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Solid-State NMR Spectroscopy of Proteins

Henrik Miiller, Manuel Etzkorn, and Henrike Heise

Abstract Solid-state NMR spectroscopy proved to be a versatile tool for characteriza-
tion of structure and dynamics of complex biochemical systems. In particular, magic
angle spinning (MAS) solid-state NMR came to maturity for application towards
structural elucidation of biological macromolecules. Current challenges in applying
solid-state NMR as well as progress achieved recently will be discussed in the following
chapter focusing on conceptual aspects important for structural elucidation of proteins.
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1 Introduction

In the last decade, solid-state NMR spectroscopy has proven its enormous potential
for structural investigations of biological macromolecules or macromolecular
complexes. In contrast to X-ray crystallography, which requires crystalline samples,
and solution-state NMR spectroscopy, which requires fast tumbling molecules and
thus molecular weights of less than a few hundred kDa, solid-state NMR spectros-
copy imposes no restrictions upon solubility, crystallizability, molecular size, or even
purity of the sample. Solid-state NMR spectroscopy is a particularly powerful method
for investigating large protein assemblies or aggregates, integral membrane proteins
reconstituted into lipid bilayers, biominerals, protein—DNA complexes, or even full
virus particles.

In solution-state NMR spectroscopy, rapid isotropic tumbling leads to a complete
averaging of chemical shift anisotropy, homonuclear and heteronuclear dipolar
couplings, and also, in the case of nuclei with spin >1/2, of quadrupolar interactions.
In contrast, in solids the resonance frequency and the magnitude of internuclear
couplings depend on the orientation of the molecule within the magnetic field.
These anisotropic interactions can either be exploited for information on dynamics
and orientation, or overcome. This can be accomplished in different ways:

« If the molecules have no preferred orientation in the sample, signals are dominated
by their chemical shift anisotropy or the quadrupolar interaction, which leads to a
distinct powder pattern. Even in the absence of isotropic tumbling, however,
molecules can rotate in a preferred direction resulting in a partial averaging of
the powder pattern. Especially in lipid bilayers or liposomes, dynamics of
membranes can be probed by the line shapes either in *'P spectra of the lipid
head groups or of “H spectra in selectively deuterated positions in lipid side chains.

¢ Membrane proteins can be oriented macroscopically, e.g. by reconstitution into
lipid bilayers on glass plates which are aligned perpendicular to the magnetic
field. Since all membrane-reconstituted proteins adopt the same orientation in
lipid bilayers, narrow lines are observed, and their chemical shifts as well as their
dipolar couplings are a signature of the orientation [1].

» Anisotropic interactions can be averaged out by magic angle spinning (MAS)
NMR: [2] by rapidly spinning the sample around an axis inclined at an angle of
54.7° whereby dipolar couplings, chemical shift anisotropy, and first-order
quadrupolar interactions are averaged to zero. In principle, line widths as
small as in liquid-state NMR spectroscopy can be obtained (Fig. 1).

The rapid methodological development of solid-state NMR spectroscopy, in
particular MAS NMR spectroscopy, during the last decade as well as more sophisti-
cated labeling techniques for proteins have established the possibility of also applying
multi-dimensional NMR spectroscopy to biological macromolecules and complex
multi-component systems [3-5].
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Fig. 1 Principle of magic angle spinning (MAS) solid state NMR. (a) Rotation of the sample rotor
about the “magic angle” 6,,, = 54.7° with respect to the magnetic field B i.e., the space diagonal.
(b) Typical solid state NMR spectrum without MAS (left hand side, simulated data) and with MAS
(right hand side). The arrow indicates the isotropic chemical shift d;,

In the current chapter we focus on recent techniques and applications in MAS-
NMR spectroscopy of proteins and biomolecules.

2 Sample Preparation

2.1 |Isotope Labeling

Due to high sensitivity and resolution, '"H NMR detection is the basis of most
solution-state NMR spectra of proteins. Solid-state '"H NMR spectra of proteins,
however, are generally broadened beyond resolution due to spin relaxation in a
network of dipolar coupled protons. Therefore, solid-state NMR spectroscopy of
larger molecules like proteins critically depends on labeling with the stable isotopes
3¢, PN, and/or *H. Depending on the method chosen for protein production,
a variety of isotope labeling strategies has been developed [6-9].

