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1.1 Structural investigations of biological systems with NMR spectroscopy
A mechanistic understanding of biological function requires the determination of the threedimensional molecular structures of biological macromolecules. Nuclear magnetic resonance
(NMR) spectroscopy is a unique technique for measuring structural and dynamic properties of
complex biomolecules under near-physiological conditions. High-resolution solution NMR
has become a standard method for structure determination of soluble proteins and highresolution spectra are a result of fast isotropic molecular tumbling. In many cases, however,
the most natural condition to study molecular structure and dynamics of macromolecules is in
a membrane-integrated form.
A leading technique for investigating biological systems is x-ray crystallography.
However, well-ordered 3D single crystals are the major requirement for attaining highresolution structures of biomolecules of any size, and growing a crystal that diffracts beyond
3 Å can take a long time. Membrane proteins, for example, can not be easily crystallized and
as a result, to date only few high-resolution structures of membrane proteins have been
solved. Studying the structure of membrane proteins remains a serious challenge, considering
their importance. They play a crucial role in the cell, being involved in many vital cellular
processes, acting as channels, pumps, receptors and enzymes. Membrane proteins are
estimated to constitute a third of the genomes of mammalians and some of them, the Gprotein coupled receptors, represent primary receptor targets for drug discovery1. Over the
past two decades, solid-state NMR has emerged as an effective method for structural studies
of quasi-immobilized biomolecules, such as membrane proteins and amyloid systems. In most
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solids, fast molecular tumbling is absent and anisotropic interactions like chemical shift
anisotropy (CSA), dipolar interactions and, for spins > 1/2, quadrupolar couplings, lead to
resonance broadening. To overcome this problem, two general approaches for obtaining highresolution solid-state NMR spectra have been developed. The first approach relies on oriented
samples such as membranes layered on glass slides2,3. Orientational restraints are derived
from dipolar couplings and chemical shift interactions, whose values depend on how the
molecule is aligned relative to the external magnetic field. An example of a solid-state NMR
experiment on oriented samples is the so-called PISEMA experiment, which is used to study
the orientation of secondary structure elements4. The second approach for obtaining highresolution spectra is the magic-angle spinning (MAS) technique, where the spectral resolution
is improved by mechanically rotating the sample at the “magic” angle, that is around an axis
tilted of 54.7° relative to the external magnetic field5,6. In this work, we have focused on MAS
methods for structural studies, with the advantage that MAS can be applied to randomlyoriented molecules.
MAS applied to oriented and non-oriented samples produces sufficiently resolved
spectra and allows the detection of the isotropic chemical shifts. This has important
advantages for structural investigations by solid-sate MAS NMR. First, well-established
strategies for resonance assignment known from solution NMR can be implemented in solidstate MAS NMR, and chemical shift databases compiled from solution NMR studies can be
accessed to identify amino-acids by means of their characteristic side-chain correlation
patterns7,8 (see Chapter 2). Second, the solid-state NMR assignment can be exploited to obtain
information about secondary structure motifs, as is common practice in solution NMR9 (see
Chapter 6). Moreover, analysis of chemical shift differences in solution and in solid-state may
provide structural information about the contact interfaces or, in the case of ligand-receptor
binding studies, to probe the binding area8,10 (see Chapter 7).

1.2 Solid-state magic-angle spinning NMR
The anisotropic nuclear interactions that are of interest in solid-state NMR spectroscopy can
be described by second-rank tensors which couple the nuclear magnetic moment to the
pertinent field and together form the nuclear spin Hamiltonian H
H= HZ + HRF + HCS + HD + HJ +HQ.
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HZ is the Zeeman term, which describes the interaction between a nuclear spin I and the
external field B0
HZ = I Z B0,
where I and B0 are represented by vectors and Z is a second-ranked tensor.
Transitions between the Zeeman states are induced by an oscillating field B1 and are
described by the HRF term
HRF = I Z B1,
where the B1 field is generally thousand times smaller than the B0 field.
The remaining terms of the Hamiltonian give rise to the characteristic features of an
NMR spectrum. These are the chemical shift hamiltonian HCS, the dipolar hamiltonian HD, the
J-coupling hamiltonian HJ and the quadrupolar coupling hamiltonian HQ.
The chemical shift hamiltonian HCS can be written as
HCS = γ I σ B0,
where σ is the shielding tensor and describes the effect of the electron distribution around the
nuclear spin. Because the electron distribution is not uniform, the chemical shift interaction
depends on the orientation of the nucleus with respect to B0. In a first-order perturbation
theory, the truncated chemical shift hamiltonian HCS for a single spin becomes
HCS = γ Iz σzzLF B0.
The index LF indicates that σzzLF is the zz element of the σ matrix in its laboratory-frame (LF)
representation.
The dipolar hamiltonian HD describes the through-space coupling between two nuclear
spins II and IJ
HD = II D IJ,
where D is the dipolar coupling tensor, which describes how the field due to the spin I varies
with the orientation of the I-J internuclear vector in the applied field (θIJ). The dipolar
coupling has also an r-3 distance dependence, which is source of distance restraints in NMR.
The truncated dipolar hamiltonian is
HD = −

