Figure 2.12). In the last case, internal correlation time τi and order parameter can be

calculated based on the relaxation time measurements [121, 122].

Also in the presence of large dynamics, dipolar-coupling based cross polarization

or recoupling techniques of solid-state NMR become ineffective, hence interactions that

are not averaged out by mobility such as scalar couplings have to be used for polarization

transfers (INEPT [126] or TOBSY [127]). This can be used as a powerful mechanism for

spectral editing (see § 4.3). An important advantage is the improved proton resolution,

opening the way to the use of proton dimension in multidimensional ssNMR experiments.

Results based on these principles are demonstrated for membrane proteins in Chapter 4.



Chapter 3

MAS of membrane proteins in

oriented lipid bilayers

3.1 Introduction

In addition to the tertiary (quaternary) fold, membrane proteins can be char-

acterized by their overall orientation in the lipid membrane. Both features play crucial

roles in determining the protein function and are likely to be stabilized through a com-

plex network of interactions, including hydrophobic protein residues and lipid fatty-acid

chains. Factors such as lipid composition, lipid to peptide (L/P) ratio [128], hydrophobic

mismatch or inter-facial anchoring [129] have been discovered as important modulators of

protein structure and function. Because MAS solid-state NMR has the ability to study

membrane proteins reconstituted in model (’bio-mimicking’ ) lipid membranes, it is highly

desirable to develop methods that can determine both orientation and conformation of

such systems.

Solid-state NMR has long been utilized to examine membrane protein structure

in lipid bilayers at atomic resolution, complementary to techniques such as X-ray and

neutron scattering techniques [130]. Liquid-state NMR (see, e.g. Ref. [131]) has also
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been employed to study membrane proteins solubilized in detergents or micells. While

the 3D structure of proteins can be investigated by MAS solid-state NMR in randomly

oriented samples, the study of protein orientation relative to the membrane requires sam-

ples that have a defined axis of orientation (’macroscopically uniaxially oriented samples’ ).

In particular, investigations using static, macroscopically oriented samples have become

an invaluable tool for the study of peptides and proteins interacting with phospholipid

bilayers [132, 114, 133]. Absolute orientational constraints derived from these studies

are potentially more accurate [134] in defining the protein structure than qualitatively

estimated distances [104], and have been adopted also in liquid-state NMR through the

use of residual dipolar couplings on weakly oriented proteins in liquid crystalline media

[135, 136]. As of to date, solid-state NMR studies on static oriented samples have led

to several high-resolution 3D structures of membrane-interacting short peptides such as

Gramicidin A [137], trans-membrane helixes of larger systems as the M2 channel-lining

segments of nicotinic acetylcholine and NMDA receptors [115] or, most recently, the coat

protein of fd filamentous bacteriophage particles [138].

On the other hand, MAS solid-state NMR [18] has successfully been used to

probe structural aspects in membrane proteins for a long time [139, 19, 69, 140, 141]. For

example, MAS-based solid-state NMR methods have been employed to probe individual

structural parameters such as the local backbone conformation [142, 143] and monomer-

monomer contacts [144, 145, 146] in membrane-embedded peptides, or the entire backbone

conformation of a uniformly labeled peptide ligand bound to its G-protein coupled recep-

tor [29]. In addition to the detection of local structural aspects, MAS-based methods are

available to probe the overall orientation of the peptide in the membrane, for example

by employing heteronuclear dipolar recoupling experiments under MAS [147]. Alterna-

tively, experiments that combine MAS and macroscopic sample orientation have given

additional insight into molecular structure ranging from oriented polymers [148, 149] to

protein fibers [150].



3.1 Introduction 31

Since model lipid membranes are well known to orient on solid supports un-

der appropriate hydration and temperature conditions [128], the above concepts could be

extended for the structural study of membrane peptides and proteins [151, 24]. Here, 15N,

13C or 2H NMR spectroscopy on isotope-labeled peptides has often been used to probe

molecular orientation in a membrane environment. Because of technical limitations or

due to the fact that structural parameters have been extracted from a spinning side band

analysis of anisotropic interactions [152, 153, 154], fast MAS and the concomitant gain

in spectral resolution and sensitivity could, thus far, not be exploited. Signal to noise

considerations are, however, often of critical importance and may represent a strong de-

terminant as to whether solid-state NMR based investigations of membrane proteins by

static or MAS-related experiments are feasible. Moreover, polarization transfer schemes

that can provide the basis for further structural investigations are most effective at fast

MAS rates and ultrahigh magnetic fields where signal overlap due to spinning sidebands

and line-width modulations due to unwanted recoupling effects can be minimized. Com-

pared to structural studies using statically aligned samples [155, 156, 118], MAS based

methods may offer an increase in sensitivity and better control of experimental parame-

ters such as hydration level and temperature over extended time periods. Moreover, such

techniques can be readily employed on conventional MAS probe heads.

These aspects provide a strong incentive to establish a general set of NMR exper-

iments that allows for the extraction of a variety of structural parameters of membrane

embedded peptides at the highest achievable MAS rates. In the following, I am partic-

ularly interested in incorporating the detection of macroscopic peptide orientation into

standard two-dimensional (13C/15N) assignment methods. Hence, signal dephasing due to

an orientation-dependent chemical shielding interaction or polarization transfer methods

using dipolar through-space interactions [20] can be used to encode molecular orientation

in high spectral resolution. Both types of signal modulation schemes are also sensitive to

local structural parameters such as backbone conformation or hydrogen-bonding. In the

following, I demonstrate how MAS ssNMR r.f. recoupling schemes (see § 2.3.3) can be
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combined to probe both protein structural parameters (orientation and backbone confor-

mation) in standard 1D or 2D NMR experiments.

Experimental results are shown for two types of trans-membrane peptides, Gram-

icidin A and WALP23, as examples of the two major backbone conformations found in

proteins, β-sheet and α-helix, respectively. While Gramicidin A is a channel-forming an-

tibiotic peptide naturally produced [157, 158], WALP23 represents a member of the family

of Trp-flanked peptides synthetically designed [129] to mimic α-helical trans-membrane

segments of intrinsic membrane proteins . Both peptides have been well characterized

by solid-state NMR using static, macroscopically oriented samples. Gramicidin A in-

corporates into phospholipid membranes as a right-handed β 6.5 helix [137, 159, 158].

WALP peptides have been shown to adopt an α-helical conformation in model mem-

branes [129, 160, 161, 162]. These peptides were reconstituted into model DMPC bilayers

and mechanically oriented onto thin poly-ether-ether-ketone (PEEK) films [163, 24]. Sub-

sequently the polymer films were rolled in the form of a cylinder and placed in the MAS

rotor (see Figure 3.1 (ii)).
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3.2 Theory

Average Hamiltonian theory [40] has previously been used to describe the effect of

CSA and dipolar recoupling under MAS for the case of randomly oriented samples. Using

spherical tensor notation, the spin tensor components and rank 0 space tensor elements

(such as the isotropic chemical shift) remain unchanged if one considers the problem of

a macroscopically oriented system subjected to MAS. The functional dependence of the

higher rank space tensor elements on the molecular orientation for each interaction (Λ)

can be obtained from a succession of 4 Euler transformations [164] between five different

reference frames 1:

PAS
(αΛ, βΛ, 0◦)
−−−−−−−−→ MOL

MOL
(ϕ, θ, 0◦)
−−−−−−→ MEM

MEM
(ϕR, θR, 0◦)
−−−−−−−−→ RAS

RAS
(ωRt, θMAS , 0◦)
−−−−−−−−−−−−→ LAB

(3.1)

In the principal axis system (PAS), the anisotropic interaction Λ of interest (CSA,

dipolar, quadrupolar) depends on the anisotropy δΛ and the asymmetry ηΛ and can be

represented by the following set of rank 2 spherical space tensor components [45, 20]:

APAS,Λ
20 =

√
3
2
δΛ

APAS,Λ
2±2 = 1

2
ηΛ

(3.2)

In the present analysis, δΛ refers to the anisotropic 15N chemical shielding (CSA) and the

heteronuclear (i.e. 15N−13Cα) or homonuclear (i.e. 13Cα−13Cβ) dipolar (D) interactions.

The quadrupolar interaction (i.e. 2H) has been extensively used by others [151, 161] and

1The last rotation in a frame transformation is equivalent with the first rotation of the next transfor-

mation, thus one rotation can be skipped by setting the corresponding Euler angle to 0◦.
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is beyond the aim of the current work.

Figure 3.1 summarizes the relationship between the laboratory frame (LAB, Z

axis along the static magnetic field ~B0), the rotor axis system (RAS, Z axis along the

rotor axis), the membrane frame (MEM, Z axis along the membrane normal ~n and, also

known as the sample director frame in the polymer literature [165]), the molecular frame

(MOL, Z axis along molecule symmetry axis ~a), and the principal axis system (PAS, char-

acterized by the tensor diagonal elements defined above in Equation 3.2 and the angles

αΛ and βΛ for each interaction). For example, βCSA, βD−NH, βD−NCα and βD−CαCβ are

shown in Figure 3.1 (iii). The Z axis ~a of the MOL frame can be chosen to coincide with

the molecular symmetry axis, for example in the case of an α-helix (WALP23) or β-helix

(Gramicidin A):

Figure 3.1: Reference frames used to describe the MAS experiments on oriented samples: (i)

the MAS rotor oriented at magic angle θMAS = 54.44◦ with respect to the static magnetic field

B0, (ii) the reconstituted peptides and lipid bilayers oriented onto rolled polymer films, (iii)

NMR interactions and their orientation in the peptide plane.
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The general approach of oriented samples assumes knowledge of the PAS ten-

sor elements (Equation 3.2) and their orientation in the peptide plane (i.e. the angles

αΛ and βΛ of the first transformation in Equation 3.1)2. By measuring the interactions

in the laboratory frame and using the transformations of Equation 3.1 the molecular ori-

entation of interest (i.e. the tilt θ and azimuthal ϕ angles in the second transformation

from Equation 3.1) can be recovered. The other angles present in Equation 3.1 (third

and fourth transformations) are defined by the experimental method and are known.

In explicit form, the rank 2 spherical space tensor components of each reference

frame are obtained through Euler rotations of the preceding frame components in Equa-

tion 3.1 and can be expressed using the standard set of reduced Wigner elements of rank

2 [45, 20]:

ARAS,Λ
2M =

2∑
m′=−2

AMEM,Λ
2m′ e−im′ϕRdm′M(θR)

AMEM,Λ
2n =

2∑
n′=−2

AMOL,Λ
2n′ e−in′ϕdn′n(θ)

AMOL,Λ
2l =

2∑
l′=−2

APAS,Λ
2l′ e−il′αΛdl′l(βΛ)

(3.3)

Based on Equations 3.3, the general expression of the relevant space components

in the RAS frame can be calculated from the known PAS components:

ARAS,Λ
2M =

2∑
m′=−2

2∑
n′=−2

2∑
l′=−2

APAS,Λ
2l′ e−i(l′αΛ+n′ϕ+m′ϕR)dl′n′(βΛ)dn′m′(θ)dm′M(θR) (3.4)

where M represents the possible space tensor components recoupled by the r.f. scheme,

i.e. M = ±1 or M = ±2. For symmetric tensors such as found for the dipolar coupling

(APAS,D
2±2 = 0) or for CSA tensors (i.e. 15N) with very small asymmetry parameters

(APAS,CSA
2±2 � APAS,CSA

20 ), the NMR measurements are unaffected by the angle αΛ (see

2One strong assumption is that PAS orientation and size are relatively fixed for a given residue type

in proteins with similar backbone conformations.
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Appendix B.1 for details). In general, the angle βΛ is fixed by the molecular structure

and has been investigated in a variety of model compounds3. In the case of an α-helix the

15N − 1H dipolar vector approximately coincides with the helix axis and βCSA−N angles

in the range [15◦, 20◦] are usually found4 [166], while for β-helices (such as in the case

of Gramicidin A) the 15N − 1H bonds are no longer oriented parallel to the molecular

Z axis (see Figure 3.1) hence the PAS orientations in the peptide plane frame [167] and

in the MOL frame do not coincide anymore. The signal modulation (see also Equation

B.6) is thus determined by the tilt angle θ between molecular (~a) and membrane frame

directors (~n), and the azimuthal angle ϕ that defines a rotation around the molecular

frame director (~a).

If PAS and MOL frame coincide (βΛ = 0◦), Equation 3.4 reduces to:

ARAS,Λ
2M = δΛ

√
3

2

2∑
m′=−2

d0 m′(θ)dm′M(θR)e−im′ϕR (3.5)

The angle θR describes the orientation of the membrane normal relative to the

rotor fixed axis system. Watts and coworkers [151, 153] have proposed a macroscopic

alignment for MAS using glass plates where θR = 0◦. In this case, Equation 3.5 can be

further simplified to:

ARAS,Λ
2M =

3

4
δΛ

 sin(2θ)e∓iϕR , M = ±1

sin2(θ)e∓iϕR , M = ±2
(3.6)

indicating a simple geometrical dependence of the anisotropic recoupling element on the

tilt angle θ [168]. Note that for θ = 0◦, i.e. a trans-membrane orientation, the recoupling

element vanishes for both conditions.

For the case considered in this thesis where lipid bilayers are oriented onto a

cylinder wrapped from thin PEEK [24] (θR = 90◦, see Figure 3.1 (ii)), Equation 3.5 can

3The orientation and size of the space components of dipolar interaction for two bonded nuclei is given

by the bond direction and length, while the CSA space tensor has to be measured on model compounds.
4The σzz component of 15N CSA tensor lies in the peptide plane that includes also the 15N−1H bond.
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be evaluated to:

ARAS,Λ
2M =

3

4
δΛ

 sin(2θ) cos(ϕR)± i sin2(θ) sin(2ϕR) , M = ±1

1
2

[
sin2(θ) cos(ϕR) + 3 cos2(θ)− 1∓ 2i sin(2θ)sin(ϕR)

]
, M = ±2

(3.7)

Contrary to the previous case the M = ±2 condition predicts here a signal mod-

ulation also for the trans-membrane orientation, and this will be exploited in the case of

15N CSA recoupling.

As discussed in further details in the Appendix B.1, an analytical description of

the signal intensity can be obtained by constructing the zeroth order average Hamiltonian

[40] from Equation 3.4 for a given interaction Λ and space number M. For the case of

Equations 3.4-3.7, the analytical result fully agrees with a numerical study, employing

a piece-wise constant Hamiltonian. However the complexity of analytical calculations

increase rapidly with the number of variables considered and for the general case de-

scribed by Equations 3.3 and 3.4, quantum-mechanical simulations were performed using

the GAMMA [43] software to elucidate the signal modulation under the influence of the

proposed r.f. schemes.

3.3 Numerical Simulations

Numerical simulations for the r.f. recoupling of anisotropic interactions under

MAS have been performed to study: (1) the dependence of the signal evolution as a

function of the tilt angle θ for various values of βΛ (assuming cylindrical symmetry for

the angle ϕ around the molecular director axis ~a), (2) the influence of the azimuthal

angle ϕ upon the signal and (3) compare the theoretical results to experimental data.

The angular distribution (mosaic spread) around an average molecular tilt angle θ was

approximated by a Gaussian distribution g(θ,∆) (Equation B.6) in all numerical studies.

The standard deviation ∆ was determined experimentally from a 31P spinning sideband

analysis (see Figure B.2).
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In Figure 3.2, predictions of the signal modulations due to 15N CSA and 15N −
13Cα (NC) or 13Cα − 13Cβ (CC) dipolar interactions for both M = ±1 and M = ±2

conditions are shown. In all cases, the signal was computed as a function of the molecular

tilt angle ranging from 0◦ to 90◦ in steps of ten degrees, for one (15N CSA) or two (NC,

CC dipolar) distinct values of βΛ.

Figure 3.2: Recoupling of the M = 1 and M = 2 space components for anisotropic NMR

interactions for different tilt angles θ: (a,b) 15N CSA, (c-f) 15N − 13Cα heteronuclear dipolar

interaction and (g-j) 13Cα − 13Cβ homonuclear dipolar interaction. Simulations corresponding

to unoriented (powder) samples are shown for comparison by the thick curves.
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In particular, the molecular geometry relevant for an ideal α-helix was con-

sidered with the ~a axis of MOL frame along the 15N − 1H bonds, i.e. βCSA−N = 17◦.

PAS values of the 15N CSA tensor (σxx = 57, σyy = 57, σzz = 220 in ppm) were taken

from the literature [24]. In addition, results are displayed for different orientations of the

dipolar vectors 15N − 13Cα and 13Cα − 13Cβ in the molecular frame (i.e. βD−NCα = 0◦

(c,e), βD−NCα = 65◦ (d,f), βD−CαCβ = 0◦ (g,i) and βD−CαCβ = 55◦ (h,j)) where the non-

zero values again correspond to angles typically found for an α-helical geometry. The

zero angles have been purposely chosen to illustrate the angular dependences given in

Equations 3.4-3.7. For CSA dephasing the recoupling sequences R187
2 (M = ±1) [63] and

R185
2 (M = ±2) [169] were assumed (details of the sequences are given in § 3.4 and §

3.5). Dipolar recoupling was established for NC using cross polarization (M = ±1 and

M = ±2) [55, 56, 170] and in the case of CC the DQ r.f. schemes such as POST-C7

(M = ±1, see also experiments in § 3.6) [171] or C83
1 (M = ±2) [63]. For the CSA

case (MAS = 6 kHz, Figure 3.2 (a,b)), the signal modulation represents the dephasing of

longitudinal magnetization, (i.e. σ0 = DCSA = Iz, see Equation B.6). For NC and CC

transfer, the buildup of single-quantum (SQ, σ0 = Ix and DNC = Sx) or double-quantum

(DQ, σ0 = Iz1 and DCC = Iz2) coherence, respectively, is monitored. Numerical results

for NC (MAS = 5 kHz, Figure 3.2 (c-f)) and CC dipolar recoupling (MAS = 5.5 kHz,

Figure 3.2 (g-j)) are shown. Standard one-bond distances have been considered for the

NC (1.45 Å) and CC (1.5 Å) dipolar couplings. In all simulations, a Gaussian mosaic

spread of ∆ = ±8◦ for the angle θ was assumed. Simulations assuming random (powder)

orientation are included for reference (thick line). One spin (CSA) or two spins systems

(NC, CC) were considered and the signal intensity was averaged over 277 different orien-

tations of ϕR and 209 different values of ϕ between 0◦ to 360◦ according to the method

proposed by Cheng et al. [172] (see Equation B.6). To account for the mosaic spread,

the tilt angle was linearly varied in the range [θ ± ∆] (50 orientations for ∆ = ±8◦).

For the calculation of the piecewise-constant Hamiltonian, the time step over which the

Hamiltonian was considered constant was set to 0.55 µs (5.5 kHz MAS, POST-C7) or
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0.46 µs (6 kHz MAS, R185
2) (corresponding to 1◦ of MAS rotation at the given spinning

rate). The GAMMA simulation program for R185
2 is given in Appendix B.3.

For all considered schemes, recoupling of the M = 1 components leads to a limited

sensitivity of the signal modulation to the molecular tilt angle θ. Variations in the dipolar

recoupling NC or CC signal buildup (at the M = 1 condition) are seen for a small range

of peptide orientations (θ ∈ [0◦, 30◦]) and only in the degenerate cases βD−NCα = 0◦ or

βD−CαCβ = 0◦, respectively (Figure 3.2 (c,g)). In contrast, M = 2 CSA dephasing exhibits

a desired monotonic dependence on the molecular orientation through the whole range

θ ∈ [0◦, 90◦] (Figure 3.2 (b)).

A more detailed analysis is presented in Figure 3.3, where the 15N CSA dephasing

behavior at the minimum intensity (i.e. a dephasing time of 0.55 ms for M = 2 recoupling

condition with R185
2 at 6 kHz MAS, Figure 3.2 (b)) is displayed as a function of the Euler

angles θ and βCSA−N , extending the analysis beyond the α-helix case treated before.

Figure 3.3: Plot of the minimum intensity of the 15N CSA dephasing curve (M = 2, Figure 3.2

(b)) for the entire [βCSA−N , θ] space, assuming cylindrical symmetry around the azimuthal angle

ϕ. The case of an oriented α-helix (βCSA−N = 17◦) is highlighted. The grid plane indicates

results for a powder sample.
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In agreement with Figure 3.2 (b), the signal intensity is very sensitive to

the molecular orientation for the case of an α-helix (βCSA−N = 17◦, highlighted) and in

generally this holds true for the whole range of βCSA−N ∈ [0◦, 40◦]. Interestingly, the

dephasing signal at the considered mixing time vanishes for an in-plane orientation of

the α-helix (θ = 90◦)and becomes strongly negative for a trans-membrane orientation. In

summary, when describing the influence of the tilt angle three main ranges of orientations,

[0◦, 20◦], [20◦, 70◦] and [70◦, 90◦] can be distinguished. The strongest variation for the case

of an α-helix is observed for tilt angles θ ∈ [20◦, 70◦].