For peptides below a length of about 40 amino acids, solid phase synthesis can
be applied in which nascent peptides are bound to a bead and synthesized gradually
in iterated cycles of deviating chemical environments. Thus, site-specific introduc-
tion of isotope labels at any desired position is possible.

Larger proteins are usually obtained by recombinant expression in E. coli, yeast
[10], insect cells [11], or mammalian cells [12]. In these cases, the isotope labeling
pattern depends critically on the carbon- and nitrogen-containing precursors in the
growth medium. For '°C labeling, all intermediates of the glycolysis pathway and the
citric acid cycle can serve as a carbon source. If the bacterial minimal growth medium
contains glucose or its derivatives such as glycerol, pyruvate, or acetate as the sole
carbon source and ammonium salts as the sole nitrogen source, uniformly '*C and
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>N-labeled proteins can be obtained. Although such a uniform labeling pattern
allows for collecting the maximum amount of spectroscopic information, the size
of the protein as well as an unfortunate amino acid distribution might result in spectral
overlap. In such cases, a reduction in the number of labeled amino acids might
become crucial which can be achieved, e.g. by adding unlabeled amino acids to the
growth medium. The success of this so-called reverse labeling depends on the
metabolic pathway for the biosynthesis of the chosen amino acid [13, 14] which
can be improved by the use of auxotrophic strains unable to synthesize the respective
amino acids [15]. Complementary, type-selective amino acid labeling can be obtained
by adding a labeled amino acid type to an otherwise unlabeled growth medium [16].
Atom position-specific labeling can be achieved by using reduced labeled precursors
such as 1,3- or 2-"*C-glycerol or 1- or 2-'>C glucose resulting in characteristic '*C
isotope distributions within each amino acid type [6, 9, 14, 17]. Incorporation of
isolated '*C isotopes solely at methyl sites is obtained by using 3-'*C-pyruvate as sole
carbon source [18].

An even more sophisticated approach comprises protein synthesis by cell-free
expression: as the amino acids added in a cell-free system are less exposed to
bacterial metabolism, efficiency and selectivity of incorporation of specific isotope-
labeled amino acids are only marginally hampered by isotope scrambling often
observed in in vivo expression systems [19]. Even non-canonical amino acids can
be incorporated allowing for site-specific labeling of proteins [20, 21].

At least for non-crystalline samples, "H detection is still a major challenge. In
solution NMR, the development of heteronuclear multidimensional NMR spectros-
copy has paved the way for the assignment of backbone and side-chain resonances
of proteins with molecular masses of over 30 kDa. This success has mainly been
achieved through the production of highly deuterated samples because the replace-
ment of protons with deuterons significantly improves the 'H resolution [22-25].
Innovative labeling schemes, e.g. with 5 % protonation at non-exchangeable sites,
enable 'H-detection with high resolution resulting in determination of long range
proton proton distances in solid-state MAS NMR spectroscopy [26]. However,
protein deuteration is accompanied by several disadvantages. It not only depletes
the number of 'H-'H distance restraints but also influences NMR resonance
frequencies and cross polarization transfer efficiencies. In contrast, full protonation
simplifies sample preparation and permits a more complete chemical shift assign-
ment to be obtained from only one sample. Using the fully protonated 56-residue {1
immunoglobulin-binding domain of protein G (GB1) in a 1.6-mm rotor at 40 kHz
MAS and 500 MHz proton frequency, proton line widths of 1 ppm and a sensitivity
enhancement of up to four times compared to direct '*C and >N detection could be
observed. Apart from this, 3D pulse sequences transferring magnetization between
heteronuclei such us CaNH, CONH, and NCaH even allowed full backbone and
partial side-chain proton assignments [27].