µ0
γ Iγ J 1
h ∑∑ 3
(3 cos 2 (θ IJ ) − 1)2 I zI I zJ .
4π I J rIJ 2

J-couplings are dipolar couplings that are mediated through bonds by the electrons. In
the solid-state J-couplings are much smaller than the dipolar interactions, nevertheless solidstate NMR experiments have recently been presented, which utilize J-couplings to establish
homonuclear11,12 and heteronuclear13,14 correlations.
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The quadrupolar coupling hamiltonian HQ is non-zero only for nuclei with spins greater
than ½ and is proportional to the electric-field gradient tensor V.
The chemical shift tensor σ, the dipolar interaction tensor D and the electric-field
gradient tensor V contain all a (3 cos2 θ – 1) orientation dependence factor. Consequently, in a
MAS NMR experiment, chemical shift, dipolar and quadrupolar interactions can be averaged
by mechanically spinning the sample about an axis aligned at 54.7º (the magic-angle) with
respect to the external magnetic field, as depicted in Fig. 1.1. When the sample is at the
magic-angle, the anisotropic factor vanishes and under fast rotation the anisotropic
broadening is removed. The isotropic shift interactions and the isotropic J-couplings are left
and high-resolution NMR spectra can be recorded, as in solution NMR.

drive

bearing
Fig. 1.1

Schematic representation of the magic-angle spinning (MAS) technique. The rotor, that contains the

sample, is tilted at 54.7º respect to the external magnetic field. By the combined application of bearing and
driving pressures, the sample rotates around itself, at the desired frequency.

Using the terminology of Maricq and Waugh15, anisotropic interactions can be divided
in homogeneous and inhomogeneous; inhomogeneous interactions include the chemical shift,
the first-order quadrupolar interaction and dipolar coupling between unlike spins, while
dipolar interactions between like spins are homogeneous. The effect of MAS on 1H and

13

C

spectra relates to the dominating interactions. In a 13C spectrum, the isotropic and anisotropic
chemical shift interactions override the homonuclear dipolar interaction. The effect of MAS
on a inhomogeneously broadened line consists of producing a set of side-bands, even if the
rotation frequency is much lower than the inhomogeneous interaction. The result is a narrow
resonance at the isotropic chemical shift, which is flanked by sets of rotational side-bands
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spaced by the MAS frequency. In Fig. 1.2, the broad powder line shape due to a CSA
interaction of a carboxyl carbon, obtained in static conditions, is shown on the top. Upon
rotating the sample, the static line breaks up into a centre-band and spinning side-bands. As
the MAS frequency is increased, the intensities of the side-bands is transferred to the centreband. When the MAS frequency exceeds the CSA of the resonance, only the centre band
remains. The number and intensity of the spinning side-bands vary with the magnitude of the
CSA and can be used to calculate the chemical shift tensor16. A different situation is usually
encountered in 1H solid-state NMR, where the homonuclear dipolar interaction is the major
anisotropic interaction. For a homogeneous interaction, the broadened line does not split up in
a set of spinning side-bands for spinning speed lower than the homogeneous broadening, in
contrast to inhomogeneous interactions15. In a homogeneously broadened spectrum, the
rotation rate must exceed the line-width to obtain substantial narrowing, and even at the
highest MAS frequency of ~ 50 kHz all residual dipolar broadening cannot be removed.
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Fig. 1.2