Numerical simulations also permit to estimate the influence of the azimuthal

angle ϕ. In Figure 3.4, simulations assuming the CSA dephasing time of Figure 3.3 and

PAS values and orientation of an α-helix are shown for variable values of ϕ and helix tilt

angle θ.

Figure 3.4: Variation of the minimum intensity of the 15N CSA dephasing curve (M = 2, Figure

3.2 (b)) in case of an α-helix (βCSA−N = 17◦) as a function of the tilt θ and azimuthal ϕ angles,

the case of cylindrical symmetry is indicated by the bold line.
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As expected, the signal intensities vary around the average (assuming cylin-

drical symmetry, indicated in bold) value. For the considered case of CSA dephasing

(shown in Figure 3.4), but also for additional calculations referring to NC and CC trans-

fers (data not shown), deviations are most significant for helix tilt angles larger than 10◦

and will be neglected for the analysis of the experimental data presented in the following5.

The results of Figure 3.2 and Figure 3.3 suggest a possible combination of a CSA

dephasing and dipolar transfer unit in which only one of the transfer units, namely the

CSA dephasing block, is sensitive to the peptide orientation and where the dipolar trans-

fer dynamics are (for a general case of βD−NCα, βD−CαCβ ≥ 10◦) largely insensitive to the

overall molecular orientation in the membrane: Such a behavior should be expected if

one combines a CSA (M = 2) dephasing unit with dipolar NC and CC (M = 1) transfer

schemes. In the following section such a generalized scheme for the case of unoriented

tri-peptide and two membrane-embedded model peptides is exemplified.

3.4 Pulse sequences for MAS of oriented samples

In Figure 3.5 one-dimensional NMR experiments to detect anisotropic interac-

tions under MAS conditions are proposed. Anisotropic chemical shielding interactions

(CSA) are recoupled using a set of symmetry based r.f. schemes introduced by Levitt and

coworkers [63]. These, so called, R185
2 and R187

1 (for M = 2 CSA recoupling) schemes

involve multiple repetitions of rotor-synchronized R elements (180◦ pulse) with phase

switches φ = ±50◦ and φ = ±70◦, respectively [169, 173] (for a general RNν
n symmetry

sequence specified by the N, n and ν symmetry numbers, the relationship between the

MAS frequency (ωr), the amplitude (ωrf ) and the phase (φ) of the r.f. field, and the num-

ber (N) of R elements (180◦φ180◦−φ) per rotor period τr is shown in Figure 3.5 (b)). After

the initial 1H to 15N CP polarization transfer, 15N Z magnetization is created for longitu-

5In order to refine both parameters, more than one data set is necessary, i.e. several uniquely labeled

samples or one multiply (uniformly) labeled sample.
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dinal CSA recoupling, while simultaneously the 1H are decoupled. In the 0th order AHT

the only interaction that is selected by the R185
2 and R187

1 symmetries is the (scaled)

CSA, while the homonuclear dipolar couplings are averaged to zero (amide 15N − 15N

homonuclear dipolar couplings are negligible). In addition, R sequences seem to be less

sensitive to r.f. field inhomogeneity. This superior behaviour allows for a more accurate

estimation of the desired structural parameters by CSA recoupling in the presence of R

symmetry sequences than using simple spin-lock rotary resonance recoupling. To decrease

the influence of r.f. heating (mainly due to 1H decoupling) and other probehead perfor-

mance related parameters, the experiments were conducted in a constant-time manner as

indicated in Figure 3.5 (a) were Tc was set to 2 ms (in general a 1H r.f. field decoupling

of 83 kHz has been employed under continuous-wave (CW) or TPPM schemes [174]).

After CSA recoupling, the 15N magnetization is flipped back to the transverse plane for

detection and 1H are further decoupled during acquisition.

Figure 3.5: 1D 15N CSA recoupling experiment: (a) pulse sequence with time constant imple-

mentation, (b) detail of the internal parameters of the general RNν
n symmetry sequences used

for CSA recoupling, (c) 15N coherence-transfer pathways. The 1D Bruker pulse program is given

in Appendix B.4.
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The extension to 2D NMR spectroscopy is shown in Figure 3.6 where the signal

modulation after 15N CSA recoupling is followed by a t1 evolution and then transferred

to 13C to take advantage of the increased spectral dispersion and the secondary structure

information contained in 13C chemical shifts. For this purpose, 15N − 13Cα transfer can

be established under SPECIFIC CP condition [170] and magnetization can be further

relayed to 13Cβ via longitudinal mixing schemes such as spin diffusion (zero quantum,

ZQ) [103, 33] or DQ (POST-C7 [171], SPC5 [175]) . Phase cycling ensures longitudinal

mixing for both CSA and CC blocks, together with spin-temperature alternation of the

1H− 15N CP and SPECIFIC CP in order to eliminate directly excited 15N and 13C signal.

Experimentally, the 1H− 15N CP (1 ms) was established using 40 kHz (ramped 100-80%)

1H and 35 kHz 15N r.f. fields, while for the 15N − 13Cα SPECIFIC CP (3 ms), 20 kHz

15N and 15 kHz (ramped 80-100%) 13Cα r.f. fields were used. The TPPI scheme [33]

was employed for the 15N CP spin-lock field and the 90◦ pulses preceding t1 evolution to

ensure phase-sensitive detection of this dimension.

Figure 3.6: 2D 15N/13C correlation experiment to probe simultaneously the peptide orientation

(15N CSA) and backbone conformation (13C chemical shifts): (a) block diagram of the pulse

sequence, (b) coherence-transfer pathways for longitudinal mixing during CSA and CC blocks.

The 2D Bruker pulse program is given in Appendix B.4.
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First, the accuracy with which the CSA signal dephasing can be monitored

in a constant-time experiment (Figure 3.5 (a)) was investigated for a randomly oriented

sample. In Figure 3.7 (a), the 15N CSA dephasing (M = 2) curve is shown for residue Gly3

of the U-[15N,13C] labeled tripeptide Ala-Gly-Gly. Numerical simulations were scaled by

a mono-exponential relaxation function (relaxation time of 2 ms) and 15N CSA tensor

values previously obtained for AcGlyGlyNH2 [176] were used. The agreement between

simulation and experiment is good and, as indicated by the thin reference lines, signif-

icantly differs from predictions assuming a trans-membrane (θ = 0◦, green) or in plane

(θ = 90◦, blue) oriented peptide.

Figure 3.7: Experimental results on the U-[15N,13C] labeled AGG: (a) 15N CSA dephasing for

Gly3 (CSA = R185
2, 6 kHz MAS, 600 MHz 1H magnetic field) in red simulations assuming a

powder sample and comparison to trans-membrane (θ = 0◦) and in-plane (θ = 90◦) orientations,

(b) 2D 15N/13C using tCSA = 0.55 ms (R185
2), NC SPECIFIC CP (4 ms) and spin diffusion for

the CC block (5 ms). Negative signal intensities (Gly2/3) are indicated by red contour levels.
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In addition, Figure 3.7 (b) demonstrates the application of the 2D approach

to encode anisotropic 15N CSA dephasing in a standard 2D NC correlation experiment.

Again, as a control a uniformly labeled powder sample of AGG was considered. The CSA

R185
2 dephasing time was set to 0.55 ms giving rise of negative signal 15N modulations

(red contour levels) for all NH groups that are characterized by sizable 15N CSA tensor

values (i.e. Gly2 and Gly3). On the other hand, 15N nucleus such as the NH3 group

of the N terminus (i.e. Ala1), where motional averaging leads to a strong reduction of

δCSA−N (Equation 3.2), is only weakly affected by the dephasing block and hence occurs

with positive signal intensity in the 2D spectrum. After NC and CC transfer, these signal

modulations are encoded on both 13Cα and 13Cβ chemical shifts, as visible in Figure 3.2

(b). For a zero-quantum (ZQ) (13C, 13C) transfer, such as the spin diffusion transfer block

[102] utilized in Figure 3.6, 13Cα and 13Cβ resonances are characterized by the same sign

of the 2D signal amplitude. 64 t1 increments with 128 scans were recorded using a NC

transfer time of 4 ms and a SD mixing time of 5 ms.

3.5 15N CSA recoupling of Gramicidin A and WALP23

1D 15N CSA dephasing experiments (Figure 3.5) were conducted on oriented sam-

ples of U-[13C, 15N]-Ala3 labeled Gramicidin A (HCO-VGALAVVV(WL)3W-CONHCH2-

CH2OH, D-amino acids are underlined) and U-[13C, 15N]-Leu6,Ala7 labeled WALP23

(acetyl-GWW(LA)8LWWA-amide) in hydrated DMPC lipid bilayers, using the R187
1 (Fig-

ure 3.8 (a), MAS = 5 kHz) and R185
2 (Figure 3.8 (b), MAS = 6 kHz), respectively. Both

samples contained 3 mg of labeled peptide at L/P ratios of 8:1 (Gramicidin A), or 16:1

(WALP23) (for details of sample preparation see Ref. [177]). The lipid bilayer orientation

has been checked for all samples by measuring 31P spinning sidebands in the lipid liquid

crystalline phase of DMPC (40 ◦C) and compared to a Floquet MAS sideband simulation

(see Figure B.2 and GAMMA program in Appendix B.3). Gaussian mosaic spreads of

±12◦ and ±8◦ have been found for the Gramicidin A and WALP23, respectively. In order
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to maximize the signal to noise ratio (see Equation 2.1) and prevent the averaging of the

NMR interactions due to mobility at higher temperatures, experiments were performed at

-15 ◦C. A fast-freezing procedure, as described in [177], has been employed to ensure that

the lipid bilayer and the peptide orientation are preserved and to prevent the formation of

ice crystals. The MAS rotors were transferred in the pre-cooled probehead. The sample

hydration level and orientation were stable over a long period of time (as checked by 31P),

without the need of rehydration over the time frame of solid-state NMR experiments.

Gramicidin A has been shown to adopt a head to head dimer structure in DMPC

bilayers [137]. As a result, the 15N signals of both monomer units are identical in frequency

units and, for reasons of molecular symmetry, lead to analogous signal modulations in

Figure 3.8 (a). For the numerical simulations, CSA PAS tensor values (Equation 3.2) as

reported by Cross et al. [167] were used. In the case of Ala3 of Gramicidin A [167] the

15N − 1H dipolar vector is oriented 20◦ away from the β-helix axis, while the σzz axis of

the 15N CSA PAS is tilted by another 20◦ with respect to the 15N − 1H bond. Hence,

βCSA−N as given in Figure 3.1 (iii) can vary in the range of [0◦, 40◦]. Indeed, a numerical

grid search for βCSA−N ∈ [0◦, 40◦] and θ ∈ [0◦, 90◦] lead to the best fit of the experimental

data for the pair βCSA−N = 40◦ and θ = 0◦. Cylindrical symmetry for the azimuthal angle

ϕ has been assumed. All simulations included the same relaxation time as in Figure 3.7

(a) and assumed a gaussian mosaic spread (∆) of ±12◦. For each of the 15 dephasing

values shown (tCSA increment time of 88µs = 8π pulses, and constant-time Tc was fixed

at 2 ms), 1536 scans were averaged at 600 MHz 1H resonance frequency.

Good agreement between numerical results and the NMR experiment is also

observed for U-[13C, 15N]-Leu6,Ala7 labeled WALP23 sample (10 dephasing values, 1k

scans). Notably, the signal modulation is significantly more pronounced than in the pow-

der sample of AGG or in the case of Gramicidin A. Assuming an α-helix conformation

(i.e. βCSA−N = 17◦) and typical 15N CSA PAS values for alanine and leucine (15N CSA

values as given in Ref. [24]), the experimental data are best described if θ = 5◦ (∆ = ±8◦

gaussian mosaic spread was included), a value that is very close to results obtained using
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samples macroscopically oriented on glass plates [162].

Figure 3.8: 15N CSA recoupling experiments (Figure 3.5) on Gramicidin A and WALP23 in

DMPC oriented lipid bilayers: (a) 15N CSA dephasing of U-[13C, 15N]-Ala3 labeled Gramicidin A

using the R187
1 sequence (5 kHz MAS, 600 MHz 1H field), 15 dephasing values (black squares)

and simulations (βCSA−N = 40◦, θ = 0◦, ∆ = ±12◦, red line) are shown. (b) The β-helix

structure [137] of Gramicidin A in the lipid bilayer with a close-up around one of the two Ala3

residues and the relevant interactions. (c) 15N CSA dephasing of U-[13C, 15N]-Leu6,Ala7 doubly

labeled WALP23 using the R185
2 sequence (6 kHz MAS, 600 MHz 1H field). 10 dephasing

values are shown (black squares) and for comparison, simulations (βCSA−N = 17◦, θ = 5◦,

∆ = ±8◦, red line) are included. (d) The α-helical structure of WALP23 in lipid bilayer

generated within Insight II (Biosym Technologies, CA) focusing on the Leu6-Ala7 moiety and

the relevant interactions. Experiments have been done at -15 ◦C (a,c).
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In addition, the GALA approach [161] using deuterated alanine residues in

oriented bilayers leads to a helix tilt angle of 5.5◦ of WALP23 in DMPC. Within the

resolution of experiments (see also Figure 3.2 (b)), both values reported in [161, 162] are

in good agreement with the WALP23 data obtained under MAS (Figure 3.8 (c)). For

Gramicidin A (Figure 3.8 (a)) experimental data follow less the simulated curve than in

the case of WALP23. This can be related to lower symmetry of the R187
1 (one rotor pe-

riod) sequence compared to R185
2 (two rotor periods) and larger mosaic spread. However

tilt angles larger than 0◦ would make the second maximum (at TCSA−N = 1 ms) of the

simulated curve to deviate even more from the experimental points (see Figure 3.2 (b)).

In the case of doubly-labeled WALP23 peptide, a 1D 15N CSA dephasing experi-

ment is not sufficient to probe individual residues. As shown in the next section extension

to the 13C dimension and the use of the residue and conformation specific 13C chemical

shift values [92, 178, 86] allows to assign the residues and probe the local α-helical con-

formation.

3.6 Orientation and local structure of WALP23

The use of the 2D 15N/13C experiment from Figure 3.6 allows for simultaneous

determination of the orientation and local backbone structure of U-[13C, 15N]-Leu6,Ala7

labeled WALP23 reconstituted in oriented DMPC lipid bilayers. Based on simulations of

Figure 3.2 the M = 2 15N CSA recoupling condition is combined with M = 1 recoupling

of the 15N− 13Cα and 13Cα− 13Cβ dipolar interactions in order to render only one of the

interactions (i.e. 15N CSA) orientation dependent. For the 13Cα − 13Cβ magnetization

transfer the DQ POST-C7 [171] pulse sequence is employed due to superior performance

on hydrated lipid bilayer samples compared to the ZQ spin diffusion, used in the case of

dry AGG powder sample (Figure 3.7 (b)). As a consequence the double-quantum block

leads to antiphase 13Cβ resonances [59] (see Figure 3.10).
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In order to check first the validity of predictions from Figure 3.2 (h), DQ

buildups for an oriented and unoriented sample of WALP23 were compared. In Figure

3.9 (b,c) results from DQ buildups using POST-C7 sequence are shown.

Figure 3.9: 13C DQ (POST-C7 sequence [171]) solid-state NMR spectroscopy of WALP23 in

oriented DMPC lipid bilayers (5.5 kHz MAS, 600 MHz 1H field): (a) 2D 13C DQ/SQ spectrum

(DQ excitation and reconversion times were set to 0.6 ms, 48 t1 increments with 512 scans

were recorded, spinning sidebands are indicated by asterisk). (b) Comparison between the

experimental 13C DQ buildup of oriented WALP23 (13Cβ peak of Ala7 is shown) and numerical

predictions (solid line) assuming a 13Cα− 13Cβ distance of 1.5 Å, βD−CC = 55◦ and a Gaussian

spread ∆ of ±8◦. (c) 13C DQ buildup of WALP23 in randomly oriented liposomes.
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In line with the theoretical and numerical analysis, the (13Cα, 13Cβ) DQ re-

coupling for M = 1 is - within the limits of the experimental sensitivity - identical for both

preparations and indicates that the transfer dynamics are not sensitive to the macroscopic

sample orientation.

Figure 3.9 (a) shows the 2D DQ/SQ spectrum obtained on the oriented sample

and has been used to confirm 13C assignment, following the specific spin network connec-

tivity of each labeled residue Leu6 and Ala7. The 13Cα and 13Cβ chemical shifts of both

residues have been used to probe the local backbone conformation.

Calculation of secondary chemical shifts for both residues [86] indicates an α-

helical conformation. A subsequent structural analysis based on TALOS [93] predicts the

α-helical backbone torsion angles: Φ = −66.85◦ ± 6.79◦, Ψ = −41.24◦ ± 8.63◦ for Leu6

and Φ = −68.8◦ ± 15.37◦, Ψ = −18.26◦ ± 31.67◦ for Ala7 (see Figure 2.10).

As can be easily noticed, DQ spectroscopy selects only the signal of the 13C

labeled peptide while natural abundance 13C of lipids or polymer are filtered out. Fur-

thermore, experimental buildups (data not shown) of the 15N − 13Cα cross polarization

for M = 1 condition show no dependence on the orientation.

In Figure 3.10, the use of 13C encoded 15N CSA dephasing experiment (Figure

3.6) is demonstrated whenever 13C resonance assignments (obtained from Figure 3.9 (a))

are available and an additional 15N evolution dimension such as used for AGG is not

necessary (t1 = 0 in Figure 3.6) or precluded by signal to noise considerations.

In the case of U-[13C, 15N]-Leu6,Ala7 labeled WALP23, two 1D experiments for

15N CSA dephasing times of 0 ms and 0.55 ms are shown. In both cases, the application

of a DQ 13Cα − 13Cβ transfer (SPC5 DQ sequence, [175]) was used to detect 13Cβ res-

onances that are unambiguously resolved (13Cα signals of Leu6 and Ala7 overlap). For

each residue, the relative ratio of 13Cβ signals is determined by orientation dependent 15N

signal modulation, leading to similar tilt angle as previously obtained [161, 162].

http://spin.niddk.nih.gov/bax/software/TALOS/
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Figure 3.10: Structure and orientation of WALP23 in DMPC lipid bilayers: 13Cα and 13Cβ

chemical shifts are indicative of secondary structure, while signal intensities detected after 0 ms

and 0.55 ms 15N CSA dephasing times probe orientation (in Figure 3.6: t1 = 0, CSA = R185
2,

NC = SPECIFIC CP (4 ms), CC = DQ SPC5 (0.8 ms)). For each spectrum 48k scans were

recorded at -15 ◦C, 6 kHz MAS and 600 MHz 1H magnetic field.

3.7 Conclusions

A general approach to study membrane proteins in oriented lipid bilayers under

fast magic angle spinning has been introduced. The presented methods simultaneously

yield structural constraints for the local backbone conformation and the overall orienta-

tion of the polypeptide interacting with a model membrane environment. Notably, both

structural parameters can be probed separately within the same NMR scheme.



3.7 Conclusions 53

The advantages of fast MAS scheme relate to increased resolution, signal-to-

noise and possibility to work with multiply or uniformly labeled proteins as compared

to previous methods that study oriented samples at slow MAS [151]. From analysis of

spinning sidebands in the last case, proteins that are labeled to only one position can be

investigated.

Moreover, the presented NMR method can be readily extended to include tech-

niques that measure non-trivial structural constraints under MAS conditions from (1H, 1H)

transfer steps [105, 108], from monitoring the dephasing of multiple-quantum coherence

or by determining internuclear distances using chemical shift-selective transfer methods

[65, 179, 180].

The accuracy with which the molecular orientation can be detected depends on

experimental parameters such as overall sensitivity and the molecular symmetry. The

numerical analysis presented in § 3.3 suggests that the polypeptide orientation in the

membrane can be determined with an accuracy of ±10◦ throughout the entire range of

θ ∈ [0◦, 90◦].

The precision could further be improved by a combined analysis of several residues

in a multiply-labeled peptide or by incorporating structural constraints obtained from an

analysis of the dipolar 15N− 1H interactions. The same approach also permits restriction

of the number of possible solutions in cases where a cylindrical symmetry around the

azimuthal angle ϕ cannot be assumed (see Figure 3.4). In principle, 15N dephasing curves

could be individually monitored for different residues of a uniformly labeled peptide, by

performing a series of 2D 15N/13C experiments at various CSA recoupling times, as shown

in Figure 3.10.

Similar to experiments that rely on the structural analysis of 15N resonance shifts

and 15N−1H dipolar couplings in static aligned samples [155, 156, 118], the data interpre-

tation must in general include mosaic spread effects. Both static and MAS methods for

oriented samples rely on previous knowledge of the 15N CSA PAS values and orientation

relative to the peptide plane.
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The discussed concept permits structural studies using a single NMR sample

and can be probed in a standard MAS setup. Using the alignment technique proposed

by Bechinger et al. [24], oriented samples can be readily prepared and the functional

dependence of the NMR data resulting from the proposed r.f. schemes is particularly

sensitive to molecular orientations at or close to the membrane normal, a situation most

likely to occur for trans-membrane segments of ion channels, pumps, transporters or G-

protein coupled receptors.