A mixing of molecular species with different labeling patterns offers the possi-
bility of obtaining intermolecular distance restraints [28].
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Aiming at investigating a complex macromolecular surrounding such as whole
cell preparations it has to be guaranteed that predominantly the protein of interest is
isotope-labeled. In order to reduce the overall host protein content, single protein
production, taking advantage of an mRNA interferase which cleaves all not geneti-
cally engineered mRNAs, constitutes a major milestone to a further improvement of
sample quality [29].

2.2 Microcrystals and Macromolecular Complexes

The quality of solid-state NMR spectra critically depends on the properties of the
sample. Depending on size, nature, and state of the protein, different ways of
sample preparations can be used for solid-state NMR spectroscopy.

Pioneering solid-state NMR investigations on extensively isotope labeled proteins
were performed on immobilized and often microcrystalline proteins. Especially for
the later, well-resolved spectra could be obtained due to the absence of conforma-
tional disorder. Conformational ensembles of completely or partially unfolded
proteins or multimers can be studied in frozen solution [30-32], where a lack of
secondary structure does not result in an average random coil chemical shift but gives
rise to a continuous distribution of chemical shifts [33]. Recently it was found that
solid-state NMR spectroscopy can be performed on proteins >100 kDa even in
solution due to transient sedimentation of large proteins at the rotor walls under
fast MAS. Although these sediments are non-crystalline, the proteins are sufficiently
immobilized suppressing motional averaging of dipolar interactions and chemical
shifts [34, 35].

In contrast to solution-state NMR spectroscopy, the size of protein assemblies does
not affect the line width in solid-state NMR spectroscopy. As only the number of
inequivalent amino acids in a sample leads to spectral crowding and resonance
overlap, large protein assemblies formed from one or only a few types of monomers
are extremely suitable for solid-state NMR spectroscopy. Recent examples include a
variety of amyloid fibrils [3, 36, 37], full virus particles [38, 39], and a secretion
needle [40].

2.3 Amyloid Fibrils: Seeded Versus Spontaneous Fibrillation

A particular challenge associated with the study of assemblies of proteins in their non-
native conformation is structural heterogeneity or polymorphism. As proteins may
adopt different conformations upon aggregation, the structure of such fibrils can
critically depend on the exact conditions of fibrillation. Minor variations of the pH,
salt concentration [41], and even stirring of the solution [42] have been shown to have
a tremendous influence on the morphology of the fibrils as well as the detailed
molecular structure.
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The fibrillation kinetics is characterized by a lag phase followed by a sigmoidal
increase which is indicative of a nucleation-dependent aggregation, in which the
formation of a nucleus is the rate-determining step. A lag phase can be circumvented
by seeding with fibrils which have either been generated in vitro, or were isolated
from in vivo material.

For amyloid fibrils of wild-type AP as well as a disease-related mutation thereof,
sample homogeneity could be improved using a repeated seeding protocol [43, 44].
Increased homogeneity was ascribed to the selection of one fibril structure, which is
kinetically as well as thermodynamically favored, out of a polymorphic mixture of
different fibril types in the initial sample. However, the ultimate goal of this sort of
study is the elucidation of disease-relevant conformations of the misfolded protein.
As solid-state NMR studies rely on specific or uniform labeling with the NMR active
isotopes '*C and/or '°N, structural investigations of amyloid fibrils purified from
in vivo brain material — such as prion rods or fibrils generated from Alzheimer’s
plaques or Lewy bodies — are still impossible. In such cases, templating of isotope-
labeled recombinantly expressed proteins with brain-derived seeds becomes the
method of choice for investigating fibrils in a conformation as close to the in vivo
state as possible. First promising attempts include AP [45] or the yeast prion Ure2p
[46].