Simulated spectra, showing the effect of MAS on the anisotropic lineshape due to the CSA interaction

of a 13C nucleus in a carboxyl group.
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1.3 Basic tools in solid-state MAS NMR
In solution NMR, the dipolar and J-couplings between 1H spins in the molecule are used to
define the structure. Low-γ nuclear spins, such as

13

C and

15

N are employed to increase

resolution of overlapping 1H resonances, using multidimensional techniques. Protons not only
have a high gyromagnetic ratio but also high natural abundance. In an NMR experiment, the
sensitivity, i.e. the signal-to-noise ratio (S/N), depends on both these parameters and, of all
naturally occurring nuclei, the proton has the best sensitivity. In MAS NMR, structural details
are primarily obtained from low-γ and dilute I=1/2 spins, i.e.

13

C and

15

N. Protons are

generally not the observed nuclei because they form a strongly dipolarly coupled network of
spins.
In MAS solid-state NMR experiments, the detection of low abundance

13

C and

15

N

nuclei usually requires isotope labelling for sensitivity enhancement. To further increase the
sensitivity and resolution of solid-state spectra, MAS is combined with high-power proton
decoupling17 and cross-polarization (CP)18,19. Fig. 1.3 shows the effect of these different
solid-state methods on 1D

13

C spectra of the α-spectrin SH3 domain. All the spectra were

recorded with a total acquisition time of 10 min. The MAS spectrum in (a) is obtained by
simply applying a 90º pulse on the

13

C spins and then acquiring the carbon signal. The

spectrum shows both low sensitivity and low resolution. By the introduction of 1H highpower decoupling during acquisition (Fig. 1.3 b), the resolution of the spectrum sensibly
improves. 1H-decoupling is necessary to eliminate residual 1H-13C dipolar couplings under
MAS and 1H-13C residual J-couplings. Decoupling field strengths of 80-100 kHz are now
commonly used. The simplest decoupling method involves continuous irradiation with rf
pulse of fixed phase during the acquisition of the FID and is termed continuous wave
(CW)17decoupling. Recently, more sophisticated methods based on rapid phase switching,
such as the TPPM (two-pulse phase modulation) technique, have been introduced, which
improve significally the decoupling efficiency20.
In 13C or 15N MAS spectra, CP18,19 between protons and low-γ nuclear spins can be used
to greatly enhance the signal intensity. In Fig. 1.3 c, a 1D 13C CP MAS spectrum is shown. In
a CP experiment, the field strengths in the rotating frame are set to the Hartmann-Hahn
condition, as depicted in Fig. 1.4. The standard pulse program of a CP experiment starts with
a 1H excitation 90º-pulse and then magnetization is transferred from protons to the low
frequency channel (e.g. 13C) by the matched pair of CP pulses. In the presence of molecular
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motion or with increasing spinning speed, problems in establishing and maintaining the
Hartmann–Hahn matching condition can be encountered.
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Solid-state 13C MAS NMR spectra of the α-spectrin SH3 domain, acquired with various experimental

settings, at a field of 9.4 T, with a spinning frequency ωR/2π = 8.0 kHz and at a temperature of 298 K. All
spectra are recorded using a total acquisition time of 10 min. The spectrum in (a) is obtained by applying a
single 90º pulse on the 13C magnetization. In (b), additional TPPM decoupling is employed during acquisition to
improve resolution. The spectrum in (c) is recorded using the ramp-CP method, with the effect of an improved
signal to noise ratio respect to (a). The combination of ramp-CP and 1H TPPM decoupling produces the
spectrum shown in (d).
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Recently, it has been shown that a ramped pulse on one of the channels improves signal
stability, compensates for B1 inhomogeneity and increases sensitivity21,22. The signal
enhancement resulting from CP is due to two factors. First, the larger gyromagnetic ratio of
protons (e.g. γH is 4 times bigger than γC) creates a larger 1H polarization which is transferred
to the low-γ nucleus. Second, the repetition time of the experiment is determined by the
shorter 1H relaxation time relative to low-γ spins and hence the experiment repetition rate can
be increased. For typical 1H-13C CP experiment, these two factors can easily result in a 10fold increase in sensitivity, as demonstrated by comparing the spectra in a and c. Finally, the
spectrum in d shows the combined effect of CP and proton decoupling that produces sharp
and intense peaks.
1

13

H
ω1H

Fig. 1.4

C
ω13C

Hartmann-Hahn Matching
ω1H (= γ1HH1H) = ω13C (= γ13CH13C)

The classic Hartmann-Hahn matching condition for a non-spinning sample, that allows transfer of

polarization from 1H to low-γ nuclei, such as 13C. For a spinning sample, the MAS frequency has to be taken
into account and the matching condition becomes: ω1H-ω13C = ±n ωr.