Chapter 4

Structure and dynamics of free and

bound Phospholamban

4.1 Introduction

Phospholamban (PLN) is a 52-residue membrane protein1 that plays an impor-

tant role in regulating cardiac contractility. It is abundantly found in the membrane

of the sarcoplasmic reticulum (SR) of myocytes where it modulates the activity of the

sarco-endoplasmic reticulum Ca-ATPase (SERCA2a) in response to β-adrenergic stimuli.

Hence, it influences the kinetics of cytosolic calcium ([Ca2+]i) transients during the cardiac

cycle [181]: at submicromolar dyastolic [Ca2+]i concentrations, PLN binds to and inhibits

SERCA2a, while for micromolar systolic [Ca2+]i levels the complex dissociates and the

inhibition is relieved. Physiologically, the inhibition is two- to three-fold diminished by

the phosphorylation of Ser16 (PKA) or Thr17 (Ca2+/CAM kinase) residues of PLN in

conditions of β-adrenergic stimulation, thus enhancing the relaxation rate (lusitropic ef-

fect) and contractility (positive inotropic effect) of the cardiac muscle. The particular

1Primary sequence of human PLN: MEKVQYLTRS AIRRASTIEM PQQARQKLQN LFINFCLILI

CLLLICIIVM LL
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position of PLN at the intersection of two major signal-transduction pathways (Ca2+ and

β-adrenergic) in myocytes makes correct PLN function critical for the cardiac cycle2.

Figure 4.1: Heart function and calcium regulation: PLN is at the intersection of two major

signal transduction pathways Ca2+ (red) and β-adrenergic (blue) (modified from [181]).

In humans with a PLN-null genotype early-onset dilated cardiomyopathy has been

documented [181]. On the other hand, super-inhibitory (mutated) forms [182] or less phos-

phorylated PLN [181] are involved in hypertrophied cardiomyopathy. Hence, in these cases

controlling PLN-SERCA2a interaction is thought to be a possible treatment for heart fail-

ure and prevent myocardial remodeling.

Structural studies of the PLN-SERCA2a complex are a prerequisite for a rational

drug design. To date, no high resolution structure of SERCA-PLN has been reported.

At first, knowledge about the non-interacting partners is required. Here, I present a

new strategy developed for MAS solid-state NMR to study structure and dynamics of

free phospholamban in lipid membranes close to physiological conditions. The proposed

method can be of wider applicability in the context of membrane proteins or protein

fibrils. Finally, SERCA-bound PLN is investigated and compared to the free PLN.

2Either loss or gain of the PLN inhibitory role is able to severely impair heart function [181, 182].
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4.2 Existing models of free PLN

According to biochemical assays (i.e., SDS-PAGE), wild-type phospholamban as-

sociates through a ’leucine zipper’ into homopentamers [183, 184], believed to be the

storage form of PLN in SR membranes and alternatively proposed to form a Ca2+ chan-

nel. On the other hand, the stoichiometry of the ATPase-activity [185, 186] indicates

that monomeric form of PLN is responsible for the functional inhibition of SERCA. An

equilibrium between the storage-pentameric pool and the inhibitory-monomeric form is

supposed to exist in SR membranes. The equilibrium is influenced by many factors both

in-vivo and in-vitro. The monomeric form can be stabilized in a fully functional form

by mutating the three cysteines (Cys36, Cys41 and Cys46) into Ala36, Phe41 and Ala46

[187], resulting in the AFA-PLN mutant. To avoid the complicated situation of an in-

homogenous sample where different multimers would coexist, the AFA-PLN mutant was

selected for this study.

From the analysis of the primary sequence it was suggested [181] that PLN

is organized in three domains: (1) the cytosolic domain Ia (residues 1-20) largely hy-

drophilic and containing the phosphorylation sites, (2) the cytosolic domain Ib (residues

21-30) comprising many basic residues and (3) the highly hydrophopic transmembrane

domain II (residues 31-52) that traverses the SR membrane. To date the only existing

high-resolution structures, obtained by liquid-state NMR spectroscopy in organic solvents

[188, 189] or micelles [190], indicate the existence of two α-helical regions (residues 4-16

and 22-50) which are connected by a semiflexible β(III) turn (residues 17-21). Further-

more AFA-PLN in solution adopts an overall ’L-shape’ 3D fold with an average angle of

approximately 80◦ between the two α-helices, implying that the cytoplasmic PLN helix

would be associated with the SR membrane when free and unbound to SERCA2a. The

same ’L-shape’ has been derived [191] from ssNMR measurements of selectively labeled

PLN in oriented lipid bilayers. The last conclusion is, however, based on very limited

information (one labeled residue) and assumes rigid-body dynamics for domain Ia. On
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the other hand, mutagenesis studies [192] that do not show an α-helical pattern in the

cytoplasmic domain and biophysical measurements [193, 187] performed under more ap-

propriate lipid membrane conditions imply that PLN dynamics of domain Ia play an

important role in the functional interaction of PLN with Ca-ATPase. Evidence that

the cytoplasmic domain of PLN may indeed adopt, at least transiently, an unstructured

conformation when reconstituted in lipid membranes comes from a large number of dif-

ferent spectroscopic techniques such as FTIR on wild type PLN [194], FRET [195] or

EPR measurements of selectively spin-labeled AFA-PLN mutants [196]. Results of the

latter experiments suggest that the cytoplasmic domain of AFA-PLN exists in a dynamic

equilibrium between a moderately stable conformation (supposedly α-helical) and a sig-

nificantly populated unstructured ensemble. To answer which of the currently existing

models describe the structure of PLN, I conducted solid-state NMR experiments on uni-

formly labeled PLN in lipid bilayers.

Figure 4.2: Models for dynamics and structure of phospholamban: (A) ’L-shape’ according to

liquid-state NMR in DPC micelles, (B) two different dynamical populations for the cytoplasmic

domain probed by EPR in DOPC lipid membranes.
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4.3 Dynamics-based spectral editing

Previous solid-state NMR studies on PLN have used specifically labeled samples

to probe either local secondary structure elements under MAS [197, 198] or domain ori-

entation in static, macroscopically aligned samples [191]. PLN dynamics have also been

investigated by relaxation rates in liquid-state NMR [199] or by a lineshape analysis of

the anisotropic 2H quadrupolar interaction in solid-state NMR [200, 201].

Traditionally, solid-state NMR has been more focused on measuring dynamics at

selected sites mainly by 2H quadrupolar interaction of methyl groups [123, 124]. More

recently, the influence of dynamics on relaxation has been also exploited by including a

transverse relaxation filter in a CP experiment [202] and applied onto membrane proteins

labeled by residue-type.

Here, a general methodology for multidimensional MAS solid-state NMR on uni-

formly [13C, 15N] labeled membrane proteins reconstituted in hydrated liposomes is pro-

posed to probe structure and dynamics along the complete polypeptide sequence. The

strategy is believed to be advantageous especially in the presence of fast (ns) and large

amplitude motions.

The sample has been prepared following standard procedures for membrane pro-

tein lipid reconstitution as detailed in [111]. In particular, different L/P ratios (20:1 and

100:1) and different lipids (DMPC-D67 or 4:1 mixture of DOPC/DOPE) have been inves-

tigated. All measurements have been done in the liquid crystalline phase at temperatures

of 30 ◦C (DMPC) or 5 ◦C (DOPC/DOPE). The results are similar and in the following

those obtained for DMPC reconstitution are presented. A comparison between different

sample preparations is given in Appendix C.4.
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For the study presented in the following, two extreme cases can be imagined

that form the principle of dynamics-based spectral editing3.

Figure 4.3: Principle of dynamics-based spectral editing: (1) the fast decaying signal (blue) of

rigid protons is filtered-out during INEPT [126] and only the slow relaxing signal (red) resulting

from mobile 1H is selected → ’high-pass’ filter, while (2) during CP [55] only the signal from

rigid 1H is efficiently transfered → ’low-pass’ filter.

Dynamics are very important for 1H dipole-dipole interactions that provide the

most efficient transverse relaxation mechanism and can not be completely suppressed by

MAS for rigid solids. In the presence of fast (ns) and large amplitude motions of a protein

domain the dipolar interactions are considerably reduced while the scalar-couplings are

unaffected. When combined with MAS, the transverse relaxation times (see Equations

2.15-2.16) are improved to a value where J-coupling based INEPT [126] polarization-

transfer becomes possible and in the same time dipolar-coupling based CP [55, 56] (§

2.3.2) or recoupling methods (§ 2.3.3) of solid-state NMR are largely inefficient. On the

other hand for rigid domains in the absence of fast overall isotropic molecular tumbling,

the dipolar-couplings are preserved, allowing solid-state NMR transfers. These two mu-

tually excluding dynamical regimes provide a straightforward way for signal filtration and

spectral editing.

3In addition, an intermediate dynamic regime can exist and may be probed by a ’band-pass’ filter

that combines a 1H T2 filter with long CP such as used in [202, 113].
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In the case of PLN, direct experimental evidence of the mechanisms described

above results by comparing the 13C-detected 1D spectra obtained with different excitation

schemes, CP or INEPT, for the same sample under identical experimental conditions.

Figure 4.4: Overlay of 13C-detected 1D spectra of U-[13C, 15N] AFA-PLN in DMPC-D67 hy-

drated lipid bilayers recorded at 30 ◦C, 600 MHz 1H Larmor frequency and 11 kHz MAS with

CP (black) or INEPT (red) excitation, respectively (both spectra were processed the same way).

Different signals are obtained, and specially in the 13Cα region ([70− 45] ppm)

this is indicative of different residue types and, or backbone conformation. In addition,

natural abundance 13C signal from lipids can contribute differently in the two experi-

ments. However, the differences in the 1D experiments may result also from selection

of peptide populations with different mobility (as pointed out by EPR) that could coex-

ist for example in situations such as incorrect reconstitution of membrane protein into

liposomes or protein aggregation. In the next section it is proven how scalar-coupling

based polarization transfers and solid-state NMR recoupling methods can be combined

and applied to the same sample.
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4.4 Multidimensional experiments

A complete set of multidimensional double- and triple-channel NMR experiments

can be designed for (1) residue type identification, (2) sequential assignment and (3) long

range distance-constraints of mobile membrane protein segments under MAS solid-state

NMR conditions.

Figure 4.5: Double- and triple-channel pulse sequences for multidimensional NMR experiments

to detect mobile protein segments under MAS conditions: (a) HCC for residue type identifi-

cation, (b) HNCACB or HNCOCACB for sequential assignment, (c) HHC or HHN and (d)

HN(HH)C or HC(HH)C for long-range distance constraints. Narrow and wide black rectangles

correspond to 90◦ and 180◦ pulses, respectively. Indicated phases φi are cycled in steps of 180◦,

except for φ4 in (a) and φ5 in (b) that are cycled in steps of 90◦ (coherence transfer path-

ways are shown for 13C (a) and 1H (c)). Refocused INEPT is used to obtain in-phase signals

with the spin-echo delays given by the one bond J-couplings: δ1,3,4 = 1/(4× 1JHC,HN,NC) or

δ2 = 1/(6× 1JHC). Bruker pulse programs are given in Appendix C.1.



4.4 Multidimensional experiments 63

HCC, HNCACB and HNCOCACB experiments depicted in Figure 4.5 (a,b)

employ only ’through-bond’ couplings and combine hetero-nuclear polarization transfer

(i.e. refocused INEPT [126]) with MAS synchronized solid-state NMR sequences for

homo-nuclear mixing (i.e. TOBSY [203, 127]). The latter mixing scheme minimizes arti-

facts due to residual dipolar couplings as might result for proteins that exhibit localized

domain dynamics in the absence of overall isotropic molecular tumbling. Long-range,

’through-space’ distance constraints from HHC, HHN, HN(HH)C or HC(HH)C experi-

ments4 shown in Figure 4.5 (c,d) can be obtained via NOESY [104, 204] cross-relaxation

mediated 1H − 1H magnetization exchange. The presented pulse sequences are designed

for heteronuclei detection as opposed to proton detection in liquid-state NMR. This is

mainly due to the poor water suppression on probe-heads that are not equipped with gra-

dients, conventionally most of solid-state probe-heads being optimized for 13C detection.

Although 13C detection has lower sensitivity compared to 1H detection, a benefit could

be the increased spectral dispersion of the 13C dimension. Because of the 13C− 13C scalar

couplings, splitting of the resonances can occur, with the largest effect on the 13C’ peaks.

In special cases where water suppression or relaxation is favorable, 1H detection can be

employed.

Homo-nuclear 13C− 13C through-bond mixing without reintroduction of dipolar

couplings has been demonstrated [203, 127] for rigid rotating solids. Recent implemen-

tations [205] based on the symmetry principles have robust broad-band transfer. In

particular the P91
3 sequence [205] was selected for the TOBSY unit because it shows

good performance in the 5-10 kHz MAS regime with regard of both r.f. power deposition

(ωr.f. = 6 × ωMAS) and transfer efficiency. An INADEQUATE [206] type of transfer as

in liquid-state NMR was not successful because of unfavorable 13C relaxation times. Due

to the weak 1H dipolar interactions and the high 13C r.f. fields applied (50 kHz at 8.333

kHz MAS) proton decoupling during TOBSY is not necessary. Moreover only low-power

4Conventional notation from liquid-state NMR has been adopted, where nuclei inside brackets have

no evolution and are used only as relay nuclei.
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(10 kHz) 1H decoupling with GARP sequence [207] for the J coupling interaction was

necessary during acquisition or 15N − 13C INEPT. Most experiments have been realized

at 8.333 kHz MAS due to the easy setup and sustainable long-time power deposition on

the sample and the r.f. coil during the TOBSY unit. For MAS rates in the range 5-10 kHz

an improvement in the line-width can not be detected, although a slight improvement in

signal-to-noise ratio (≈ 5%) can be observed due to better polarization transfer efficiency

during the INEPT steps. The signal-to-noise ratio is considerably increased (≥ 50%) for

fast spinning (10 kHz) when compared to slow (1 kHz) or non-spinning conditions.

A critical issue is the specific 15N − 13C’ or 15N − 13Cα INEPT transfer. To

obtain the selective transfer, weak (10kHz) pulses are applied on resonance (ω0) for 13C’

or 13Cα. The 13C carrier is shifted (∆ω) in the middle of 13C’ − 13Cα region for the

HNCOCACB experiment while it is kept unchanged in the HNCACB experiment. In the

current implementation of the HNCACB experiment, the 13Cα signal of Glycine residues

will appear anti-phase because it is the only residue type that has a primary 13Cα. How-

ever in the HNCOCACB all signals will be in-phase because for all residue types the 13C’

are primary carbons. Also, due to additional relaxation during the 15N − 13C transfers,

less correlations might result than expected from the HCC experiment.

A last observation refers to the HHC experiment where intra-lipid crosspeaks can

result in the presence of a large lipid background and have to be distinguished from intra-

peptide transfers. However this experiment has the ability to probe either water exposure

or lipid-protein contacts. When the 1H dispersion is limited or intra-protein crosspeaks

overlap with intra-lipid ones, the experiment can be run as HN(HH)C or HC(HH)C (15N

or 13C edited NOESY in both dimensions).

Distinct molecular entities (either two dynamical PLN domains or populations

and lipids) that may contribute differently to the 1D spectra of Figure 4.4 can be in de-

tail analyzed by comparing a 2D 1H/13C-INEPT heteronuclear spectrum (scalar-coupling)

with a 2D 13C/13C-DQ/SQ homonuclear spectrum (dipolar-coupling).
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Figure 4.6: 2D spectra of U-[13C, 15N] AFA-PLN in DMPC-D67 hydrated lipid bilayers (30
◦C, 600 MHz 1H field): (a) 1H/13C-INEPT (1JCH = 155 Hz, 10 ppm 1H spectral width, 64

t1, 640 scans, 10kHz GARP decoupling, 9 kHz MAS) and (b) 13C/13C-DQ/SQ (tCP = 250 µs,

tDQexc = tDQrec = 534 µs SPC5 [175], 55 t1 incremented by 1/4 rotor period, 1360 scans, 70

kHz SPINAL64 decoupling [208], 7.5 kHZ MAS). FT: QSINE = 3.5 window function and linear

prediction. Dashed lines point to different residue types (T) or shifts for the same residues (A),

dashed boxes enclose the 13Cα regions, lipid contribution is marked as asterisk in (a).
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Residues G, S, T, Y and P that are present only in the cytoplasmic domain Ia

and have very characteristic 13C chemical shifts can be found only in the INEPT excited

spectrum (Figure 4.6 (a)), while F residues, present only in the transmembrane domain,

are obtained only in the CP-DQ excited spectrum (Figure 4.6 (b)).

Moreover, similar residue types such as A, I, L and V that are present in both

domains and can be identified in both spectra. The existence of distinct 13Cα and 13Cβ

shifts suggests different backbone conformations.

These results clearly speak in favor of a signal selection mechanism based on

mobility of two different dynamical domains within the same PLN molecule, rather than

the existence of different PLN populations.

Two other qualitative aspects in the spectra of Figure 4.6 (a,b) are also notable.

As expected, 1H line widths are largely reduced and range between 0.15 ppm and 0.35

ppm in contrast to typical featureless lines of rigid solids. This is indicative of molecular

mobility that leads to significant reduction of dipolar interactions and a concomitant in-

crease in proton T2 relaxation times. However, the single-quantum 13C line widths (0.5

- 1 ppm) are comparable in the two experiments, confirming that MAS can provide high

resolution solid-state NMR spectra for uniformly labeled 13C proteins.

Furthermore, intra-residue 13C− 13C correlations for residue-type assignment are

obtained with good resolution and dispersion in the 2D H(C)C experiment. When spectral

overlap or resolution precludes unambiguous residue-type identification, the experiment

can by be performed as a 3D HCC. Slices from a 3D HCC spectrum are presented in

Appendix C.2.
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Figure 4.7: 2D H(C)C spectrum of U-[13C, 15N] AFA-PLN in DMPC-D67 hydrated lipid bilayers

recorded at 30 ◦C and 600 MHz 1H Larmor frequency: P91
3 TOBSY for 6 ms and 50 kHz 13C

r.f. field at 8.333 kHz MAS. Only the crosspeaks (black) resulting from the 13C− 13C transfer

are indicated. Overlayed in red is shown the 2D HC spectrum obtained with refocused INEPT

(Figure 4.6 (a)). The aromatic region containing the Y8 crosspeaks is shown as an insert.

15N chemical shifts of each amino acid type can be further obtained from the

2D (H)NCACB experiment. Finally, the 2D (H)NCOCACB experiment correlates the

15N chemical shifts of each residue with the 13C chemical shifts of the preceding one. Par-

ticularly, narrow 15N line-widths (0.5 ppm) and good dispersion of the (H)NCOCACB

spectrum allow a complete sequential walk along the backbone in the cytoplasmic do-

main using only 2D spectra. Where necessary, 3D implementations are straightforward

and limited only by experimental time.
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Figure 4.8: 2D (H)NCACB and (H)NCOCACB INEPT-TOBSY spectra (30 ◦C, 800 MHz 1H

field, 8.33 kHz MAS): 1JHN = 93 Hz, 1JNC = 19 Hz, TOBSY mixing time of 6 ms and 8.5 ms

for 13Cα− 13Cβ and 13C’− 13Cα/13Cβ transfers, respectively.

Assignments for the transmembrane domain residues follow the same ap-

proach combining the 2D 13C/13C-DQ/SQ from Figure 4.6 (b) with 2D NCA and NCOCA

spectra obtained with SPECIFIC CP [170] for selective 15N − 13Cα/13C’ heteronuclear-

dipolar transfers and double-quantum 13C’ − 13Cα homonuclear dipolar transfer. Pulse

sequences are provided in Appendix C.5, including Bruker pulse program for the 2D

13C/13C-DQ/SQ experiment.
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Figure 4.9: 2D NCA (a) and NCOCA (b) dipolar-coupling based spectra recorded at 30 ◦C,

600 MHz 1H Larmor frequency and 7.5 kHz MAS. Matched r.f. fields during SPECIFIC CP

were 25 kHz (15N) and 17.5 kHz (13C) for 5 ms (NCA) or 3 ms (NCO), the 13C’− 13Cα transfer

was realized under DQ SPC5 conditions for 1.06 ms mixing time and 37.5 kHz 13C r.f. field.

The 15N line-width (1-2 ppm) in the dipolar-coupling spectra is considerable

broader than the one resulting in the scalar-coupling spectra. Conformational hetero-

geneity or interference between proton decoupling and relaxation mechanisms can be

responsible for increased line-width of 15N in the transmembrane domain. Also, for a

mainly α-helical conformation the dispersion of the 15N resonances is reduced. As a con-

sequence of both increased spectral overlap and reduced resolution some ambiguity results

for the sequential assignment of the transmembrane domain.