2.4 Membrane Proteins in a Native-Like Environment

In terms of sample complexity, the preparation and investigation of membrane
proteins is particularly challenging because of their intrinsic hydrophobic nature
and the necessity of using a suitable membrane-mimicking environment (Fig. 2)
[47]. For solid-state NMR the reconstitution into lipid bilayers is often the method
of choice. Although incorporation of detergent-solubilized membrane proteins into
liposomes occurs spontaneously by decreasing the detergent concentration, it has to
be demonstrated that reconstituted membrane proteins are fully functional under
physiological conditions of pH, salinity, and the presence of endogenous ligands.
As an advantageous model of biological membranes, so-called bicelles became
popular during the last decade due to their capability to align in a magnetic field.
They are composed of a mixture of long chain (14-18 carbon atoms) and short
chain (68 carbon atoms) surfactants and hence represent an intermediate between
lipid vesicles and micelles. Since bicelles are not disrupted by MAS, isotropic solid-
state '*C-, "°N-, and *'P-NMR spectroscopy can be applied for structural determi-
nation of molecules in membranes [48—51]. Finally, cellular membranes can be
mimicked by discoidal nanoscale lipid bilayers, so-called nanodiscs, which are
confined and stabilized by amphiphatic helical scaffold proteins [52]. They can be
produced from a variety of lipids, are stable over a broad range of temperatures, and
are accessible from both sides of the lipid bilayer. Since nanodiscs represent a more
native environment than micelles or bicelles, they are an outstanding model system
for understanding membrane protein function. Heteronuclear solid-state NMR
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Fig. 2 Schematic representation of most common membrane-mimicking environments compatible
with solution and/or solid-state NMR studies of integral membrane proteins. Micelle (a), bicelle (b),
nanolipoprotein particles also known as nanodiscs (c), and liposomes (d). The membrane protein is
depicted in gray, detergents are colored in brown and lipids in blue. The apolipoprotein also known
as membrane scaffold protein is represented as a green ring. Liposomes are scaled down by a factor
of 2

studies of nanodisc-incorporated proteins demonstrated the utility of MAS NMR to
study the structure of high molecular weight lipid protein complexes [53-55].

3 Hardware Improvements: High Fields, Cryo-NMR,
Fast MAS

One of the most obvious improvements during the last two decades of biomolecular
NMR spectroscopy has been the development of high magnetic field strengths. As the
chemical shift scales linearly with the external magnetic field, the spectral resolution
increases linearly if the line widths are determined predominantly by the life time of
the spin states (i.e. if the lines are homogeneously broadened as defined by Maricq
and Waugh [56]). Furthermore, the signal intensity is proportional to the population
difference between the two spin states of spin %5 nuclei given by the Boltzmann
distribution. The higher the magnetic field, the higher the number of excitable spins in
the low energy state resulting in an at least linear improvement of NMR-sensitivity as
well. The strongest NMR instruments currently commercially available operate at a
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magnetic field strength of 23.5 T, corresponding to a proton Larmor frequency of
1 GHz.

The population difference given by the Boltzmann distribution can further be
enhanced by lowering the sample temperature. Cryo-solid-state NMR at temperatures
down to 90 K demonstrates that site-specific insights into molecular nature and
dynamics of peptides and proteins can also be achieved in this temperature regime
[57]. The increase in sensitivity, however, may be gained at the expense of spectral
resolution which degrades substantially at temperatures below 210 K [58]. The
observed line broadening reflects the freezing of molecular motions and side chain
rotations into discrete populations. The dynamic transitions are reversible, at least in
microcrystalline systems, excluding cold-denaturation or damage to the crystal lattice
by freezing [57, 59, 60].

Recent developments in probe head technology have enabled MAS spinning
rates of 70 kHz and more, which are particularly attractive in combination with
direct proton detection [61, 62].

Finally, spin hyperpolarization techniques for obtaining spin polarizations exceed-
ing the Boltzman limit by several orders of magnitude like optical polarization, para
hydrogen induced hyperpolarization, or dynamic nuclear polarization (DNP) are
subject of intense research. In the last section we will highlight recent break-throughs
and latest contributions of DNP in the field of biomolecular solid-state NMR
spectroscopy.