The anisotropic interactions present in the solid-state are averaged out by rapid MAS.
On the other hand, these interactions contain valuable structural and dynamic information.
This information can be brought back by employing so-called “recoupling methods” to
recover the anisotropic interactions lost during MAS. Different techniques have been
developed for recoupling dipolar interactions, which function by the application of rf pulses
to counterbalance the effect of the sample rotation. These techniques can be separated in two
general categories; techniques that recouple dipolar couplings between like spins include
RFDR23, RIL24, MELODRAMA25, DRAWS26, C727, post-C728, CMR729, SPC-530.
Techniques that measure dipolar couplings between unlike spins are for example REDOR31
and TEDOR32. Recoupling through rf pulses is illustrated schematically in Fig. 1.5. Without
pulses the time average of the dipole hamiltonian vanishes during MAS (Fig. 1.5a). However,
application of a rotor-synchronized pulse train (Fig. 1.5b) yields a non-zero time-average of
the dipolar coupling, where the amount of efficiency of the recoupling is scaled by a factor S,
that depends on the details of the pulse train.
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The application of homonuclear dipolar correlation spectroscopy on uniformly

13

C-

labelled systems is important for assignment strategies in solid-state NMR. 13C-homonuclear
correlation experiments are used for the identification of amino-acid side-chains.

(a)

MAS

(b)

ωdip(t)= 0

rf-pulse
S

ωdip(t)= 0

n
Fig. 1.5

Schematic illustration of the idea behind recoupling methods. (a): MAS produces an oscillatory

behaviour of the dipolar coupling which yields ωdip (t) = 0. (b): application of rotor synchronized π pulses yields
a non zero ωdip (t).

Spectral assignment requires also heteronuclear transfer steps that direct polarization from
one spin to the next in the polypeptide chain, to obtain the sequential assignment. For
heteronuclear transfer in polypeptides, the conventional CP approach has been modified to
direct polarization transfer between two low-γ spins in a chemical shift selective manner33.
Selective magnetization transfer between the amide N and the Cα and CO backbone nuclei
can be established using specific

15

N-13C cross-polarization (specific-CP)33, where off-

resonance low-power rf fields are applied to spin lock the 15N and 13C spins. The spin-locking
has to fulfil the specific-CP matching condition
Ω C + ω C − Ω N + ω N = nω r ,
2

2

2

2

where ω r denotes the sample spinning frequency, Ω the frequency offsets and ω the rf field
strengths for the

15

N and

13

C spins. The low rf powers ensure that the CP is band-selective,

while the off-resonance components can be adjusted to fulfil the specific-CP condition for any
two bands in the

15

N and

13

C spectra. The application of homonuclear and heteronuclear

techniques for assignment purposes is described in more detail in Chapter 2.
Even though 1H NMR is currently not of central importance in the solid-state, highresolution 1H solid-state NMR methods have recently been developed, raising expectations
that the significance of protons in MAS NMR may increase in the next future. A method to
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improve proton resolution is based on the Lee-Goldburg (LG) technique. The basic idea of the
Lee and Goldburg experiment consists in irradiation of the proton spins in a continuous
fashion with a field that is off-resonance, in such a way that the total effective field Heff is
inclined at the magic angle θm = 54.7° with respect to the positive or negative z-axis, as
depicted in Fig. 1.6. The LG conditions can be written as
1
Ω ± ∆LG = ω ±∆LG − γH 0 = ±
2 ω1 .
2

a

b

z

z
Heff

H1,

H+∆LG

Fig. 1.6
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Application of off-resonance fields (H+∆LG and H+∆LG) in such a way that the effective field Heff is

inclined at θm with respect to the negative (a) or positive (b) z-axis. In the LG experiment, θm is set to be the
magic-angle (54.7°).