Through-space contacts can be probed for the cytoplasmic domain by employing

the NOESY type experiments from Figure 4.5 (c,d). In particular the existence of an

α-helical conformation can be probed in the H(H)N experiment where HN(i+1) − HN(i)

contacts are diagnostic for an α-helix. The 2D HN spectrum (15N-detected HSQC) is used

as the finger-print of a protein in liquid-state NMR. When compared to the 2D H(H)N

no crosspeaks supporting the existence of an α-helical cytoplasmic domain are found.
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Figure 4.10: Overlay of the 2D HN-INEPT (red) and H(H)N INEPT-NOESY (green) spectra of

free U-[13C, 15N] AFA-PLN in DMPC-D67 hydrated lipid bilayers (30 ◦C, 800 MHz 1H field, 8.33

kHz MAS). No crosspeaks consistent with an α-helix can be detected in the NOESY experiment

(200 ms NOESY time).

To exclude possible spectral overlap in the 2D H(H)N spectrum and to probe

different 3D folds of the cytoplasmic domain the H(H)C and (H)N(HH)C experiments

have been used. In both experiments only trivial sequential contacts are obtained that

are consistent with a highly dynamical and unstructured domain where a fixed long-range

distance does not exist. In the 2D H(H)C experiment water-exchange crosspeaks (4.75

ppm 1H) indicate that the cytoplasmic domain is located outside of the core of the lipid

membrane and water exposed.



4.4 Multidimensional experiments 71

Figure 4.11: 2D NOESY experiments: (a) H(H)C with 300 ms 1H − 1H mixing time,

(b) (H)N(HH)C (green, 200 ms NOESY time) compared with 2D (H)NCACB (blue) and

(H)NCOCACB (red). Water crosspeaks in (a) indicate water accessibility and in (b) the

(H)N(HH)C is largely similar with the (H)NCOCACB, probing only sequential contacts (italic),

as expected for an unstructured domain.
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4.5 Analysis of structure and dynamics of free PLN

The assignments obtained for AFA-PLN in DMPC-D67 lipid bilayers are sum-

marized in the table given in Appendix C.3. The 13Cα and 13Cβ chemical shifts sensi-

tive to backbone conformation [92] are used to calculate the secondary chemical shifts

(∆δ = (13Cαexp − 13Cαrc) − (13Cβexp − 13Cβrc)) as defined for solid-state NMR purpose

[86]. The ∆δ values are highly correlated with the secondary structure. In general pos-

itive deviations are found for α-helices and negative values for β-sheets. A plot of the

secondary chemical shifts along AFA-PLN backbone and comparison to the secondary

structure obtained by liquid-state NMR in DPC micelles is shown below.

Figure 4.12: Secondary chemical shifts of AFA-PLN in DMPC-D67 hydrated lipid bilayers as

obtained by solid-state NMR: red corresponds to mobile residues, blue to rigid residues, dark

and light colors to ambiguous and unambiguous assignments, respectively, dashed lines at ±1

ppm indicate cutoff values for α-helix and β-sheet. Secondary structure of AFA-PLN in DPC

micelles according to liquid-state NMR [190] is given above the plot with rectangles representing

α-helixes.



4.6 Structural model of free PLN 73

For the cytoplasmic domain Ia (residues 1-23)5, mostly small and negative sec-

ondary chemical shifts are found. This can be expected for an unstructured and highly

dynamic domain that can sample with equal probability the whole backbone conforma-

tional space. The β-sheet region of the Ramachandran plot is larger than the α-helix

region (see Figure 2.10) and on average the domain spends more time in the β-sheet con-

formation, resulting in β-sheet like chemical shifts [204]. In accord with the results of the

NOESY experiments, this clearly indicates the lack of conformation and high dynamics

for the cytoplasmic domain.

The transmembrane domain II (residues 32-54) is characterized by large and pos-

itive deviations from the random coil values which are consistent with a stable α-helix.

Interestingly, in the cytoplasmic domain Ib (residues 24-31) secondary chemical shifts

have greater dispersion, with large negative (25-28) and positive (29-31) values. Notably,

the values for the 25QARQ28 show β-sheet character in qualitative agreement to early

FTIR experiments [194]. However, direct interpretation of the secondary chemical shifts

in terms of secondary structure has to be carefully considered since two particular as-

pects of domain Ib can influence the observed values: (1) it contains many basic residues

that are likely to be positively charged at neutral pH and (2) it traverses the water-lipid

interface realized by the zwitterionic phosphocholine headgroups.

4.6 Structural model of free PLN

To construct a structural model of AFA-PLN in DMPC lipid bilayers, backbone

dihedral angles predicted by the TALOS [93] program from the measured chemical shifts

are combined with the NOESY constraints in a simulated annealing protocol of CNS

[88] version 1.1 with the PROTEIN-ALLHDG parameter file [209]. Square-well poten-

tials were employed to represent experimental constraints in the simulation (see Equation

2.14). No constraint force was applied for proton-proton distances below 5 Å, and back-

5GS residues are added to the domain numbering of [181]

http://spin.niddk.nih.gov/bax/software/TALOS/
http://cns.csb.yale.edu/
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bone torsion angle deviations from the TALOS prediction within a range given by the

prediction RMSD for both angles (’flat bottoms’ ). As starting conformation for all simu-

lations, an extended strand of AFA-PLN was generated from the amino acid sequence.

Figure 4.13: Structural model of AFA-PLN in DMPC lipid bilayers according to MAS solid-

state NMR. While the transmembrane α-helix (residues 30-53) is buried in the membrane, the

cytoplasmic N terminus (residues 1-23) exhibits a high degree of molecular disorder and is in

close contact to the aqueous environment. An ensemble of 15 lowest energy structures was

selected to represent the molecular conformation of the PLN monomer.

The structure calculation protocol consisted of three stages: (1) High-temperature

annealing in torsion angle space, in 2000 time steps of 0.015 ps at 50000 K. (2) Slow-cool

annealing in torsion angle space, in 4000 steps of 0.015 ps, and temperature reduction

from 50000 K to zero in steps of 250 K. (3) Final conjugate gradient minimization in

10 cycles of 200 steps each. Distance constraints were invoked by force constants of 300
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kcal mol−1 Å−2 during annealing, and halved for conjugate gradient minimization. Am-

biguities in the assignments of methylene and methyl protons were accounted for by sum

averaging over all possible contacts. From the TALOS analysis, a total of 28 (φ,ψ) pairs of

backbone angle constraints were included. A set of 200 structures was calculated starting

with different initial velocities. Structures with a cytoplasmic domain that penetrates the

lipid bilayer were excluded during the calculations. An ensemble of 15 structures with

the lowest energy, which are in agreement with the membrane geometry, was selected to

represent the molecular conformation of the PLN monomer. A stable transmembrane

α-helix and a highly disordered cytoplasmic domain results. The structures were aligned

along backbone atoms of residues L30 to L53. In this ensemble, no distance or angle

restraint violation of more than 0.2 Å or 2◦ occurred.

4.7 SERCA-bound PLN

Up to date no high resolution structure of PLN-SERCA complex is available.

However, SERCA function and structure have been studied in detail and the main results

are summarized in the following.

SERCA2a is a P-type ATPase [210, 211] responsible for removing 70% of my-

oplasmic calcium ([Ca2+]i). Calcium translocation across the SR membrane is realized

via an enzymatic cycle with six intermediates (see Figure 4.14 (b)). PLN is believed

to bind in the E2 conformation of SERCA [212, 213]. PLN shifts the ATPase activity

towards lower pCa values and, as a result, slows down calcium pumping. Activity test of

the sample prepared for solid-state NMR investigation shows a typical inhibition curve

(see Figure 4.14 (b)).
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Figure 4.14: Function and regulation of SERCA: left - enzymatic cycle, SERCA pumps out

70% of internal calcium [Ca2+]i, PLN is believed to bind to SERCA in E2 state; right - activity

test of the sample prepared for solid-state NMR study.

The skeletal muscle isoform of Ca-ATPase (SERCA1a) has been recently

structurally characterized by X-ray crystalography in different intermediate states [214,

215] and serves as a model for SERCA2a. According to these, SERCAs(1a,2a) are large

membrane proteins (110 kDa, approx. 1000 residues) with a complex molecular archi-

tecture organized in a transmembrane (TM) domain of 10 helices (M1-M10) and three

cytoplasmic domains: a nucleotide binding domain (N), a phosphorylation domain (P)

and an actuator domain (A). Four of the TM helixes (M2-M5) extend into the cytoplasm

to form the ’stalk’, connecting TM with A and P domains.

Calcium pumping is accompanied by major structural changes: (1) two Ca2+

binding sites are provided by residues of M4, M5, M6 and M8, the movement of helix M4

is essential during translocation, (2) the compact cytoplasmic head (N,A,P) opens upon

Ca2+ binding, domain A undergoing the largest reorientation during the cycle. A proton

(H3O
+) countertransport is postulated to take place.

The PLN transmembrane domain (II) has been cross-linked to M2 and M4, sug-

gesting a possible binding site for PLN and a mechanism for inhibition of calcium trans-

port. A similar reaction has been shown between the PLN cytoplasmic domain (Lys3)

and the N domain (Lys400) of SERCA [216]. Attempts to obtain more precise structural
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information about the complex have been made using cryo-EM [217, 218], but have failed

to identify PLN. Also, the complex has resisted crystallization efforts for X-ray. Recently,

mapping of the interaction surface has been tried through liquid-state NMR by titrat-

ing SERCA together with AFA-PLN [219]. The observed chemical shift perturbations of

the exchangeable PLN (an intermediate between unbound and bound state) have been

mapped onto an existing molecular dynamics (MD) model of the complex [213].

Figure 4.15: Model of SERCA and SERCA-PLN complex: (a) domain organization of SERCA

[210] and (b) MD model of PLN-SERCA complex (PLN orange, SERCA green) [213].

To date, MD models [212, 213] offer the only detailed picture of the PLN-SERCA

complex. In both models elongated conformations (50-60 Å) of PLN result. The first

model identifies M6 as the most important SERCA binding partner of the PLN trans-

membrane helix. The C terminal end of PLN traverses only half of the membrane and

this concurs with a narrower winding of the PLN helix between Asn27 and Ile33. The cy-
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toplasmic helix is not affected. According to the second model, bound PLN has a shorter

transmembrane helix (Leu31-Val50) that sits in a groove formed by M2, M4, M6 and M9.

The cytoplasmic helix unwinds slightly (Val4-Ile12) and is accommodated by a β-hairpin

of the N domain. The two helixes are connected through a long unstructured stretch of

residues (Arg13-Asn30).

Because ssNMR does not require crystallization or solubility, it can be em-

ployed for high-resolution structural characterization of SERCA-bound PLN. This section

presents results obtained on U-[13C, 15N] AFA-PLN reconstituted in the presence of un-

labeled SERCA1a in DOPC liposomes (molar ratio 1:1:160). The value reported [220]

for specific PLN-SERCA interaction in lipid bilayers (dissociation constant Kd ≤ 20 µM)

indicate a weaker binding as compared to similar solid-state NMR studies of high affin-

ity (Kd ≈ nM) membrane protein complexes, such as kaliotoxin (KTX) bound to KcsA

potassium channel [221] or neurotensin (NT) in complex with NTS-1 receptor [29].

First, the same approach as for the free PLN (see § 4.3) has been used to inves-

tigate internal dynamics. Recording a 2D HC INEPT spectrum in the liquid crystalline

phase of lipids (T = 5 ◦C for DOPC) revealed only lipid signals (see Figure 4.16 (a)),

indicating the fact that the cytoplasmic domain of PLN is immobilized upon SERCA

binding. Hence in the following, only experiments based on dipolar coupling polarization

transfer have been employed (see Appendix C.5). In order to profit from the increased

signal-to-noise ratio at low temperatures (see Equation 2.1), the complex has been studied

at −30 ◦C.

A comparison of 2D CC-DQ/SQ spectra between free and bound PLN shows

considerable changes for residues located mainly in domain Ib and beginning of domain

II (see Figure 4.16 (b)), the same region that is predicted by MD studies [212, 213] to be

the most affected upon binding. Unambiguous assignments of bound PLN are necessary

to distinguish between static disorder (as suggested in [213]) or an increase in α-helical

character (consistent with model from [212]) of this region. Both situations can explain

at the moment the spectrum from Figure 4.16 (b).
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Figure 4.16: Dynamics of the SERCA-bound AFA-PLN: (a) comparison of 2D HC-INEPT

spectra of SERCA-bound AFA-PLN in DOPC (red) and mixture of only (4:1) DOPC/DOPE

(blue), (b) comparison of 2D CC-DQ/SQ spectra of free AFA-PLN (black) and SERCA-bound

AFA-PLN (red, DQ with R146
2 [63] at 10 kHz MAS, 600 MHz 1H field).
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In addition, CC spin diffusion spectra reveal contribution of the cytoplasmic

residues. Specially for Thr, Ser and Pro that can be unambiguously identified, dispersion

of chemical shifts seems to indicate different conformations: extended for S18,T19-P23

region and more α-helical around T10-S12.

Figure 4.17: 2D CC spin diffusion spectrum of SERCA-bound AFA-PLN (5 ms mixing time,

11kHz MAS, 600 1H MHz). Distinct cytoplasmic residues can be identified.

Experiments that provide sequential assignment (NCACX, NCOCACX and CC

under weak recoupling conditions [110]) will offer a more detailed picture about the con-

formation of SERCA-bound PLN. Specially, experiments that probe water accessibility

(see § 5.3) could be useful to determine how much of the PLN transmembrane helix is ac-

tually embedded in the lipid membrane, as pointed by the MD model from [212]. Limited

signal to noise and resolution make data acquisition and analysis more time consuming

and tedious.
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4.8 Conclusions

Structural results obtained for the C-terminal segment of free phospholamban

corroborate earlier NMR studies in organic solvents and detergent micelles [189, 190],

although a shorter (residues 30-53) stable α-helix is detected. The helix found by ssNMR

would span correctly the thickness of the DMPC lipid bilayer, while the one indicated

by lsNMR would exceed this limit. On the other hand, results differ for the N-terminal

end (residues 1-23) where a highly flexible, water exposed and unstructured domain is

found. Here, three aspects are important to be highlighted. (1) The findings for the

cytoplasmic domain are in agreement with other biophysical [196, 195] and biochemical

[192, 222, 223] experiments, indicating important dynamics when PLN is reconstituted in

lipid bilayers. (2) A highly dynamical cytoplasmic domain can be essential for PLN func-

tional interactions with multiple partners on the relatively fast time scale required for the

tight (’beat-to-beat’ ) regulation of the cardiac cycle. As such, functional tests indicate that

mainly the transmembrane domain is responsible for SERCA inhibition [223, 224], while

the cytoplasmic domain ’fine-tunes’ this interaction. In addition, a disordered cytoplas-

mic segment Thr8-Pro21 could enhance the accessibility of the cytoplasmic 13RRAST17

sequence to enzymatic interactions and could hence facilitate phosphorylation of Ser16

and Thr17 [192, 222]. (3) Results can be largely influenced by sample preparation and

experimental conditions. Specially the L/P ratio, lipid type, lyophilization, hydration

level and temperature are responsible for the correct fold and insertion of a membrane

protein in a well formed liquid-crystalline lipid bilayer. In order to check the effect of all

these factors, different samples have been prepared as described in detail in [111] (results

are shown in Appendix C.4). The most sensitive property to various sample conditions is

expected to be the dynamics and this has been checked in a series of 2D HC INEPT ex-

periments (see Figure C.2). In particular, L/P ratios in the range 20:1 to 100:1 have been

shown to give similar results. Also, different lipid types like DMPC and DOPC/DOPE

(4:1 mixture, mimicking closest SR membranes) do not affect neither the dynamics of the
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cytoplasmic domain, nor the α-helix of the transmembrane domain. The formation of a

liquid-crystalline lipid bilayer has been probed by 31P spinning-sidebands (see Figure C.3).

The experimental conditions and sample preparation used for solid-state NMR studies are

closer to the physiological conditions than those employed in liquid-state NMR. (4) How-

ever, the existence of a further population of membrane-associated PLN containing an

α-helical cytoplasmic domain as suggested by EPR [187] cannot be ruled out at present.

In the case of a moderately stable helix that undergoes a conformational exchange on the

intermediate time scale (µs-ms) the proposed experiments might not be sensitive. Dif-

ferent experiments [202] that could be sensitive in this regime have been tried but failed

to capture such a state, possibly due to exchange broadening. Measurements at lower

temperatures can be tried to check further this possibility.

In conclusion, monitoring through-space and through-bond polarization transfer

by two complementary sets of experiments under MAS solid-state NMR conditions are

shown here to provide not only access to the study of structure and dynamics under close

to physiological conditions, but also to simplify the spectroscopic analysis. The proposed

method is likely to be applicable to larger membrane proteins (e.g. rhodopsins [225]) or

amyloid fibrils (see Chapter 5) where internal dynamics over a large time scale (ns-s) may

exist.

Preliminary studies of the PLN-SERCA complex indicate that the cytoplasmic

domain of PLN is immobilized and can be probed only by dipolar coupling based exper-

iments. A comparison between 2D CC-DQ/SQ spectra of free and SERCA-bound PLN

indicates that the most perturbed parts are domain Ib and beginning of domain II. The

observed changes can be explained either by static disorder or an increase of α-helix char-

acter. In addition, 2D CC spin diffusion spectra show that key residues of domain Ia, such

as Ser or Thr, have large chemical shift dispersion and suggest different conformations,

going from more α-helical (T10-S12) to more extended (S18,T19-P23). Further experi-

ments probing sequential assignment and hydration will allow a more detailed picture of

SERCA-bound PLN conformation.



Chapter 5

Structural model of Alzheimer’s-like

intraneuronal fibrils

5.1 Introduction

Protein tau is one of the key microtubule-associated proteins (MAP) in neurons

[226]. Apart of its physiological function, the binding to and stabilization of microtubules,

tau forms in many tauopathies [227, 228] pathological aggregates, such as neurofibrillary

tangles (NFTs) or neuropil threads (NPTs). The most prevalent1 neurodegenerative dis-

order [229] - Alzheimer’s disease (AD) - has two histological hallmarks in the brain: (1)

the intra-neuronal NFTs containing paired helical filaments (PHFs) or straight filaments

(SFs) assembled from the hyperphosphorylated tau protein [230, 231], and (2) the extra-

cellular senile plaques consisting of filaments of the Aβ-peptide [232]. The relationship

between these pathological pathways and the events that trigger them is still a matter

of debate [233, 234]. Controversy also exists on whether these protein aggregates are

responsible for the neurodegenerative process or they represent the harmless dead-end

115 million people are estimated world-wide to have AD today, and the number is predicted to increase

by three-fold in the next 50 years.
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of more aggressive oligomeric intermediates [235]. However, the clinical progression and

diagnosis of AD is highly correlated with the brain distribution of the intra-neuronal tau

PHFs (’Braak stages’ - Braak 1991, [236]). Investigating the molecular mechanisms of tau

polymerization and the structure of PHFs, hence may offer important information in the

search for inhibitory conditions or compounds preventing PHFs or oligomers formation.

As a result, degeneration of neurons in Alzheimer’s disease may be slowed down or even

reversed.

Figure 5.1: Intraneuronal pathogenic mechanisms associated with disfunction of tau protein in

Alzheimer’s Disease.

There are six tau isoforms in the human brain that are developmentally regulated

[237]. The longest isoform htau40 consists of 441 residues and contains several important

domains (see Figure 5.2 (a)) such as the four pseudo-repeats R1-R4 (each ≈ 31 aa’s long,

the second repeat R2 may be absent due to alternative splicing) which together with their

proline-rich flanking regions (P1,P2) constitute the ’microtubule binding domain’ (MBD).

At present, little is known about the molecular details of tau’s PHFs. In contrast to the

Aβ1−40 peptide, the MAP tau is a highly soluble protein largely devoid of hydrophobic

residues and contains an excess of positively charged amino acids (the same is true for K19

construct, see Figure 5.2 (a)). The lack of hydrophobic amino acids and the net charge

at physiological pH explains the ’natively unfolded’ character of soluble tau protein.
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Figure 5.2: Comparison of htau40 and K19 construct: (a) domains of htau40 (R1-R4 micro-

tubule binding repeats) and primary sequence of K19 (in red negatively- and in blue positively-

charged residues), (b) EM of PHFs from htau23 (fetal isoform of tau, missing R2) and K19.