4 Basic Principles and Recent Pulse Sequence Improvements

4.1 Homogeneous Line Broadening and Proton Decoupling

Rapid exchange of energy quanta between nuclear spins in a 3D network by flip-
flop transitions interferes with averaging by magic angle spinning, as the neighbor-
ing spins can change their spin state spontaneously and unpredictably during the
rotor period. As a consequence rotational echoes decay fast and proton spectra
remain homogeneously broadened even at ultra-high spinning speeds up to 70 kHz
[56]. For high resolution, solid-state NMR spectroscopy of biological
macromolecules depends on isotope labeling with '*C and N or on dilution of
proton spins by extensive sample deuteration. Likewise, heteronuclear dipolar
coupling of ">C or "N spins to a network of strongly coupled proton spins prevents
the refocusing of rare spins after each rotor period into a rotational echo. For high
resolution in solid-state NMR spectroscopy, high power proton decoupling during
evolution and detection periods is mandatory.

Homonuclear proton decoupling in the indirect evolution or in the direct detec-
tion period can be achieved by a net evolution of the protons around an effective
field axis which is tilted by the magic angle of 54.7° from the magnetic field axis: in
this interaction frame, the zero order term of the homonuclear dipolar Hamiltonian
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vanishes to zero. For indirect evolution periods this is achieved by irradiating with a
strong rf field characterized by a resonance offset £2 that is matched to the rf field

strength w,¢ according to /R = V2 [63]. Since the magnetization does not
precess freely but nutates around a tilted axis, the chemical shift as well as

heteronuclear dipolar couplings are reduced by a factor of 1/+/3. First-order
correction terms of the average homonuclear dipolar Hamiltonian are averaged
out by either switching the resonance offset between +£2 and —£2 (frequency
switched Lee-Goldburg, FSLG) [64]. Alternating frequency offsets can also be
mimicked by continuous phase modulation of the rf pulse (phase-modulated Lee-
Goldburg, PMLG [65] or DUMBO [66]).

For homonuclear decoupling during acquisition, a net evolution of the magneti-
zation around an axis tilted by the magic angle from the B, field can be achieved by
toggling the interaction frame of the average Hamiltonian between x-, y-, and z-
directions [67]. As long as MAS is slow compared to the toggling of the interaction
frame, MAS and multi-pulse irradiation can be combined for averaging of aniso-
tropic interactions (CRAMPS) [68]. For faster MAS rates above 30 kHz, where
sample spinning may interfere with CRAMPS, homonuclear decoupling can also be
achieved by applying phase-modulated spin lock fields alternating with time
windows during which data points are acquired [69, 70].

For heteronuclear decoupling, the most straightforward decoupling technique is
on-resonance 1f irradiation of protons with an rf field of constant amplitude and
phase (continuous wave decoupling, CW) [71] during evolution or detection
periods. As CW decoupling leads only to the removal of zero order terms, better
decoupling efficiencies can be obtained by phase modulations in the rf field
[72-74]. However, as rf irradiation synchronized with the MAS rate may lead to
interference of motion in real and spin space and thus to a recoupling of unwanted
dipolar interactions instead of a decoupling, at high MAS rates extreme care has to
be taken that the decoupling power is not in the same order of magnitude as the
MAS rate. At ultrafast MAS rates it may be convenient to choose a decoupling
power which is much lower than the MAS rate [62, 75].

4.2 Recoupling

Magic angle spinning narrows spectral lines and thus enhances resolution. On the
other hand, valuable information about internuclear distances — encoded in aniso-
tropic couplings — is lost. It is highly desirable to retrieve these interactions even in
the presence of MAS for defined time intervals. Anisotropic interactions like homo-
or heteronuclear dipolar couplings can be reintroduced selectively utilizing a second
periodic modulation of the respective Hamiltonian which interferes with the averag-
ing by MAS. This procedure is called recoupling (for recent reviews see [76, 77]).
Homonuclear and heteronuclear dipolar recoupling can easily be incorporated into
2D experiments. Cross peaks between different spins are an indication of a dipolar
coupling, i.e., spatial vicinity between nuclear spins.
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Fig. 3 In REDOR-recoupling, two phase-alternating 180°rf-pulses every rotor period 7, on the
heteronuclear S-channel average out the effect of magic angle spinning on heteronuclear dipolar
couplings. The 180°-pulse in the middle of the recoupling block on the /-channel refocuses the
chemical shift Hamiltonian