A further improvement of the LG decoupling is achieved with the frequency- and phaseswitched Lee-Goldburg (FSLG) experiment suggested by Levitt and co-workers34. In this
experiment the rf field is frequency-switched between

ω +∆LG and ω −∆LG , and the phase is

switched between Ψ+∆LG and Ψ−∆LG , with Ψ+ ∆LG − Ψ−∆LG = π . A different approach was
proposed by Vega and co-workers, with the introduction of the phase-modulated LeeGoldburg (PMLG)35. The basic idea of the PMLG experiment is to mimic the off-resonance rf
irradiation using an on-resonance pulse with continuously changing phase. Both these
methods were employed in the proton assignment of the α-spectrin SH3 domain, as described
in Section 2.3.

1.4 Overview of the thesis
In this thesis, a methodology for structure determination of proteins by solid-state MAS NMR
is presented. The potential of the method is demonstrated with the calculation of the structure
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of the 62 residue α-spectrin SH3 domain, used as a model system. This method should be
widely applicable for structural investigation of those proteins which do not easily form
crystals or are not accessible to solution NMR studies, such as membrane proteins and
amyloid systems.
The initial step in a structural study by NMR is the resonance assignment. In Chapter
2, the solid-state assignment strategy of 13C and 15N signals is described, which involves two

main steps: first the identification of the single residues by homonuclear dipolar correlation
spectroscopy, followed by the sequential assignment, achieved by heteronuclear correlation
experiments. The assignment of the 13C and 15N resonances of the SH3 domain is shown as an
example. On the basis of the 13C and 15N assignment, we have obtained the proton resonance
assignment, by multi-dimensional NMR spectroscopy, as reported in Section 2.3. In
particular, the resonances of non-exchangeable protons are assigned by 3D 1H-13C-13C
correlation spectroscopy. For the amide proton resonance assignment, a novel 3D (1H-15N13

C) heteronuclear correlation experiment is used.
In Chapter 3, our approach for determining the structure of proteins by solid-state

MAS NMR is introduced. From exploring all potential short distances in proteins, and
considering the limited resolution of the proton spectrum in the solid-state, it is evident the
carbon-carbon distances are of prime importance in defining a 3D structure. Our method is
based on the collection of a large number of low-accuracy

13

C-13C structure-defining

distances from multiply-enriched samples. In a fully 13C-enriched sample, dipolar truncation
effects and spin-diffusion mechanisms do not allow detection of long-range restraints. To
overcome this problem, dilution of the labelling is used, in combination with a broad-band
recoupling method.
In Chapter 4, the preparation of biosynthetically site-directed

13

C-labelled samples is

described. The selective and extensive labelling is important for the detection of long-range
restraints for structure determination in solid-state MAS NMR. Spin dilution is obtained by
using selectively labelled glycerol in the protein expression medium. The 13C labelling pattern
obtained with this method, is estimated from solution NMR data.
The first structure calculation of the SH3 domain by solid-state NMR is obtained by
combing dilution of

13

C spins with the broad-band proton-driven spin diffusion (PDSD)

method, as presented in Chapter 5. Within this chapter, methods are described for the
conversion of the

13

C-13C long-range restraints from 2D PDSD spectra into 4 different
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distance classes. In addition, a description is given for how we could distinguish between
intra- and inter-molecular correlations. The first structure of the SH3 is obtained only from
2D spectroscopy.
In Chapter 6, a refinement of the structure is achieved by 3D

15

N-13C-13C dipolar

correlation spectroscopy and chemical shift analysis. Through the addition of a

15

N

dimension, it becomes possible to identify new backbone carbon-carbon restraints, that were
not accessible in 2D experiments. Additional restraints are obtained by using the information
contained in the chemical shifts, which provided backbone torsion angle restraints.
Differences in the chemical shift values obtained from solution and solid-state spectra
of the same protein, can be used to dissect structural variations of the protein under these two
conditions. In Chapter 7, we analyze the chemical shift differences in the case of our SH3
sample, in solution and in a microcrystalline state. Similar studies may be instrumental in
ligand-receptor binding investigations, where perturbations of the ligand resonances upon
binding can be used to acquire structural insights of the binding interface.
Finally, in Chapter 8 the mechanism of magnetization transfer between low-γ nuclei
via a proton-driven spin diffusion process is interpreted. 15N-15N PDSD spectra are recorded
on a 15N-labelled SH3 sample, to analyze the relation between build-up curves of cross-peak
intensities and 15N-15N distances.
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