As probed by thioflavin fluorescence, CD and FTIR measurements, in-vitro

aggregation of tau is highly accelerated by the addition of polyanions that contain an

extended negative charge (e.g. heparin, MW = 6 kDa) [238, 231] and leads to a confor-

mational switch from mostly random coil to a beta-sheet structure in regions, known as

the ’hexapeptide motifs’ [239, 240] of the second (R2) and third (R3) microtubule binding

repeats. These stretches are arranged in the form of cross-β structure [241, 239, 242]

homologous to other amyloidogenic peptides and proteins [243]. Beside the importance

of the hexapeptides it is elusive which amino acids are involved in beta structure and how

the strands are oriented.

Structural studies have been tried using several methods. EM micrographs on

full length tau filaments purified from AD brains or assembled in-vitro (see Figure 5.2

(b)) reveal a ’core’ region and a ’fuzzy coat’ [244]. X-ray powder diffraction patterns

contain the ’cross-β’ peaks indicating a core formed by β-strands perpendicular to the

fibril long axis [240]. Protease digestion studies further determined that the core of PHF

is mainly built from the microtubule binding domains. More specific information on the

PHFs fibril core packing has been limited to EPR studies using spin labels mainly within

the third repeat (residues 301-320) and residues 400-404 of the C terminus. According to

Ref. [245], these results speak in favor of increased protein dynamics for residues 400-404

and β-strands in R3 that stack parallel along the fibrils axis and are connected by inter-
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molecular hydrogen-bonds.

Significant progress has been achieved in using MAS solid-state NMR [18] to

characterize amyloid fibrils [246, 247, 112, 113]. 3D structures have been obtained for a

ten-residue peptide fragment of Transthyretin [247] and for the Aβ1−40 peptide [246] in

fibrillar form. Compared to α-synuclein, the largest amyloid protein thus far studied by

ssNMR [113], the spectroscopic study of full length tau PHFs is complicated by its size.

The length and residue composition of full htau40 sequence is challenging even

for structural characterization of tau monomers in solution by liquid-state NMR [248].

Although, attempts of studying full length tau PHFs by liquid-state NMR alone [249], or

in combination with HR-MAS [250] have been made, these did not provide 3D structural

constraints of the fibril core, identifying only residues that are relaxation broadened. For

these reasons, most structural studies have been performed on smaller constructs that

preserve the key functions of tau (e.g. microtubule binding studied in solution by lsNMR

[251, 252]) and aggregation.

For a structural investigation by ssNMR, bona-fide PHFs prepared from the three-

repeat-domain construct K19 (R1, R3 and R4 in total 99 residues, see Figure 5.2 (a)) and

displaying all the major features of PHFs purified from AD brains (see Figure 5.2 (b))

were chosen. Structure and dynamics of PHFs grown from uniformly [13C,15N] labeled

K19 in the presence of heparin (4:1 molar ratio) were studied by combination of MAS

solid-state NMR methods that permit structural analysis of immobilized proteins [20, 57]

with techniques that probe different degrees of molecular mobility (see Chapter 4, [111]).

Centrifuged PHFs were carefully washed twice with polymerization buffer to minimize

the content of free monomers and enable the observation of the flexible parts of PHFs

via experiments described in § 4.4. In order to probe first the tertiary structure of K19

monomers inside the fiber, molecular dilution was used by growing PHFs from a mixture

of labeled and unlabeled (1:10) K19. The quaternary (supramolecular) arrangement of

monomers inside PHFs has been obtained through a novel approach that can monitor

molecular topology in protein fibrils relative to a mobile aqueous environment indepen-
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dent of the molecular dilution. The experimental conditions for the spectra shown in the

following are given in the table from § D.2.

5.2 Assignment of the core and flexible domains

As described in the previous chapter (see § 4.3 and § 4.4), dipolar and scalar

coupling based experiments have been used to separate contribution of the flexible and

core parts of K19 PHFs.

Figure 5.3: Flexible vs. rigid segments of K19 PHFs: (a) 2D H(C)C INEPT-TOBSY spectrum

contains flexible residues, (b) 2D CC spin diffusion spectrum shows core residues (only crosspeaks

are assigned).



88 Structural model of Alzheimer’s-like intraneuronal fibrils

A comparison of 2D H(C)C INEPT-TOBSY and 2D CC spin diffusion spectra

indicate different residue types (see the unique A246 of the N terminus present only in

the 2D H(C)C) or different chemical shifts for the same residue type (evident for Ser,

Thr, Val, Lys, Leu, and Ile).

Further identification of the residues present in spectra of Figure 5.3 (a,b) can be

made through NC sequential assignment experiments. Again, dipolar vs. scalar coupling

transfers enable spectroscopic filtration based on internal dynamics.

Figure 5.4: Sequential assignment: scalar coupling (H)NCA (a) and (H)NCOCA (b) or dipolar

coupling based NCA (c) and NCOCX (d) spectra. Note, in (a) black contours indicate negative
13Cα peaks for glycines (the only residues with primary 13Cα), resulting from the N− Cα

INEPT.
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The through-bond correlation spectra (Figure 5.4 (a,b)) are dominated by

the flexible segments of the fibrils. The fraction of free tumbling monomers has been

sufficiently reduced by repeated washing of the pelleted fibrils. This might also indicate

that K19 PHFs are relatively stable over a long period of time. By contrast, in the case

of α-synuclein fibrils the use of such an approach has been precluded by the presence of

a large proportion of free monomers [113], either because of sample preparation or fibril

stability.

Due to sequence composition, where 5 residues (Lys, Gly, Val, Ser, Pro) consti-

tute aprox. 60% of primary structure, complete sequential assignment remains difficult.

Analysis of the above spectra has confirmed that both N and C termini are mobile (first

and last 18 residues, respectively) and have led to unambiguous assignment of 20 residues

in the flexible termini and 43 amino acids in the core region. A complete assignment table

is given in § D.1.

5.3 Secondary, tertiary and quaternary distance con-

straints

The 3D fold of the core region and supramolecular (quaternary) packing are in-

vestigated next. Constraints for the tertiary structure and the possible arrangement of

monomers in the fibril have been obtained from a novel water-edited 2D NCA experiment.

To take advantage of fibrils hydration, polarization exchange between protons of

the external hydration water and protein 1H is possible [253, 254]. The pulse sequence

and the underlying principle are shown in Figure 5.5. Thus, a 1H T2 relaxation filter [202]

selects first water protons with long transverse relaxation times (green box outside the

core region that is shown in black before and white after the filter removed the initial

magnetization). Subsequently, during a spin diffusion time, polarization transfer from
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water back to the fibril takes place (darken areas inside the circle). Finally, the signal is

detected in a 2D NCA correlation spectrum that maps the transfer at the level of protein

backbone. In the initial rate regime [202], the resulting buildups are sensitive to the

distance between a given protein spin in the interior of the molecular complex and the

surrounding H2O environment.

Figure 5.5: Pulse sequence of the water edited NCA experiment: a 1H T2 filter and 1H − 1H

spin diffusion time precede the NCA SPECIFIC CP [170] (180◦ and 90◦ pulses are shown as

wide and narrow rectangles). Phase cycle: φ1 and φ4 are cycled in steps of 90◦, φ2 and φ3

in steps of 180◦ and φrec = φ4 + φ3 − φ2 + 2φ1. The working principle is depicted above (see

also [113]) and coherence transfer pathways for 1H are shown below the sequence (Bruker pulse

program is given in Appendix D.5).

Comparison of the water edited and conventional NCA spectra indicates that the

fibril core is largely devoid of mobile water and residues in the third repeat R3 are water
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protected. As discussed in the next section, this protection is consistent with a minimal

structural unit of the fibril core represented by an antiparallel dimer formed by lateral

assembly of two monomers along the third repeat (see Figure 5.8 and Figure 5.9 (a,b)).

In addition, intramolecular contacts have been probed by indirect detected 1H−
1H distances in CHHC (sensitive to the 3D fold [87]) and NHHC (diagnostic for β-strands

[30]) experiments. The CHHC spectrum is consistent with a fold back (’β-hairpin’ like)

of the R4 repeat onto the R3 repeat.

Figure 5.6: Secondary, tertiary and quaternary distance constraints for the PHF core: (a) 2D

NHHC, (b) 2D CHHC, and (c) 2D water-edited NCA.

Details of Figure 5.6 (a-c) are as following: in (a) the NHHC spectrum is com-

pared with intraresidue NiCαi (blue) or sequential interresidue Ni+1Cαi (green) correla-

tions that are predicted for H-H distances present in β-strands (see next section) and using

the assignments given § D.1, in (b) R3-R4 inter-strand (unambiguous T319Cγ-K340Cε or

ambiguous K317Cδ-L344Cδ) or i−(i+2) R3 intra-strand (K311Cδ-V313Cγ and V313Cβ-

L315Cδ) contacts are indicated, and in (c) the comparison between water-edited (green)

and conventional (blue) NCA spectra. More discussions are made in § 5.4 and § 5.5.
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5.4 Minimal structural unit of K19 PHFs

A summary of all structural constraints resulting from ssNMR spectra of Figure

5.3 (a,b), Figure 5.4 (a-d) and Figure 5.6 (a-c) is given in the figure below (b-e).

Figure 5.7: Structural constraints: (a) K19 primary sequence and arrows indicating protease

digestion sites, (b) secondary chemical shifts [86], diagnostic of the secondary structure (red and

blue indicate flexible and rigid residues, respectively), (c) beta-strands consistent with the NHHC

(blue stretches), (d) water protected (blue) or exposed regions (green), and (e) tertiary contacts

consistent with CHHC (green - unambiguously assigned peaks, yellow - peaks overlapped by

intra-residue contribution, crosses - missing peaks or close to the diagonal).
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As defined in [86, 92], secondary chemical shifts of the core region (blue bars

in Figure 5.7 (b))2 indicate three main β-strand regions: (1) the short stretch 262-267

(abbreviated βR1) at the end of first repeat, (2) residues 306-328 that form βR3 in third

repeat and (3) the segment 336-354 that constitute βR4 in fourth repeat. Secondary

chemical shifts of the mobile N and C termini show mostly random coil character, with

a slight α-helical propensity for residues closer to the core (252-258 and 358-363, respec-

tively).

In addition, as indicated in Figure 5.7 (c) the β-strands are confirmed by short

H
(i+1)
N − H

(i)
α distances (< 2.7 Å) that are probed indirectly in the NHHC spectrum (Fig-

ure 5.6 (a)) under experimental conditions such as given in Appendix D.2. Note that βR3

contains the hexapeptide motif 306VQIVYK311 identified previously [239]. These strands

also contain residues V306-L315 and Q336-D345 that exhibited a nascent β-structure in

soluble K19 monomers [252]. Notably, a similar correlation between K19 monomers and

PHFs cannot be obtained for βR1 and is not seen for the remaining segments of R3 and

R4. Furthermore, the connecting segments βR1-βR3 and βR3-βR4 consist of PGGGX

motifs that exhibit ssNMR data typically found for protein loops or turns.

The water-edited NCA experiment indicates that within the core only βR3 is

water protected. Additionally, dynamic experiments probe that the flexible N and C

termini are hydrated (see Figure 5.7 (d)). While βR4 is similar in length to βR3 and

can shield it from the outside, βR1 is significantly shorter than βR3. Hence, a molecular

arrangement where βR3 is entirely water protected by intramonomer rigid segments is

not possible. Instead, complete protection of βR3 can be achieved if two K19 monomer

units constitute to the fibril core. As indicated in Figure 5.8 water protection of βR3 can

then be realized by a β-hairpin like fold of the βR3-βR4 within one monomer unit and,

at the same time, the presence of a second K19 unit juxtaposed to the first one.

The validity of these conclusions were further tested by a CHHC correlation ex-

periment that indirectly records proton-proton contacts relevant for the 3D fold of K19

2Only values exceeding the natural line width i.e. |∆δ| > 1 ppm are considered significant.
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monomers. Contacts indicated in Figure 5.7 (e) are consistent with the fold back of βR4

on βR3. Moreover, the βR3-βR4 hairpin fold would also suggest the formation of intra-

monomer salt bridges K311-D348, K317-E342, and K321-E342 (see Figure 5.8).

Based on the solid-state NMR restraints presented above, the minimal structural

unit for K19 PHFs is proposed to be formed by K19 antiparallel dimers that are stacked

on top of each other along the fibril long axis. A dimer model mapped on the primary se-

quence of K19 is shown below. Reasons for antiparallel arrangement are further discussed

in the next section.

Figure 5.8: Minimal structural unit of K19 PHFs that fulfills solid-state NMR constraints of

Figure 5.7 is represented by an antiparallel dimer (dashed lines indicate possible salt-bridges

(black) or H-H contacts (green) observed in CHHC spectrum of Figure 5.6 (b)). Colored residues:

positively- (blue), negatively-charged (red) and hydrophobic (green). Arrows indicate protease

digestion sites and asterisks mark phosphorylation positions.
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5.5 Structural model

A three-dimensional structural model of K19 PHFs in agreement with the exper-

imental findings, as outlined in Figure 5.8, was generated using CNS (Brunger, [88]), and

visualized in PyMol (DeLano Scientific, CA [255]).

A simulated annealing protocol using torsion angle and Cartesian dynamics was

employed to obtain the desired fibril arrangement. (1) Parallel β-sheets derived from

secondary chemical shift analysis were modeled using idealized backbone torsion angles

and by hydrogen bond restraints according to: (i) square-well potentials were defined

around Φ = 114◦ and Ψ = −119◦, and allowing for a variation of ±30◦ without penalty

to the energy target function, (ii) hydrogen bonds were enforced by restraints represent-

ing an attractive force between H-O pairs for distances exceeding 2 Å, and a repulsive

force for backbone N-C distances below 3.9 Å, favoring planarity. (2) Salt bridges as

indicated in Figure 5.8 were implemented by attractive potentials for Nζ −Oε distances

above 2.8 Å. Additionally, a distance constraint was set between between T319−Oγ1

and K340− Hζ, in line with a possible hydrogen bond. One of the salt bridges E264-K331’

(inter-monomer) and a restraint of 5 Å between Cα of G304 and I354 (intra-monomer)

places the N-terminal βR1-strand near the terminal ends of the core, which it can shield

from water.

Additional backbone restraints (such as inter-strand Cα − Cα distances) were

used to connect the monomer units to a dimer, stabilize the monomer fold, and constrain

loop mobility in this finite model of three layers.

Electrostatic interactions were not included explicitly at this level of molecular

modeling. The final structural model shown in Figure 5.9 was chosen from an ensemble

of annealed conformations according to minimum overall energy (Equation 2.14).

http://cns.csb.yale.edu/
http://pymol.sourceforge.net/
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Figure 5.9: Structural model of K19 PHFs consistent with solid-state NMR data. Three dimer

layers are shown along the fibril long axis: (a) ’fuzzy coat’ and ’core’ region (residue colors as in

Figure 5.8), (b) zoom on the core region indicating hydration in colors (green - water exposed,

blue - water protected).
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Several merits and limitations of the model have to be highlighted. Inside the

monomer favorable charge compensation is achieved, with the excess of positively charged

residues located in βR4 pointing toward the exterior (see Figure 5.9 (a)). Existence of

salt bridges seems to be indicated by two resolved side-chain Nζ resonances of lysines

(data not shown, selectively labeled variants of K19 may unambiguously prove this). Ex-

cess of positive charges on the exterior surface of the monomer can be compensated by

polyanions that promote in-vitro fibrilization (in-vivo this role might be played by the

hyperphosphorilation).

The antiparallel arrangement of the monomers within one fibril layer is necessary

in order to protect with the short βR1 strands the βR3-βR4 hairpin interstrand spaces

from water access. In addition, clashes of negatively charged residues such as D314 of βR3

strands are avoided. Antiparallel K19 dimers are also suggested by previous biological

experiments [256] with antibodies targeting monomer termini.

In the model presented in Figure 5.9 parallel β-sheets along the fibril axis are

considered. Although antiparallel β-sheets can not be excluded only from the data ob-

tained on molecular diluted PHFs, parallel stacking would favor formation of βR1 sheets

and a tighter packing of the core. An undiluted PHF sample would allow to distinguish

between antiparallel and parallel β-sheets due to different contacts present in the CHHC

spectrum.

The self-consistency of the model has been checked by two independent methods.

First, the experimental observed chemical shifts 13Cα and 13Cβ of the core have been com-

pared to the values predicted by ShiftX [257], using the 3D structures from Figure 5.9 (b).

As shown in Appendix D.3, good agreement is found for the regions of defined secondary

structure (i.e. βR1, βR3 and βR4), particularly for those involved in the hairpin fold

(βR3 and βR4). Second, the complete CHHC spectrum has been compared to prediction

of intra-monomer 1H − 1H contacts below 3.5 Å. Long-range 3D contacts that are well

separated from intra-residue contribution can be identified (see Figure D.2). However,

for several predictions the experimental crosspeaks are missing. Explanation relates to

http://redpoll.pharmacy.ualberta.ca/shiftx/
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the fact that these correspond to residues located in the loops (PGGGX motifs) or βR1

strand that might have a less defined conformation compared to the hairpin fold formed

by βR3 and βR4. The same observation can be made with respect to NHHC spectrum

of Figure 5.6 (a).

The structural model of K19 fibrils, not only explains all ssNMR data obtained

so far, but is also consistent with the cross-β structural motif established by X-ray dif-

fraction, mass-per-length (MPL) and fibril dimensions from scanning transmission EM

(STEM) and the protease digestion sites. According to STEM the MPL of tau fibrils is

appprox. 4 molecules per nm in agreement with two cross-β dimers. The cross-sectional

diameter of PHFs is approx. 10 nm that can be accounted by the length of βR3 sheet

and the two ’capping’ βR1 sheets at each of its ends. Protease digestion sites are located

outside the βR3 strand, and the enzymatic kinetics at each site is consistent with the pres-

ence of structural elements such as βR1 and salt bridges between βR3 and βR4. Finally,

the ssNMR data do not support structural models in which K19 fibrils build water-filled

nanotubes [258] or that have been proposed based on a simplified interpretation of EPR

measurements [245].
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5.6 Conclusions

The ssNMR study suggests that the minimal structural unit of K19 filaments

comprises K19 dimers. While N and C termini of K19 monomers are highly dynamic and

solvent exposed, the rigid core consists of three β-strands (βR1, βR3 and βR4). βR3

and βR4 are arranged in a hairpin-like fold that is covered (’capped’ ) by βR1 at each of

its ends. The core dimensions found by ssNMR corroborate well with EM measurements

and protease digestion studies.

The model sheds light also on the mechanisms of fibril formation and may guide

the search for drugs that inhibit or dissolve the fibrils. Electrostatic interactions play a

central role in stabilizing the hairpin arrangement of βR3 and βR4 inside the monomer

with the key residues K311-D348, K317-E342, and K321-E342 being involved in salt-

bridges.

Extrapolating the results found on K19, the mechanisms of PHFs formation by

protein tau in AD seem to vary considerably from the common theme of aggregation of

proteins such as Aβ [246], PrP [259] and α-synuclein [260] where hydrophobic sequences

play the dominant role.

Fibril polymorphism and stability are other important properties that have been

previously found [261, 262, 113] and are possibly associated with pathogenity. The ssNMR

data obtained so far on K19 PHFs differ also in this respect. The same fibril structure can

be repeatedly obtained (three samples have been compared) and no detectable monomer

fraction has been observed for a considerable period of time (six months), indicating good

fibril stability.
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Further studies on an undiluted sample could distinguish between the parallel

or antiparallel arrangement of the β-sheets. Salt bridge contacts could be unambiguously

proven by selectively labeling the residues involved or mutations.

In addition, drug induced fibril dissociation, oligomer and fibril formation (in-

hibition) and their possible association with lipid membranes can be investigated. These

aspects may be relevant for pathogenic pathways involved in Alzheimer’s Disease.



Chapter 6

Summary and outlook

The aim of this thesis was to develop multidimensional high-resolution experi-

ments that can be incorporated in a general strategy for 3D structure determination of

uniformly labeled membrane proteins or fibrils by MAS solid-state NMR spectroscopy.

In particular, molecule orientation, dynamics and hydration have been investigated. The

main results of Chapters 3-5 are summarized in the following and possible future studies

proposed.

In Chapter 3, a method that can simultaneously probe orientation and 3D fold

of membrane proteins in aligned lipid bilayers was described. Recoupling of anisotropic

interactions, such as dipolar couplings (heteronuclear NC or homonuclear CC) and 15N

CSA at high MAS were first investigated by theoretical analysis (§ 3.2) and numerical

simulations (§ 3.3). These indicated that, in particular, the M = 2 recoupling condition of

15N CSA is sensitive to the tilt angle of membrane embedded α-helices. This was further

used in 1D experiments on Gramicidin A and WALP23 oriented in DMPC bilayers (§

3.5) to determine their orientation in membranes. Extension to multidimensional pulse

sequences was shown in § 3.6. 15N CSA is recoupled (M = 2) before t1 evolution and

modulates the signal intensity in a 2D NC correlation experiment. Hence, in addition to
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assignments and structural constraints that are usually obtained, orientation of membrane

protein can be probed. In comparison to previous solid-state NMR experiments designed

for slow MAS conditions, the method developed here can be employed for membrane

proteins where specific residues are labeled, as well for uniformly labeled samples. In

addition, increased resolution and signal-to-noise ratio result at high MAS. The accuracy

in measuring the tilt angle is ±10◦ for selectively labeled samples, but can be improved

for uniformly labeled proteins, when the conformational space is restricted by multiple

constraints.