One of the most illustrative examples for recoupling of heteronuclear dipolar
couplings is rotational echo double resonance (REDOR) [78]. In this recoupling
scheme, the dipolar Hamiltonian is inverted twice per rotor period by applying
180°-pulses on one of the two rf channels (Fig. 3). This periodic inversion interferes
with the periodic averaging of the dipolar coupling by MAS. As a consequence, a
scaled dipolar Hamiltonian is retained for each spin pair which depends on the
orientation of the two spins within the rotor. Whereas the classical REDOR-
recoupling results in a distance-dependent dephasing of dipolarly coupled spins,
rotational echo double resonance recoupling can also be utilized for coherence
transfer (TEDOR) [79]. Recent improvements of this technique allow for selective
recoupling of defined spin pairs circumventing dipolar truncation by means of
selective pulses or z-filtering [80].

The technique applied most frequently for heteronuclear dipolar recoupling is
cross polarization. Heteronuclear dipolar interactions can facilitate polarization trans-
fer between spins in the doubly rotating frame if two rf spinlock fields with appropri-
ate field strengths are applied simultaneously on both channels. The ratio between the
if field amplitudes B, and B, on the proton and the heteronuclear rf channel under
MAS at a spinning frequency v, has to match the Hartmann—Hahn condition:

H X
By -yu =By yx £l
The polarization transfer from protons to low-gamma nuclei leads to a polariza-

tion enhancement of yH/yX. Therefore, in almost all experiments, cross polarization
from protons to low-gamma nuclei is used for excitation instead of a 90° pulse on



132 H. Miiller et al.

the low-gamma nucleus itself. Further, long T, relaxation times of low-gamma
nuclei, may be circumvented by initial cross polarization from protons.

Cross polarization can also be used for magnetization transfer between low-
gamma nuclei like '°N and '>C as a mixing sequence in a multidimensional
NMR experiment. Due to the substantial shift separation of about 120 ppm
between carbonyl and Ca carbon atoms in proteins, the CP transfer can be
tailored specifically to NCa- or NCO-transfer (SPECIFIC-CP) [81]. In protein
NMR spectroscopy such a heteronuclear correlation experiment may be
incorporated into multidimensional experiments and thus be used to residue-
specific resonance assignment in NMR spectroscopy of immobilized peptides or
proteins [82].

Likewise, homonuclear couplings can be reintroduced by interfering with
the magic angle spinning: the simplest recoupling scheme is rotational reso-
nance recoupling which occurs if the rotor frequency is equal to the chemical
shift difference of two dipolarly coupled spins, a phenomenon which was
discovered as early as 1966 by Andrew [83] and subsequently explained and
exploited for distance measurements in the solid state by Levitt, Griffin and
coworkers [84].

Applying a spin-lock pulse with an rf amplitude equal to one or two times the
rotor frequency leads to a recoupling of heteronuclear dipolar interactions (rotary
resonance recoupling) [85]; a spin-lock pulse with an amplitude half of the rotor
frequency recouples homonuclear dipolar couplings (homonuclear rotary resonance
HORROR) [86].

Homonuclear dipolar coupling can also be recoupled by a variety of rotor-
synchronized symmetry-adapted pulse schemes developed by Levitt [87]. In these
sequences, the rf amplitude is equal to a fixed ratio of the rotor frequency, and the
phase of the rf field is incremented or alternated at a defined rate by phase
increments specified by the symmetry of the recoupling scheme.

Broadband homonuclear recoupling schemes which lead in zeroth order approxi-
mation to a dipolar Hamiltonian containing single- or double-quantum two-spin
operators, however, suffer from dipolar truncation [88-90]: in multi-spin systems,
small dipolar couplings between distant spin pairs are attenuated by a strong dipolar
coupling to a third (closer) spin. Thus, those recoupling sequences are not suitable for
obtaining multiple long-range distance constraints in extensively isotope labeled
biomolecules. One remedy against dipolar truncation is the band-selective recoupling
of dipolar couplings, possibly in combination with sparse isotope labeling [91].
Alternatively, second-order recoupling sequences like proton-driven spin diffusion
and variants thereof as well as proton-assisted second-order recoupling techniques
described in the following paragraph have been discovered and developed for
obtaining structural information in biomolecular solid-state NMR spectroscopy.
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4.3 (Proton-Driven) Spin Diffusion and Second-Order
Recoupling for Polarization Transfer