Chapter 4 introduces a general strategy for the study of dynamics and structure

of uniformly labeled membrane proteins reconstituted in liposomes. Besides orientation

and structure that was investigated in Chapter 3, dynamics are also relevant for function.

The novel concept of dynamics-based spectral editing (§ 4.3) is particularly powerful in

emphasizing highly flexible parts (loops or termini extending outside the membrane) that

are attached to less mobile (transmembrane) domains of membrane proteins. Because of

fast dynamics, these domains can escape conventional methods of solid-state NMR that

are based on dipolar-couplings (e.g., CP). Scalar-coupling interactions are not averaged

out by dynamics and can be employed (e.g., INEPT and TOBSY in § 4.4) to study

flexible domains. This aspect might be important for the fine tuning of protein-protein

interaction such as in the case of Phospholamban (PLN) and SERCA. Application to the

free PLN (§ 4.5 and § 4.6) and SERCA-bound PLN are presented (§ 4.7). In the free

PLN the cytoplasmic domain (Ia) is highly flexible and water exposed while C terminal

end (residues 30-53) form a transmembrane helix. Results for domain Ia are in agreement

with those obtained by biophysical techniques that can study membrane proteins in lipid

bilayers (e.g., EPR or FRET) but are different from studies (e.g., lsNMR) in organic

solvents or micelles, suggesting that sample preparation is a critical factor. Domain Ia

becomes immobilized upon interaction with SERCA. A comparison between 2D DQ/SQ

spectra of free and bound PLN shows considerable changes for residues located mainly in
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domain Ib and beginning of domain II. So far, data obtained on other membrane proteins

(e.g., rhodopsins) indicate that the presented method might be generally applicable. Fur-

thermore, the qualitative study of dynamics can be extended to a quantitative analysis

to obtain correlation times of internal motions and order parameters, as indicated in §

2.5.2.

In Chapter 5, I studied Alzheimer’s disease-like paired helical filaments (PHF)

formed by the three repeat construct (K19) of protein Tau. The method developed in

Chapter 4 is applied here to probe the flexible ’fuzzy coat’ and the rigid ’core’ of the fibrils.

The through-bond correlation experiments reveal that the N and C termini are mobile (§

5.2). Combination of dipolar-coupling and novel water-edited experiments (§ 5.3) indi-

cates that an antiparallel dimer is the minimal structural unit (Figure 5.8 and Figure 5.9)

of the fibril core. Each monomer comprises three β-strands and adopts a hairpin-like fold.

A water filled nanotube as suggested by EPR measurements can be excluded. Specially,

the water-edited experiment uses polarization transfer from protons of mobile water to

protein and is able to probe the supramolecular arrangement of monomers even for fibrils

with molecular dilution (mixture of 1:10 unlabeled/labeled monomers). The ssNMR data

are consistent with EM dimensions, X-ray cross-β, protease digestion and antibody label-

ing of fibrils. Key residues that stabilize this fold and the supramolecular assembly are

identified and suggest possible ways for inhibiting PHF formation. No evidence of fibril

polymorphism was found and K19 PHFs showed good stability. With the methods de-

scribed in this thesis (§ 4.4 and § 5.3) drug induced fibril dissociation, oligomer and fibril

formation (inhibition) and their possible association with lipid membranes could be inves-

tigated. These aspects may be relevant for pathogenic pathways involved in Alzheimer’s

Disease.





Appendix A

Spherical tensors and rotations

A.1 Irreducible spherical tensors for NMR interac-

tions

Irreducible spherical tensors are more convenient to express NMR Hamiltonians

(Equation 2.8) when rotations between different reference frames are necessary [40, 45].

The relationship between rank 2 spherical tensors and Cartesian tensors is given

by (k = 0, 1, 2 and q = −k, k):

T̂k,q =
√

2k + 1
1∑

q1=−1

1∑
q2=−1

(−1)q

 1 1 k

q1 q2 q

 T̂1,q1T̂1,q2 (A.1)

where T̂1,0 = T̂z, T̂1,±1 = ∓(1/
√

2)(T̂x ± iT̂x) and the Wigner’s 3-j symbol are used (the

same definition is valid for both space (A) and spin (T) rank 2 tensors).
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A.2 Euler rotations and reduced Wigner elements

Definition of Euler rotations and angles (Brink, [164]):

Figure A.1: Rotation R(α, β, γ) = RZ′(γ)RY ′′(β)RZ(α) between two reference systems (X,Y,Z)

and (X’,Y’,Z’). Euler angles can vary as α = [0, 2π], β = [0, π] and γ = [0, 2π].

Reduced Wigner elements of rank 2 (d
(2)
p,q(β)) used in Equation 2.9 (Ref. [45]):

d
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MAS on oriented samples

B.1 AHT for 15N CSA recoupling

Average Hamiltonian theory (AHT) [40] can be used to calculate the signal in-

tensity of the recoupled interaction as a function of the orientation angles. Most generally

the zeroth order AHT for a given interaction Λ (H(0),Λ
) can be expanded into a series

[63]:

H(0),Λ
=

2∑
l=0

l∑
m=−l

2∑
λ=0

λ∑
µ=−λ

H(0),Λ

l,m;λ,µ (B.1)

where the H(0),Λ

l,m;λ,µ terms contain the ARAS,Λ
l,m space and TΛ

λ,µ spin spherical tensor com-

ponents [45]. The symmetry based R187
1 and R185

2 pulse sequences [169] select only the

terms {l,m;λ, µ} = {2,±2; 1,±1} or {l,m;λ, µ} = {2,±2; 1,∓1} (shortly the M = 2

condition of Figure 3.2), yielding the the zeroth order AHT:

H(0),Λ
= k

{
ARAS,Λ

2,2 TΛ
1,−1 − ARAS,Λ

2,−2 TΛ
1,1

}
(B.2)

where k is the r.f. pulse sequence scaling factor, and Λ can be either CSA or heteronuclear

dipolar interaction. In the case of an oriented sample (Figure 3.1) defined by the Euler

angles from Equation 3.1 and for the general situation of an asymmetric tensor (i.e.
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Λ = CSA) it can be shown that the RAS space components of the above equation (see

also Equation 3.4) can be expressed as a function of PAS space components in the form

(θR = 90◦ for an alignment using rolled films):

ARAS,Λ
2,2 (αΛ, βΛ, θ, ϕ, ϕR) = k

{
a0(βΛ, θ, ϕ, ϕR, θR)APAS,Λ

2,0 +

+ a2(αΛ, βΛ, θ, ϕ, ϕR)APAS,Λ
2,2

}
(B.3)

with the coefficients a0 and a2 retaining only the angular dependence (dij refer to the

reduced Wigner elements given in Appendix A.2, superscript omitted)

a0(βΛ, θ, ϕ, ϕR) =
2∑

j=−2

d0j(βΛ)

{
1

2
dj2(θ) cos (jϕ+ 2ϕR)−

−idj1(θ) sin (jϕ+ ϕR) +

√
3

8
dj0(θ) cos (jϕ)

}
(B.4)

and

a2(αΛ, βΛ, θ, ϕ, ϕR) =
2∑

j=−2

d2j(βΛ)

{
1

2
dj2(θ) cos (jϕ+ 2αΛ + 2ϕR)−

−idj1(θ) sin (jϕ+ 2αΛ + ϕR) +

+2

√
3

8
dj0(θ) cos (jϕ+ 2αΛ)− (B.5)

−idj−1(θ) sin (jϕ+ 2α− ϕR) +

+
1

2
dj−2(θ) cos (jϕ+ 2αΛ − 2ϕR)

}
Equations B.3-B.5 indicate that for symmetric tensors (dipolar, APAS,D

2,2 = 0) or

CSA tensors with very small asymmetry parameters (15N CSA, APAS,CSA
2,2 � APAS,CSA

2,0 )

the influence of the Euler PAS angle αΛ is canceled or negligible, respectively (not con-

sidered in numerical analysis from § 3.3).

Finally, the time dependence in the laboratory frame of the recoupled NMR signal

as a function of the tilt (θ) and azimuthal (ϕ) angles can be obtained from the expectation

value of the detect operator DΛ:

IΛ(θ, φ, t) =
1

4π2

θ+∆∫
θ−∆

2π∫
0

Tr
{
DΛe

itH(0),Λ

ρΛ(0)e−itH(0),Λ
}
g(θ̃) sin(θ̃) dθ̃ dϕR (B.6)
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where ρΛ(0) represents the initial density matrix, and a Gaussian angular distribution

g(θ̃) with a standard deviation ∆ (mosaic spread) around an average value (θ) has been

assumed for the molecular tilt angle (θ̃). If cylindrical symmetry around the molecular

director axis ~a (see Figure 3.1) can be assumed, a further integration
2π∫
0

IΛ(θ, φ, t) dϕ over

the azimuthal angle ϕ would render the signal modulation dependent only of the tilt angle

IΛ(θ, t).

To demonstrate the agreement between the analytical derivation presented here

and the numerical analysis performed in § 3.3 (Figure 3.3) the case of a symmetric 15N

CSA tensor (i.e. APAS,CSA
2,2 = 0, see also Equation 3.2) was considered, assuming identical

PAS and MOL frames (βCSA−N = 0◦, i.e. Equation 3.5 for M = ±2 valid). The results

are shown in Figure B.1.

Figure B.1: Comparison between zeroth order Average Hamiltonian theory calculation and

complete numerical simulation of the signal intensity function of the tilt angle θ at the minimum

dephasing point (tCSA−N = 0.55 ms) for the 15N CSA (βCSA−N = 0◦) recoupling experiment

of Figure 3.5 using R185
2 sequence at 6 kHz MAS and 600 MHz 1H magnetic field. Cylindrical

symmetry was assumed for azimuthal angle ϕ.
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For simplicity cylindrical symmetry around the angle ϕ and perfect alignment

(i.e. ∆ = 0◦) have been assumed. The time was fixed to the value assumed in Figure 3.3

for the minimum dephasing point. The analytical derivation and integral calculation of

Equations B.2-B.6 have been performed using Mathematica 4.1 (Wolfram Research Inc.,

Champaign, IL). Full numerical simulations using the piece-wise constant Hamiltonian

approach as described in § 3.3 and the same 15N CSA parameters as mentioned above

have been performed in GAMMA [43]. As visible in Figure B.1, both approaches led to

similar results.

http://gamma.magnet.fsu.edu/
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B.2 31P spinning sidebands

A comparison between simulated and measured 31P spinning sidebands for lipids

in their liquid crystalline phase can be used to check lipid bilayer alignment and to esti-

mate the mosaic spread of reconstituted peptides.

Figure B.2: 31P spinning sidebands for oriented samples of DMPC lipid bilayers and WALP23

(1 kHz MAS, 400 MHz 1H field, 40 ◦C, 16:1 L/P). In red simulated spinning sidebands (average

tilt angle θ = 0◦, mosaic spread ∆ = ±8◦). A symmetric 31P CSA tensor [24] was considered:

σ⊥ = −15.9 and σ‖ = 31.9 in ppm (asterisk indicates the isotropic line).

Simulation of the spinning sidebands has been performed in GAMMA [43] with

a Floquet formalism [42] (see GAMMA program in Appendix B.3) and the Euler trans-

formations described in Equation 3.1. Example of a spinning sideband spectrum for

randomly oriented samples can be seen in Figure C.3.

http://gamma.magnet.fsu.edu/
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B.3 GAMMA simulation programs

/*=========================r1852-csa-maoss.cc================================*

* Program to simulate CSA recoupling under MAS for an oriented sample *

* *

* R18^5_2 rf pulse sequence (Carravetta et al., CPL 2001, 342, 353-361) *

* R element 180 pulse, R(-R) = (180/50)(180/-50), {(180/50)(180/-50)}xND *

* rf=4.5*omegar, ND=9 coresponds to 2 rotor periods *

* *

* MAOSS sample described by 5 reference frames: PAS, MOL, MEM, RAS, LAB. *

* The calculation is based on piecewise-constant Hamiltonian integration *

* Consider only the CSA Hamiltonian for one spin system *

* *

* *

* 20.06.2003 *

* written by Ovidiu Andronesi, MPIBPC *

*===========================================================================*/

# include "gamma.h"

int main (int argc, char*argv[])

{

spin_system A(1); //1 spin system

//B0 field

coord B(0,0,1); //set B0 field direction along z

double ppm; //size of B0 field

//CSA interaction

spin_T TTS = T_CS2(A,0,B); //CS spin tensor

space_T CS_PAS,CS_MOL,CS_MEM,CS_RAS,CS_LAB; //CSA space tensor in PAS, MOL, MEM, RAS, LAB frames

double sixx,siyy,sizz; //sigmaxx,sigmayy,sigmazz PAS values

//r.f. field and MAS

double omegarf; //r.f. field amplitude

double RFphase; //r.f. field phase

double carrier,offset; //carrier position

double omegar; //MAS rate

//Euler angles

double theta0,spread; //average tilt angle and the mosaic spread
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double b; //the gaussian width

double fgauss; //the gaussian distribution function

double alpha,beta,gamma; //Set up the Euler rotation angles PAS->MOL

double phiMM,thetaMM,gammaMM; //MOL->MEM

double phiMR,thetaMR,gammaMR; //MEM->RAS

double phiRL,ma; //RAS->LAB

ma = 54.73561; //Magic angle

//Number of points

int NR; //Number of rotor periods

int ND; //Number of detected points for 2 rotor periods (ND=9)

int NC; //Number of calculated points for 2 rotor periods (NC>ND)

//NC=720 to calculate in steps of 1 degree of MAS rotation

double sf; //normalization factor

int p=1; //counter for the input lines

string outFileName; //Output filename dephasing curve

//Input parameters

query_parameter (argc,argv,p++,"outname = ", outFileName);

query_parameter (argc,argv,p++,"Nr of rotations = ", NR);

query_parameter (argc,argv,p++,"Nr of detections [9] = ", ND);

query_parameter (argc,argv,p++,"Nr of calculations NC>ND = ", NC);

query_parameter (argc,argv,p++,"sigmaxx [ppm] = ", sixx);

query_parameter (argc,argv,p++,"sigmayy [ppm] = ", siyy);

query_parameter (argc,argv,p++,"sigmazz [ppm] = ", sizz);

query_parameter (argc,argv,p++,"ppm [ppm] = ", ppm);

query_parameter (argc,argv,p++,"offeset [ppm] = ", offset);

query_parameter (argc,argv,p++,"omegar [Hz] = ", omegar);

query_parameter (argc,argv,p++,"omegarf [Hz] = ", omegarf);

query_parameter (argc,argv,p++,"alpha [deg] = ", alpha);

query_parameter (argc,argv,p++,"beta [deg] = ", beta);

query_parameter (argc,argv,p++,"gamma [deg] = ", gamma);

query_parameter (argc,argv,p++,"theta0 [deg] = ", theta0);

query_parameter (argc,argv,p++,"spread [deg] = ", spread);

query_parameter (argc,argv,p++,"gauss distr. [deg] = ", b);

outFileName = outFileName+".dat";

int NP = int((NR*ND)/2)+1; //number of points in the dephasing curve

block_1D spect(NP),specsum(NP),specsumL(NP),data(NP); //set data blocks
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sixx = sixx*ppm;

siyy = siyy*ppm; //calculate CSA for N15 at the B0 field specified by the ppm value

sizz = sizz*ppm;

carrier = (sixx+siyy+sizz)/3; //put r.f. carrier on resonance

carrier = carrier + offset; //put r.f. carrier off resonance

//define CSA space tensor in the PAS frame

matrix s1(3,3);

s1.put_h(sixx, 0, 0); s1.put_h( 0., 0, 1); s1.put_h( 0., 0, 2);

s1.put_h(siyy, 1, 1); s1.put_h( 0., 1, 2);

s1.put_h(sizz, 2, 2);

CS_PAS = A2(s1);

//Operators

gen_op sigma = Iz(A,0); //density matrix - longitudinal CSA recoupling sequence

gen_op detect = Iz(A,0); //detect operator

gen_op H,H_cs,H_offset,H_onres,H_rf; //Hamiltonians

gen_op S,P; //Propagators

gen_op U[ND]; //ND Propagators for two rotor periods

//time increments

double dwtime = 2./omegar;

int intervall = int (NC/ND); //NC increment points per ND

//number of orientations

int cmax = 12*1154; //maximum number of orientations for the Cheng sampling method

int smax = 12*1154;

sf = 0;

H_offset = carrier*Iz(A,0); //consider on resonance irradiation

// N.B.: for the Euler rotation from the PAS to the MOL frame for 15N

// we can take the X axis of the MOL frame the same as PAS, hence

// only the beta angle is needed for the transformation, i.e. alpha and gamma can be set to 0

// usually CS_mol = CS_pas.rotate(0.,17.,0.) for 15N in alpha-helix

CS_MOL = CS_PAS.rotate(alpha,beta,gamma); //PAS->MOL Euler rotation
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/* ------------------------------------------MAOSS loops------------------------------------ *

* calculate the CSA interaction in the Lab frame for all orientations *

* calculate the propagators for two rotor periods *

* evolve the density matrix under these propagators *

* sum up the contribution of all orientations *

*-------------------------------------------------------------------------------------------*/

for (int c=1;c<cmax;c+=int(cmax/(50.+2.*spread))) //MOL->MEM Euler rotation

{

cout <<"c/cmax =" << 100*c/cmax << " of 100"<<"%\r" << flush; //output the running state of the program

thetaMM = theta0 + spread * (2. * c/cmax - 1.); //tilt angle

fgauss = exp(-pow((thetaMM-theta0),2)/(2*pow(b,2))); //gaussian distribution

phiMM = double(360./(12*1154.) * ((107*c)%(12*1154))); //consider cylindrical symmetry

//for the azimuthal angle phiMM in [0,360]

gammaMM = double(360./(12*1154.) * ((271*c)%(12*1154))); //gamma in [0,360]

CS_MEM = CS_MOL.rotate(phiMM,thetaMM,gammaMM);

for (int i=0; i<NP; i++) //initialize data

{

specsum(i) = 0.;

}

for (int s=1;s<smax;s+=50) //MEM->RAS Euler rotation

{

thetaMR = 90.; //angle between membrane normal and rotor axis

phiMR = 0.; //phiMR = gammaMM

//either phiMR or gammaMM can be skipped

gammaMR = double(360./(12*1154.) * ((271*s)%(12*1154))); //gamma in [0,360]

CS_RAS = CS_MEM.rotate(phiMR,thetaMR,gammaMR);

S = Ie(A,0); //identity matrix

//intialize propagators

//calculation for two rotor periods

for (int m=0;m<ND;m++) //ND=9 number of detection points per two rotor period for R18^5_2

{

int beg = int (m*NC/ND); //beg = m*intervall;

S = Ie(A,0); //initialize propagator
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for (int i=beg;i<beg+intervall;i++) //RAS->LAB rotation

{ //calculate propagators for each detected point in LAB frame

phiRL = omegar/norm(omegar)*double(720.) * i/NC; //consider 2 rotor periods (720 degrees)

CS_LAB = CS_RAS.rotate(phiRL,ma,0.);

H_cs = CS_LAB.component(0,0)*TTS.component(0,0); //CSA Hamiltonian

H_cs = H_cs + CS_LAB.component(2,0)*TTS.component(2,0);

H_onres = H_cs - H_offset;

if (i <= (beg + (intervall/2))) {RFphase= 50*PI/180;}

else if ((beg + (intervall/2)) < i) {RFphase=310*PI/180;}

H_rf = sin(RFphase)*omegarf*Ix(A,0)+cos(RFphase)*omegarf*Iy(A,0); //r.f. field Hamiltonian

H = H_onres + H_rf; //complete Hamiltonian

P = prop (H,dwtime/NC); //propagator for the piecewise-constant Hamiltonian

S = P*S; //propagator for one detected point

}//RAS-LAB and NC

U[m] = S; //propagators over 2 rotor periods

//the Hamiltonian is periodic over 2 rotor periods

}//ND

sigma = Iz(A,0); //initialize the start density matrix for each orientation

spect(0) = trace(sigma,detect); //first point

//calculate evolution for NR rotor periods for one orientation in LAB frame

//use the periodicity of the Hamiltonian over 2 rotor periods

//calculate ND points for each 2 rotor periods

for (int n=1; n<=int((NR*ND)/2); n++) //NR

{

int i = int(((2*n)-1)/ND); //counts the number of rotor periods

if (i%2==0) //odd rotor periods (!!i starts from 0, 0=first period)

{

int m = (n-1) - ND*int(i/2); //m runs from 0 to [ND/2]-1 for odd periods

evolve_ip(sigma,U[m]);

}
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else if (i%2==1) //even rotor periods

{

int m = (n-1) - ND*int((i-1)/2); //m runs from [ND/2] to ND for even periods

evolve_ip(sigma,U[m]);

}

spect(n) = trace(sigma,detect);

}//loop NR and LAB->RAS

specsum = specsum + spect; //sum up orientations in RAS frame

}//loop RAS->MEM

specsum = fgauss*sin(thetaMM*PI/180.) * specsum;

specsumL = specsumL + specsum; //sum up orientations in MEM frame

sf = sf + fgauss*sin(thetaMM*PI/180.); //calculate normalization factor

}//loop MEM->MOL

specsumL = specsumL/(sf*int(smax/50));

//arrange time axis in ms

double tr = 1./omegar; //rotor period

double dw = 2*(tr/ND)*1000.; //dwell time in ms

double cpt = NR*tr*1000.; //cp time in ms

cout<<" "<<"\n";

cout<<"dw = " << dw*1000. << " us"<<"\n";

cout<<"cpt = " << cpt << " ms"<<"\n";

//writes the dephasing data points

for (int i=0; i < NP; i++)

{

data(i) = complex(i*dw, Re(specsumL(i)));

}

GP_xy(outFileName,data);

return 0;

}
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/*===========================ssbmaoss-floq.cc==================================*

* Program to simulate spinning sidebands *

* *

* Description: Simulation of the MAS sideband pattern for a spin 1/2 system *

* consider only CSA interaction and assume an oriented sample *

* use 5 reference systems: PAS, MOL, MEM, RAS, LAB *

* The MAS time dependence is described using Floquet Theory *

* *

* Date: 16.03.2003 *

* *

* Author: Ovidiu Andronesi *

* Max-Planck-Institute for Biophysical Chemistry *

*=============================================================================/

#include "gamma.h"

int main (int argc, char *argv[])

{

spin_system A(1); //Set up a 1 spin system called ’A’

coord B(0,0,1); //vector of the magnetic field along z

spin_T TTS = T_CS2(A,0,B); //CSA spin tensor

double sixx,siyy,sizz; //sigmaxx,sigmayy,sigmazz,PAS values in ppm

double omegar; //MAS rotation frequency

double sw, carrier; //spectral window and carrier frequency

double minFreq, maxFreq; //Spectral range

double theta0,spread,b; //angle of average orientation, spread and std. deviation

double fgauss; //Gauss distribution

double alpha,beta,gamma; //Euler angles for PAS->MOL->MEM->RAS->LAB transformations

double thetaPM,thetaMR;

double phiPM,phiMR;

double gammaPM,gammaMR;

int p=1;

int N; //Floquet dimension

int NP = 4096; //Number of points in spectrum

string outFileName; //Output filename

int lb; //line broadening

//Input parameters

query_parameter (argc,argv,p++,"name of output file = ", outFileName);

query_parameter (argc,argv,p++,"Floquet dimension N,[N>=2] = ", N);
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query_parameter (argc,argv,p++,"Spectral window [Hz] = ", sw);

query_parameter (argc,argv,p++,"Carrier frequency [Hz] = ", carrier);

query_parameter (argc,argv,p++,"rotation frequency [Hz] = ", omegar);

query_parameter (argc,argv,p++,"sigmaxx [ppm] = ", sixx);

query_parameter (argc,argv,p++,"sigmayy [ppm] = ", siyy);

query_parameter (argc,argv,p++,"sigmazz [ppm] = ", sizz);

query_parameter (argc,argv,p++,"alpha [deg] = ", alpha);

query_parameter (argc,argv,p++,"beta [deg] = ", beta);

query_parameter (argc,argv,p++,"gamma [deg] = ", gamma);

query_parameter (argc,argv,p++,"theta0 [deg] = ", theta0);

query_parameter (argc,argv,p++,"spread [deg] = ", spread);

query_parameter (argc,argv,p++,"std dev [deg] = ", b);

query_parameter (argc,argv,p++,"linebroadening [Hz] = ", lb);

outFileName = outFileName + ".dat";

//calculate 15N CSA in Hz from the ppm input values assuming 600MHz static field

sixx = sixx*60.8;

siyy = siyy*60.8;

sizz = sizz*60.8;

minFreq = carrier - sw/2.;

maxFreq = carrier + sw/2.;

//Open the Output file and write the Parameters into it

row_vector spect(NP),specsum(NP),data(NP);

//CSA space tensor in PAS,Molecular,Membrane,Rotor,Laboratory reference systems

space_T CS_pas,CS_mol;

space_T CS_M,CS_R,CS_L;

matrix s1(3,3);

s1.put_h(sixx, 0, 0); s1.put_h(0., 0, 1); s1.put_h( 0., 0, 2);

s1.put_h(siyy, 1, 1); s1.put_h( 0., 1, 2);

s1.put_h(sizz, 2, 2);

CS_pas = A2(s1);

gen_op sigma; //set up density matrix

gen_op detect; //set up a detection operator

gen_op H_0, H_1, H_2; //Hamiltonians

floq_op fsigma(N, A.HS(), omegar); //Floquet operator

sigma = Ix(A,0); //Initial density matrix
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fsigma.put_block(sigma, 0, 0); //inital Floquet density matrix

detect = Im(A,0);

//transformation from the 15N PAS to the MOL frame

CS_mol = CS_pas.rotate(alpha,beta,gamma);

//CS_mol = CS_pas.rotate(0.,17.,0.); //for ideal alpha-helix

//Time and orientation independent component of the CS Hamiltonian

H_0 = CS_pas.component(0,0) * TTS.component(0,0);

//---------------------------------------MAOSS loop -------------------------------------------------//

//Nr of orientations for Cheng algorithm

int bmax = 12*1154;

int smax = 12*1154;

//Loop through spread in steps of about 1/10 degree

for (int b=1; b<bmax; b+=int(bmax/(50.+2*spread))) //MOL->MEM transformation

{

cout << "b/bmax = "<< 100*b/bmax <<" of 100" << "%\r" << flush;

thetaPM = theta0 + spread * (2. * b/bmax - 1.); //MAOSS

fgauss = (1./(b*sqrt(2.*PI)))*exp(-(pow((thetaPM-theta0),2))/(2*b*b)); //gaussian distribution

phiPM = double(360./(12*1154.) * ((107*b)%(12*1154))); //phi in [0,360]

gammaPM = double(360./(12*1154.) * ((271*b)%(12*1154))); //gamma in [0,360]

CS_M = CS_mol.rotate(phiPM,thetaPM,gammaPM);

for (int i=0; i<NP; i++)

{

spect(i) = 0.;

}

for (int s=1;s<smax;s+=100) //MEM->RAS transformation

{

thetaMR = 90.; //angle between membrane

//normal and rotor axis (90 for foils)

//may be different for other orientations!!

phiMR = 0.; //phiMR = gammaPM and can be skipped

gammaMR = double(360./(12*1154.) * ((271*s)%(12*1154))); //gamma in [0,360]

CS_R = CS_M.rotate(phiMR,thetaMR,gammaMR);
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//define rank 1 and 2 components of CSA Hamiltonian

H_1 = CS_R.component(2,1) * TTS.component(2,0);

H_1 = (1/sqrt(3.))*H_1;

H_2 = CS_R.component(2,2) * TTS.component(2,0);

H_2 = (1/sqrt(6.))*H_2;

//define the Floquet Hamiltonian

//includes RAS->LAB transformation and MAS

floq_op HAMFLOQ(N,A.HS(),omegar); //Hamilton Floquet Matrix

HAMFLOQ.put_sdiag(adjoint(H_2),-2); //set side diagonal # -2

HAMFLOQ.put_sdiag(adjoint(H_1),-1); //set side diagonal # -1

HAMFLOQ.put_sdiag(H_0,0); //set main diagonal

HAMFLOQ.put_sdiag(H_1,1); //set side diagonal # 1

HAMFLOQ.put_sdiag(H_2,2); //set side diagonal # 2

HAMFLOQ.add_omega(); //Add omegas on diagonal

//calculate contribution of one orientation

spec_maspowder (fsigma, detect, HAMFLOQ, minFreq, maxFreq, NP, spect);

//sum all MEM orientations (weight is one for 90 degree MEM orientation)

spect+= spect;

}

//weight and sum all MOL orientations

spect *= fgauss;

specsum += spect;

}//MAOSS loop

//Fourier transformation and line broadening

specsum = IFFT(specsum);

exponential_multiply(specsum,-lb);

specsum = FFT(specsum);

//arrange chemical shift axis in ppm for 15N at 600 MHz

for (int i=0; i<NP; i++)

{

data(i) = complex((int(carrier) + int(sw*(1.*i/NP - 0.5)))/60.8, Re(specsum(i)));

}

GP_xy(outFileName,data);

}
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B.4 1D and 2D BRUKER pulse programs

;r1852c-1d.oca

;1D pulse program for 15N CSA recoupling using

;R18^5_2 sequence for CSA recoupling

;Ref.: Carravetta et al., CPL 2001, 342, 353-361

;written by Ovidiu Andronesi

;15.07.2003

;cnst31 : spinning speed

;p11 : 180 pulse r.f.=4.5*MAS

;l5 : 9 = 2 rotor periods

;d3 constant time

"p11=(1s/cnst31)/9"

"d4 = d3-2*p11*l5"

#include<protection1d.oca>

1 ze

2 d1

2u fq=0:f2

2u pl2:f2

;90 pulse on 1H

p2:f2 ph1

;cp 1H -> 15N

2u pl5:f1 pl6:f2

(p15 ph2):f1 (p15:spf0 pl6 ph0):f2

;start 1H decoupling

2u pl12:f2

2u cpds2:f2

;R18^5_2 15N CSA recoupling

;mixing along Z

2u pl1:f1 ;90 pulse for 15N

p1:f1 ph3

2u pl11:f1 ;CSA recoupling

3 p11:f1 ph4

p11:f1 ph5

lo to 3 times l5 ;increment R18^5_2 recoupling time

d4 ;delay for constant time

2u pl1:f1
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p1:f1 ph6 ;90 pulse for 15N

;aquisition

gosc ph31

1m do:f2

lo to 2 times ns

100m wr #0

HaltAcqu 1m

exit

ph0 = 0

ph1 = 1 1 1 1 1 1 1 1

3 3 3 3 3 3 3 3

ph2 = 1

ph3 = 0 0 0 0 2 2 2 2

ph4 = (8192) 1138

ph5 = (8192) 7054

ph6 = 0 1 2 3

ph31 = 0 1 2 3 2 3 0 1

2 3 0 1 0 1 2 3
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;nc-r1852-spc5-2d.oca

;2D pulse program for 15N/13C correlations

;encode molecular orientation by 15N CSA modulation and

;transfer to isotropic 13C chemical shifts to identify secondary structure

;recoupling blocks used

;R18(5,2) sequence for 15N CSA recoupling

;SPECIFIC CP for N-Ca transfer

;SPC5 sequence for Ca-Cb DQ transfer

;written by Ovidiu Andronesi

;15.07.2003

;cnst31 : spinning speed

;p11 : 180 pulse for R18^5_2 at rf=4.5*MAS - R element=180 pulse

;p14 : 90 pulse for SPC5 at rf=5*MAS - POST element

;l5 : 9 = 2 rotor periods, increment for R18^5_2 CSA recoupling

;l6 : 10 = 4 rotor periods, increment for SPC5 DQ transfer

;d3 : constant time for R18^5_2 CSA recoupling

"p11=(1s/cnst31)/9"

"p12=(1s/cnst31)/20"

"d4=d3-2*p11*l5"

#include<protection2d.oca> ;protection file

1 ze

2 d1

1m rpp6 ;reset phase pointers for SPC5

1m rpp7

;90 pulse on 1H

2u pl2:f2

p2:f2 ph1

;cp 1H -> 15N

2u pl5:f3 pl6:f2

(p15 ph2):f3 (p15:spf0 pl6 ph0):f2

;start 1H decoupling with pl13 power level

2u pl13:f2

2u cpds2:f2

;R18^5_2 15N CSA recoupling along Z

2u pl1:f3
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p1:f3 ph3 ;90 pulse on 15N

d4 ;constant time delay

2u pl11:f3

3 p11:f3 ph25 ;R18^5_2

p11:f3 ph26

lo to 3 times l5 ;increment R18^5_2 recoupling time

2u pl1:f3

p1:f3 ph4 ;90 pulse on 15N

;t1 evolution 15N

d0

;SPECIFIC CP N-Ca

2u pl15:f3 pl16:f1

(p25 ph15):f3 (p25:spf1 pl16 ph16):f1

;SPC5 DQ Ca-Cb transfer along Z

2u pl3:f1

p3:f1 ph17 ;90 pulse on 13C

2u pl14:f1

4 p14*1:f1 ph6 ;SPC5 with POST element

p14*4:f1 ph7^ ;increment phase pointers

p14*3:f1 ph6^

lo to 4 times l6 ;increment SPC5 mixing time

2u pl3:f1

p3:f1 ph18 ;90 pulse on 13C

;13C t2 evolution - aquisition

5u pl12:f2 ;start 1H decoupling with pl12 power level

5u cpds2:f2

gosc ph31

1m do:f2

lo to 2 times ns

100m wr #0 if #0 zd

1m id0 ;increment t1

1m ip2 ;TPPI for t1

1m ip3

1m ip4

lo to 1 times td1

HaltAcqu 1m ;safety address

exit

ph0 = 0

ph1 = 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
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2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

ph2 = 0

ph3 = 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

ph25 = (8192) 1138

ph26 = (8192) 7054

ph4 = 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

ph15 = 0 0 0 0 0 0 0 0 2 2 2 2 2 2 2 2

ph16 = 0

ph17 = 1 1 1 1 3 3 3 3

ph6 = (8192) 0 1638 3277 4915 6554 4096 5734 7373 819 2458

ph7 = (8192) 4096 5734 7373 819 2458 0 1638 3277 4915 6554

ph18 = 0 1 2 3

ph31 = 0 1 2 3 2 3 0 1 2 3 0 1 0 1 2 3

2 3 0 1 0 1 2 3 0 1 2 3 2 3 0 1

2 3 0 1 0 1 2 3 0 1 2 3 2 3 0 1

0 1 2 3 2 3 0 1 2 3 0 1 0 1 2 3

2 3 0 1 0 1 2 3 0 1 2 3 2 3 0 1

0 1 2 3 2 3 0 1 2 3 0 1 0 1 2 3

0 1 2 3 2 3 0 1 2 3 0 1 0 1 2 3

2 3 0 1 0 1 2 3 0 1 2 3 2 3 0 1
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PLN assignment and experimental

conditions

C.1 Scalar-coupling based pulse programs

;hnc-inept-tobsy_2d.oca

;2D experiment: selective N-CO/CA refocused INEPT + CO-CA/CA-CB TOBSY

;Pulse sequence for sequential assignment of dynamical protein segments

;written by Ovidiu Andronesi 20.02.2005

;f1:13C detect channel

;f2:1H channel

;f3:15N channel

;cnst2 = J_HN coupling

;cnst4 = J_NC coupling

;cnst3 = 4

;cnst5 = 4

;cnst20 = 13C carrier offset for N-CO/CA selective INEPT

;pl1 = rf power for 13C 90 pulse

;pl2 = rf power for 1H 90 pulse

;pl3 = rf power for 15N 90 pulse

;pl4 = rf power for 13C selective 90 pulse for N-CO/CA INEPT

;p1 = pulse length for 13C 90 pulse

;p2 = pulse length for 1H 90 pulse

;p3 = pulse length for 15N 90 pulse
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;p4 = pulse length for 13C selective 90 for N-CO/CA INEPT

;spin-echo delays for H-N INEPT

"d4=(1s)/(4*cnst2)"

"d3=(1s)/(cnst3*cnst2)"

"d13=p3-p2" ;compensation H-N delay when p1>p2

"d14=d13/2"

;spin-echo delays for N-CO/CA INEPT

"d5=(1s)/(4*cnst4)"

"d6=(1s)/(cnst5*cnst4)"

"d15=p4-p3" ;compensation N-CO delay when p1>p3

"d16=d15/2"

"d17=p1-p2" compensation H-C delay for t1 evolution

;TOBSY P9(3,1) mixing

;cnst31 = MAS rate

;p11 = 90 pulse for TOBSY

;pl11 = r.f power for TOBSY, 6xMAS

;l5 = TOBSY mixing time - l5 = 9 equals 3 rotor periods

;Ex: MAS=8.33kHz, pl11=50kHz, p11=5u, l5=153~6.1ms

"p11=1s/(24*cnst31)"

#include<protection_ls.oca> ;protection file

1 ze

2 d1 do:f2

5u fq=0:f2

5u fq=cnst20:f1

5u pl1:f1

5u pl2:f2

5u pl3:f3

20u rpp18

20u rpp19

;90 on H

p2:f2 ph1

;H->N refocused INEPT

;spin-echo (antiphase)

d3

(p3*2 ph2):f3 (d13 p2*2 ph3):f2

d3

;Polarization Transfer
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(p3 ph4):f3 (d14 p2 ph5):f2

;spin-echo (inphase)

d4

(p3*2 ph6):f3 (d13 p2*2 ph7):f2

d4

;15N t1 evolution

d0

(d17 p2*2 ph8):f2 (p1*2 ph9):f1

d0

;H dec during NC inept

2u pl13:f2

2u cpds1:f2

;selective N->CO/CA refocused INEPT

;spin-echo (antiphase)

d5 pl4:f1

(d15 p3*2 ph10):f3 (p4*2 ph11):f1

d5

;Polarization Transfer

(d16 p3 ph12):f3 (p4 ph13):f1

;spin-echo (inphase)

d6

(d15 p3*2 ph14):f3 (p4*2 ph15):f1

d6 pl1:f1

;TOBSY P9(3,1) C<->C longitudinal mixing

p1:f1 ph16

2u fq=0:f1

2u pl11:f1

2u do:f2

3 p11*1:f1 ph18

p11*4:f1 ph19^

p11*3:f1 ph18^

lo to 3 times l5

2u pl1:f1

p1:f1 ph17

;acquisition

2u pl12:f2

2u cpds2:f2

10u

go=2 ph31

1m do:f2

100m wr #0 if #0 zd

1m id0

1m ip2
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1m ip4

1m ip6

lo to 1 times td1

HaltAcqu, 1m

exit

ph1 = 1

ph2 = 1

ph3 = 1

ph4 = 0

ph5 = 0 0 2 2

ph6 = 1

ph7 = 1

ph8 = 0

ph9 = 0

ph10 = 1

ph11 = 1

ph12 = 0 2

ph13 = 0

ph14 = 1

ph15 = 1

ph16 = 1 1 1 1 3 3 3 3

ph17 = 0 0 0 0 0 0 0 0

1 1 1 1 1 1 1 1

2 2 2 2 2 2 2 2

3 3 3 3 3 3 3 3

ph18 = (16384) 0 1820 3641 5461 7282 9102 10923 12743 14566

ph19 = (16384) 8192 10012 11833 13653 15474 910 2730 4551 6371

ph31 = 0 2 2 0 2 0 0 2

1 3 3 1 3 1 1 3

2 0 0 2 0 2 2 0

3 1 1 3 1 3 3 1
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;nhhc-inept-noesy_2d.oca

;2D experiment: direct H-N INEPT + reversed N-H INEPT + H-H NOESY + H-C refocused INEPT

;Pulse sequence for through-space contacts of dynamical protein segments

;written by Ovidiu Andronesi 20.02.2005

;f1:13C detect channel

;f2:1H channel

;f3:15N channel

;pl1 = rf power for 13C 90 pulse

;pl2 = rf power for 1H 90 pulse

;pl3 = rf power for 15N 90 pulse

;cnst2 = J_HN coupling

;cnst3 = J_HC coupling

;cnst4 = 6

;cnst20 = 13C carrier offset during H-C refocused INEPT

;d11 H-H NOESY mixing time

;spin-echo delays for H-N INEPT

"d2=(1s)/(4*cnst2)"

"d12=p3-p2" ;compensation H-N delay when p3>p2

"d13=d12/2"

;spin-echo delays for refocused H-C INEPT

"d3=(1s)/(4*cnst3)"

"d4=(1s)/(cnst4*cnst3)"

"d14=p1-p2" ;compensation H-C delay when p1>p2

"d15=d14/2"

#include<protection_ls.oca> ;protection file

1 ze

2 d1 do:f2

5u fq=0:f2

5u fq=cnst20:f1

5u pl1:f1

5u pl2:f2

5u pl3:f3

;90 on H

p2:f2 ph1

;direct H->N INEPT

;spin-echo

d2

(p3*2 ph3):f3 (d12 p2*2 ph2):f2
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d2