Spectral spin diffusion, i.e., the exchange of longitudinal magnetization between
dipolarly coupled nuclear spins of roughly the same energy via flip-flop transitions,
can also be utilized for magnetization transfer in homonuclear correlation
experiments. Although the homonuclear dipolar Hamiltonian for an isolated spin
pair is averaged to zero under MAS, dipolar couplings in a multi-spin system lead to
non-zero higher order terms in the average Hamiltonian. Thus, spin diffusion between
protons can be used for magnetization transfer in homonuclear 2D 'H-"H correlation
experiments [92-94] or be detected indirectly on heteronuclei [95, 96]. Likewise,
dipolar couplings between '*C or '°N spin pairs have non-zero higher order terms
when coupled to an abundant proton spin network. As a consequence, proton-driven
spin diffusion (PDSD) is affected by dipolar truncation to a much lesser degree than
active zero-order recoupling schemes [97]. Thus, in principle, structure determination
based solely on distance constraints obtained by PDSD is possible [98, 99]. In order to
facilitate proton-driven spin diffusion at high MAS spinning speeds, heteronuclear
dipolar couplings to protons can be actively recoupled, as exploited in the dipolar
assisted rotational resonance (DARR) mixing sequence [100—102]. For fast MAS
rates, heteronuclear recoupling to protons can be made more robust by varying the
phase angle of proton irradiation using the phase-alternated recoupling irradiation
scheme (PARIS) [103].

At fast MAS rates, the energy mismatch of a zero-quantum transition due to a large
chemical shift difference between both carbon nuclei can be compensated for by
irradiating the proton spins with an 1f field strength equal to the sum of the spinning
speed and the chemical shift difference. This mixed rotational and rotary resonance
recoupling was termed MIRROR spin diffusion [104]. Finally, the proton-assisted
recoupling (PAR) [105] scheme, which involves irradiation on both proton and
carbon channels avoiding all rotary resonance and Hartmann-Hahn conditions, is
characterized by a three-spin effective Hamiltonian and is thus also relatively robust
with respect to dipolar truncation. A heteronuclear three spin order variant, which
involves three different types of nuclei by irradiating three rf channels, is called
proton-assisted insensitive nuclei cross polarization (PAIN-CP) [106]. This
recoupling scheme may lead to valuable long-range N—C distance information in
extensively isotope labeled samples.

4.4 Dynamics

Solid-state NMR spectroscopy techniques traditionally rely on dipolar couplings
between nuclei for coherence transfer. However, proteins in lipid bilayers or in
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proteinaceous aggregates may exhibit residual large-scale or local motions which
may lead to a modulation of the anisotropic interactions on the respective time
scale: submicrosecond motions lead to an averaging of the dipolar couplings and
thus to a line-narrowing, whereas motions in the millisecond regime may be
detected in 2D exchange experiments. For motions between these time scales, the
time-dependent modulation interferes with the NMR time scale and thus leads to a
line-broadening which is not averaged out by MAS. Highly flexible protein regions
may selectively be studied by classical solution NMR techniques where the INEPT
(Insensitive nuclei enhanced by polarization transfer) [107] based coherence trans-
fer without proton decoupling leads to selective excitation of mobile regions
[108—111]. Anisotropic motions such as sidechain rotations as manifested in the
order parameter, can be obtained from recoupling of dipolar interactions and
chemical shifts (DIPSHIFT) [112].

On the other hand, exchange broadening by motions in an intermediate dynamic
regime may lead to complete disappearance of signals, which may become visible
at lower temperatures [113, 114].

S Applications

5.1 Amyloid Fibrils

A field of research, on which solid-state NMR spectroscopy had a tremendous
impact during the past decade, is the structural study of amyloid fibrils. Solid-state
NMR spectroscopy can provide information on several aspects of the cross-f core
structure of amyloid fibrils such as the localization of B-strands within the amino
acid sequence and their relative arrangement within protofilaments and at the
protofilament interface. Even high-resolution structures for the fibril core have
been determined. An overview over emerging central motifs for amyloid structure
is given in Fig. 4.