;Polarization Transfer

(p3 ph4):f3 (d13 p2 ph5):f2

;15N t1 evolution

d0

(p1*2 ph6):f1 (d14 p2*2 ph7):f2

d0

;reverse N->H INEPT

;Polarization Transfer

(p3 ph8):f3 (d13 p2 ph9):f2

;spin-echo

d2

(p3*2 ph10):f3 (d12 p2*2 ph11):f2

d2

;H<->H NOESY mixing

p2:f2 ph12

d11

p2:f2 ph13

;refocused H->C INEPT

;spin-echo (antiphase)

d3

(p1*2 ph14):f1 (d14 p2*2 ph15):f2

d3

;Polarization Transfer

(p1 ph16):f1 (d15 p2 ph17):f2

;spinecho (inphase)

d4

(p1*2 ph18):f1 (d14 p2*2 ph19):f2

d4

;aquisition

5u pl12:f2

5u cpds2:f2

5u fq=0:f1

10u

go=2 ph31

1m do:f2

100m wr #0 if #0 zd

1m id0

1m ip3

1m ip4

lo to 1 times td1

HaltAcqu, 1m

exit
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ph1 = 1

ph2 = 1

ph3 = 1

ph4 = 0

ph5 = 0 2

ph6 = 0

ph7 = 0

ph8 = 0 0 2 2

ph9 = 0

ph10 = 1

ph11 = 1

ph12 = 1 1 1 1 1 1 1 1

3 3 3 3 3 3 3 3

ph13 = 1

ph14 = 1

ph15 = 1

ph16 = 0

ph17 = 0 0 0 0 2 2 2 2

ph18 = 1

ph19 = 1

ph31 = 0 2 2 0 2 0 0 2

2 0 0 2 0 2 2 0
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C.2 3D HCC experiment

Figure C.1: 2D (13C, 13C) slices from a 3D HCC spectrum of AFA-PLN in DMPC-D67 bilayers

using the pulse sequence of Figure 4.5 (b): 10 t1 (5 ppm 1H spectral width) and 30 t2 (80

ppm 13C spectral width) experiments were recorded using 128 scans under the experimental

conditions described in Figure 4.7. Representative slices at 1H frequencies for Hα (a), Hβ (b)

and methyl groups (c) are shown.
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C.3 Assignment table

Res N CO CA CB CG1 CG2 CD CE HN HA HB HG1 HG2 HD HE

G1 44.4 3.8

S2 111.2 58.6 63.9 8.1 4.4 3.8

M3 121.3 54.3 33.0 33.0 17.9 8.3 4.7 1.9 2.6 2.0

E4 120.6 57.4 29.9 35 8.1 4.2 1.9 2.2

K5 121.2 56.6 32.9 25 29.4 42.3 8.6 4.3 1.7 1.3 1.6 3.8

V6 120.2 62.7 32.8 20.9 20.9 8.0 3.9 1.9 0.8 0.8

Q7 122.6 55.7 32.6 31.8 8.3 4.4 2.0 2.5

Y8 121.1 57.9 38.9 130.5 133.0 118.3 8.3 4.5 2.9 7.0 7.0 6.7

L9 122.2 55.5 42.6 27.2 25/23.7 8.2 4.3 1.5 1.5 0.8

T10 113.6 62.1 70.0 21.8 7.9 4.2 4.1 1.1

R11 122.0 56.4 30.7 27.2 43.5 8 4.2 1.7 1.5 3.1

S12 115.3 58.6 63.9 8.1 4.4 3.8

A13 125.0 52.7 19.2 8.3 4.2 1.3

I14 119.0 61.4 38.7 27.6 17.6 13.7 7.9 4.0 1.8 1/1.4 0.8 0.8

R15 121.5 55.2 30.7 27.2 43.5 8.0 4.2 1.7 1.5 3.1

R16 122.3 56.0 30.7 27.2 43.5 8.0 4.2 1.7 1.5 3.1

A17 124.8 52.7 19.2 8.3 4.2 1.3

S18 114.2 58.4 63.9 8.3 4.4 3.8

T19 114.9 62.0 70.0 21.8 8.6 4.2 4.1 1.1

I20 123.9 61.3 38.7 27.6 17.6 13.7 8.3 4.0 1.8 1/1.4 0.8 0.8

E21 124.5 56.0 29.6 35.0 8.3 4.2 1.9 2.2

M22 120.2 53.6 32.3 32.6 17.2 8.2 4.7 2.0 2.5 2.0

P23 33.9 29.9 51.5 2.1 1.9 2.9

Q24

Q25 174.9 54.8 33.1 180

A26 123.8 176.6 51.4 22.9

R27 116.9 176.7 55.4 34.5 28.5 44.1

Q28 120.6 173.8 54.2 33.4 34.4 180

K29 123.6 174.5 55.0 29.9 25.7 27.7 44.1

L30 121.5 61.6 40.4 27.1 23.4

Q31 111.8 179.0 58.9 28.9 37.7 180

Table C.1: 1H, 13C and 15N chemical shifts for the cytoplasmic and transmembrane domains of

AFA-PLN in DMPC-D67 lipid bilayers according to MAS solid-state NMR. Ambiguous assigned

residues are given in italic letters and correspond to the light colored secondary shifts from Figure

4.12.
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Res N CO CA CB CG1 CG2 CD CE HN HA HB HG1 HG2 HD HE

N32 118.9 173.9 54.8 36.5

L33 118.9 60.1 33.6 27.1

F34 118.7 64.8 37.2

I35 109.1 59.5 29.7 29.9 17.5 13.9

N36 114.1 178.8 55.1 36.4

F37 115.5 58.7 33.5

A38 129.3 174.7 55.2 18.4

L39 125.2 178.3 58.0 41.4 27.1 23.4

I40 117.4 66.8 38.4 29.9 17.5 13.9

L41 108.0 178.2 58.1 41.9 27.1 23.4

I42 117.0 177.9 66.6 37.9 29.9 17.5 13.9

F43 108.0 62.7 39.2

L44 111.6 178.0 57.4 42.7 27.1 23.4

L45 116.4 177.2 58.0 42.6 27.1 23.4

L46 131.4 176.2 60.8 38.5 27.1 23.4

I47 126.3 177.6 66.3 38.3 29.9 17.5 13.9

A48 117.0 178.8 54.9 18.8

I49 108.8 178.8 66.2 38.0 29.9 13.9

I50 108.3 178.5 65.9 37.4 29.9 17.5 13.9

V51 109.1 178.7 66.6 31.4 21.9 21.9

M52 108.0 177.1 56.8 28.9

L53 122.8 175.7 56.3 38.6 27.1

L54 117.6 56.1 38.7 27.1
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C.4 Sample preparation

Figure C.2: 2D HC INEPT spectra on different AFA-PLN sample preparations: (a) comparison

of different L/P ratios (red 20:1 vs. black 100:1) for AFA-PLN in DMPC-D67, (b) comparison of

AFA-PLN in different lipid types DMPC-D67 (red) vs. DOPC/DOPE (4:1, black) for the same

L/P = 20:1, (c) comparison of AFA-PLN in DOPC/DOPE lipid mixture before lyophiliza-

tion (red) and after lyophilization (blue), for reference the spectrum of a sample containing

only DOPC/DOPE is shown in green. The observed differences relate mainly to the lipids,

either because of stronger lipid background (L/P = 100:1) or resonances due to extra 13C types

(DOPC/DOPE).
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Figure C.3: 31P spinning-sidebands are diagnostic for formation of correct lipid bilayers: com-

parison between experimental (black) spinning-sidebands obtained for AFA-PLN in DMPC-D67

(L/P = 100:1) at 30 ◦C, 1 kHz MAS, 9.4 T B0 field and simulated (red) spinning sidebands. A

symmetric 31P CSA tensor (rotationally averaged for lipid molecules in liquid-crystalline lipid

bilayers) and a randomly oriented sample (liposomes) were considered. Simulations have been

done in GAMMA [43] (see Figure B.2 and Appendix B.3).

http://gamma.magnet.fsu.edu/
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C.5 Dipolar-coupling based pulse sequences

Figure C.4: Pulse sequences for dipolar-coupling based MAS solid-state NMR experiments to

detect rigid protein domains (coherence transfer pathway and pulse program are given for the

2D CC DQ/SQ experiment).
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;spc5-2qs.oca

;2D 13C-13C DQ/SQ pulse program

;uses SPC5 DQ sequence

;cnst31 = spinning rate (Hz)

;l5 = DQexc/rec time: multiple of 80 = 4 rotor periods

;in0 = increment for DQ evolution must be rotor synchronized

;ph7 = DQ reconversion phase (has to be incremented for rotor

; syncronization by 180*in0*cnst31 or 4k*in0/tr if 360=8k)

;Ex: MAS=7.5kHz, in0=26.67us (tr/5), SW1=124ppm (600MHz), ipp7=819

;Ex: MAS=7.5kHz, in0=13.33us (tr/10), SW1=248ppm (600MHz), ipp7=410

"p11=1s/(cnst31*20)"

"in0=1s/(cnst31*5)"

#include <protection2d.oca>

1 ze

2 d1

1m rpp6

1m rpp7

1u fq=0:f2

;90 H

1u pl2:f2

p2:f2 ph1

;CP H-C

1u pl5:f1 pl6:f2

(p15 ph2):f1 (p15:spf0 pl6 ph0):f2

;1H dec

1u pl12:f2 pl1:f1

1u cpds2:f2

;13C DQ excitation with spc-5

p1:f1 ph4

1u pl11:f1

3 p11:f1 ph6^ ipp7

lo to 3 times l5

;t1 DQ evolution

d0

;13C DQ reconversion with spc-5

4 p11:f1 ph7^



C.5 Dipolar-coupling based pulse sequences 141

lo to 4 times l5

1u pl1:f1

p1:f1 ph5

;aquisition

10u

gosc ph31

1m do:f2

1m ip5

1m ip7*2048

lo to 2 times ns

100m wr #0 if #0 zd

1m id0

;TPPI for DQ

1m ip2

1m ip4

1m ip6*1024

;synchronization of the DQ reconversion with in0 (in0=tr/5)

1m ip7*819

lo to 1 times td1

exit

ph0 = 0

ph1 = 1 1 1 1 3 3 3 3

ph2 = (8) 0

ph4 = (8) 6

ph5 = 1

ph6 = (8192) 0 4096 4096 4096 4096 0 0 0

1638 5734 5734 5734 5734 1638 1638 1638

3277 7373 7373 7373 7373 3277 3277 3277

4915 819 819 819 819 4915 4915 4915

6554 2458 2458 2458 2458 6554 6554 6554

4096 0 0 0 0 4096 4096 4096

5734 1638 1638 1638 1638 5734 5734 5734

7373 3277 3277 3277 3277 7373 7373 7373

819 4915 4915 4915 4915 819 819 819

2458 6554 6554 6554 6554 2458 2458 2458

ph7 = (8192) 0 4096 4096 4096 4096 0 0 0

1638 5734 5734 5734 5734 1638 1638 1638

3277 7373 7373 7373 7373 3277 3277 3277

4915 819 819 819 819 4915 4915 4915

6554 2458 2458 2458 2458 6554 6554 6554

4096 0 0 0 0 4096 4096 4096
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5734 1638 1638 1638 1638 5734 5734 5734

7373 3277 3277 3277 3277 7373 7373 7373

819 4915 4915 4915 4915 819 819 819

2458 6554 6554 6554 6554 2458 2458 2458

ph31= 0 3 2 1 2 1 0 3



Appendix D

K19 PHFs assignment table and

model validation

D.1 Assignment table

Res N CA CB CG1 CG2 CD CE HA HB HG1 HG2 HD HE

M 126.3 56.5 32.7 31.6 17.1 3.7 1.8 2.4 1.9

Q244 121.4 57.5 30.5 32.2 3.8 1.7 2

T245 113 63.3 68.9 22.5 3.4 4.1 1.1

A246 123 53.5 19.3 3.5 1.3

P247 64 31.8 26.7 49.1 3.9 2.1 1.8 3.1

V248 63.2 32 20.8 19.7 3.4 2.1 0.8

P249 64 31.8 26.7 49.1 3.9 2.1 1.8 3.1

M250 126.3 56.8 32.7 31.6 17.1 3.7 1.8 2.4 1.9

P251 64 31.8 26.7 49.1 3.9 2.1 1.8 3.1

D252 123.5 55 39.5 3.7 2.5

Table D.1: Chemical shifts (in ppm) for the flexible termini (1H, 13C, 15N) and rigid core

(13C, 15N) of the K19 PHFs as obtained from MAS ssNMR spectra shown in Figure 5.3

(a,b) and Figure 5.4 (a-d).
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Res N CA CB CG1 CG2 CD CE HA HB HG1 HG2 HD HE

L253 121.9 56.7 39.7 24.3 4.1 2 1.4

K254 126.6 57.9 33.6 25.5 29.3 42.2 3.9 1.6 1.2 1.5 2.8

N255 54 37.7 3.8 2.7

V256 63.2 32 20.8 19.7 3.4 2.1 0.8

K257 127.1 57.9 33.6 25.5 29.3 42.2 3.9 1.6 1.2 1.5 2.8

S258 123.4 59.3 63.2 3.6 3.8

K259

I260

G261

S262 117.3 55.5 65.7

T263 122.6 61.4 72.6 21.7

E264 35 183.6

N265 54.1 44.8

L266 127.4 54.3 42.8 27.8 25.4

K267 127.9 54.5 32.6 25.3 30.1 42.3

H268

Q269 52.9 33.6

P270 133.2 62.8 33.1 27.6 51

G271 46.9

G272 44.2

G273 47.3

K274

V306

Q307 112.9 53.5 30.3 36.6

I308 122.7 60 41.2 27.6 17.1 14.3

V309 126.7 61.8 34 21.5 21.5

Y310 130.7 57.3 42.1 115.4

K311 124.5 54.2 34.7 25.5 29.9 42.3

P312 132.9 63.6 32.6 27.6 51

V313 118.4 61.2 34.8 21.5 21.5

D314 126.7 53.1 41.9 179.6

L315 121.6 53.5 45.8 27.8 25.4

S316 113.5 56.7 66.5

K317 122.4 55.4 36.8 25.5 29.9 42.3

V318 125.9 61.6 34.8 21.5 21.5

T319 116.5 57.6 70.2 22.1

S320 121.5 58.6 64.1

K321 126.1 54.9 34.1 25.5 30 42.4

C322
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Res N CA CB CG1 CG2 CD CE HA HB HG1 HG2 HD HE

G323 111.7 44.8

S324 119.8 57.2 66.1

L325 125.2 53.2 44.8 28.6 25.4

G326 115.5 44.9

N327 122.6 52.6 44.8

I328 124.5 59.4 37.4 27.4 17 14.2

H329

H330

K331

P332 62.9 32.5 27.6 51

G333 109 45.1

G334 108.5 44.9

G335 113.2 44.9

Q336 116.6 53.1 28.8

V337

E338 183.6

V339

K340

S341 109.5 56.9 66.4

E342 117.5 183.6

K343

L344 54 45.8 27.3

D345 114.4 51.7 44.2 179.6

F346 125.8 57.4 40.5

K347 124 54.1 35.3 25.5 30 42.3

D348 127.1 53 42.1 179.5

R349 127.4 56.6 33.2 27.1 43.7 159.7

V350

Q351

S352 118.2 59.7 65.4

K353

I354 63.5 39.5 27.5 17.8 14.8

G355

S356

L357 121 56.3 42.6 23.9 3.5 1.5 0.7

D358 125.2 55.8 39.6 3.8 2.5

N359

I360 62.3 38.6 27.5 17.7 14.2 3.5 1.7 1.3 0.7 0.7

T361 63 68.9 22.5 3.4 4.1 1.1

H362 129.7 61.2 28.2

V363 63.2 32 20.9 19.8 3.4 2.1 0.8
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Res N CA CB CG1 CG2 CD CE HA HB HG1 HG2 HD HE

P364 64 31.8 26.7 49.1 3.9 2.1 1.8 3.1

G365 45.4 3.8

G366 107.8 45.4 3.8

G367 108 45.5 3.8

N368

K369 125.1 58 33.7 25.5 29.3 42.2 3.9 1.6 1.2 1.5 2.8

K370 126.4 58 33.7 25.5 29.3 42.2 3.9 1.6 1.2 1.5 2.8

I371 117.7 62.2 38.6 27.5 17.7 14.2 3.5 1.7 1.3 0.7 0.7

E372 126.8 57.8 30 36.2 3.6 1.9 2.1
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D.2 Experimental conditions

Figure B0 (MHz) MAS

(kHz)

Pulse sequence parameters 2D parameters: SW1, t1,

NS

Fig. 5.3 (a) 600 8.333 1JHC = 145 Hz, 6ms P93
1 TOBSY 8 ppm 1H spectral width, 100

t1 experiments, 272 scans

Fig. 5.3 (b) 600 9.375 tCP−HC = 250 µs, tSD = 150 ms 80 ppm 13C spectral width,

145 t1 experiments, 560 scans

Fig. 5.4 (a) 800 8.333 1JHN = 110 Hz, 1JNCA = 25 Hz 27 ppm 15N spectral width, 25

t1 experiments, 5k scans

Fig. 5.4 (b) 800 8.333 1JHN = 110 Hz, 1JNCO = 25 Hz, 8ms

P93
1 TOBSY mixing

27 ppm 15N spectral width, 26

t1 experiments, 7k scans

Fig. 5.4 (c) 800 10 tCP−HN = 800 µs, tCP−NCA = 1.75 ms 50 ppm 15N spectral width, 32

t1 experiments, 400 scans

Fig. 5.4 (d) 800 10 tCP−HN = 800 µs, tCP−NCO = 2.5 ms,

tDARR = 30 ms

50 ppm 15N spectral width, 32

t1 experiments, 3.3k scans

Fig. 5.6 (a) 800 10 tCP−HN = 800 µs, tCP−NH = 65 µs,

tMIX−HH = 80 µs, tCP−HC = 50 µs

50 ppm 15N spectral width, 42

t1 experiments, 2.6k scans

Fig. 5.6 (b) 800 12.5 tCP−HC = 250 µs, tCP−CH = 100 µs,

tMIX−HH = 250 µs, tCP−HC = 100 µs

70 ppm 13C spectral width,

102 t1 experiments, 1.5k scans

Fig. 5.6 (c) 800 10 δ = 2.5 ms, tMIX−HH = 6 ms,

tCP−HN = 800 µs, tCP−NCA = 1.75 ms

70 ppm 13C spectral width,

102 t1 experiments, 1.5k scans

Table D.2: Experimental conditions, pulse sequence and 2D acquisition parameters for

MAS ssNMR spectra of K19 PHFs. In all experiments the temperature was set to 5 ◦C.
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D.3 Chemical shifts analysis

Figure D.1: Comparison of experimental and model based predicted (ShiftX, [257]) chemical

shifts for the core region: (a) plot of δCα,exp − δCα,pred, unassigned residues are shown in green,

and (b) plot of δCβ,exp − δCβ,pred, unassigned residues are shown in green and glycines in gray.

Cutoff values of ±2 ppm are considered, taking in account the accuracy for both the measured

(≈ ±1 ppm) and predicted (≈ ±1 ppm) shifts. In general, good agreement is observed for the

β-strands regions, particularly in the hairpin fold of βR3 and βR4.

http://redpoll.pharmacy.ualberta.ca/shiftx/
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D.4 CHHC analysis

Figure D.2: Comparison of experimental and model based predicted CHHC spectrum of the

core region for 1H − 1H distances up to 3.5 Å. Intraresidue predictions are shown in blue

diamonds and non-trivial long range interresidue contacts in green circles.



150 K19 PHFs assignment table and model validation

D.5 Pulse program for the water-edited NCA exper-

iment

;ht2f-nca_2d.oca

;water edited NCA experiment

;H T2-filter, H-H NOESY and dcp HNCA

#include <protection2d.oca>

1 ze

2 d1 do:f2

5u fq=0:f2

5u fq=cnst20:f1

5u pl16:f1

5u pl2:f2

5u pl5:f3

;proton 90 pulse

p2:f2 ph1

;H T2 filter

d6

p2*2:f2 ph10

d6

;H-H NOESY

p2:f2 ph5

d7

p2:f2 ph6

;H-N cp

(p15 ph2):f3 (p15:sp0 ph0):f2

;H dec

2u pl12:f2

2u cpds2:f2

2u pl15:f3

;15N t1 evolution

d0

;N-C cp

(p16 ph3):f3 (p16:sp1 ph4):f1

5u fq=0:f1

5u

;acquisition
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go=2 ph31

1m do:f2

100m wr #0 if #0 zd

1m id0

1m ip2

lo to 2 times td1

HaltAcqu, 1m

exit

ph0= 0

ph1= 1 3

ph2= 0

ph3= 0 0 2 2

ph4= 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1

2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3

ph5= 1

ph6= 1 1 1 1 3 3 3 3

ph10=0

ph31=0 2 2 0 2 0 0 2 1 3 3 1 3 1 1 3

2 0 0 2 0 2 2 0 3 1 1 3 1 3 3 1
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