Solid-state NMR spectroscopy can furthermore be employed to identify alterna-
tive non-cross-f core structures and to characterize the fibril periphery. It also
reports on dynamic processes in amyloid fibrils permitting, e.g. the differentiation
between segments of static and dynamic disorder.

In the following we give a brief overview of selected amyloid systems,
whose structural characterization has greatly benefited from the use of solid-
state NMR spectroscopy. For a more detailed insight we refer to recent review
articles [3, 36, 37, 115].
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Fig. 4 Structural motifs underlying amyloid formation: (a) antiparallel p-sheet, (b) parallel
B-sheet, (¢, d) parallel B-sandwich consisting of two f-sheets connected by a 180° turn as
suggested for AP(1-40), (e, f) superpleated parallel cross-p-structure with more than two f-sheets
as suggested for Ure2p and Sup35, (g) parallel p-helix consisting of two f-sheets with one
monomer involved in two layers. In case of gray arrows, a cross section of the fibril axis is
shown, whereas colored arrows indicate a side view parallel to the fibril axis. Every monomer is
displayed in a different color

5.1.1 Ap Peptide

The pB-amyloid peptides AP(1-40) and AB(1-42) are the major constituents of senile
plaques and cerebrovascular amyloid deposits found in the brains of patients with
Alzheimer’s disease (AD) and cerebral amyloid angiopathy [116]. Ap is an alter-
native cleavage product of the amyloid precursor protein (APP), a membrane
protein of still unknown function [117]. Fibrils of AP and smaller peptides thereof
have been extensively studied by solid-state NMR spectroscopy. Although a
B-sandwich always seems to be the underlying motif, fibril structure details are
not only highly susceptible to polymorphism but also depend critically on prepara-
tion conditions. Tycko and coworkers identified two different polymorphic forms of
AP(1-40) fibrils, characterized by different chemical shifts and different fibril
morphologies. These two conformations are obtained under different fibrillation
conditions and can be transferred to the next fibril generation by seeding [42]. Two
different supramolecular arrangements were suggested for these polymorphs [43].

A distinct type of polymorphism was observed in the AP(1-40)-lowa mutant
D23N [44, 118]. In the same fibril preparation both parallel and antiparallel
B-structures coexisted, the latter representing the major conformation. This finding
illustrates that a single disease-related mutation can have extensive consequences
for amyloid structure.

As an approach to study the structure of Alzheimer’s disease-related Ap fibrils,
AP(1-40) fibril growth was directed by seeding with fibrils extracted from brain tissue
of deceased AD patients. The resulting NMR data supported a f3-strand-turn-p-strand
motif similar to de novo-generated Ap-fibrils. The chemical shifts, however, were
significantly different from those observed for unseeded fibrils, suggesting structural
differences between brain-derived and synthetic A fibrils [45]. Recently, Reif et al.
reported another fibril type composed of asymmetric dimers [119], whereas Bertini,
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Mao et al. further extended the structural diversity in the U-shaped f-strand-turn--
strand motif of AB-fibrils, pointing towards a complex picture of Ap-fibrillation [120].

Solid-state NMR studies of AP oligomers or protofibrils are extremely challeng-
ing due to their metastability. However, NMR data obtained for AB(1-40) [121] and
AP(1-42) [122] oligomers demonstrate chemical shifts similar to the fibrillar
peptides. AP(1-40) protofibrils could be stabilized by an antibody-derived fusion
protein [123, 124]. The corresponding protofibril chemical shifts were indicative of
a P-sheet structure in the same sequence region as for mature Ap fibrils. However,
the protofibril B-strands were less extended, and the analysis of chemical shifts
suggested a closer relation to oligomers than to mature fibrils.

5.1.2 oa-Synuclein

Amyloid fibrils of a-synuclein are the main component of Lewy bodies which are the
pathological hallmark of Parkinson’s disease [125]. The physiological function of the
140-residue a-synuclein is still elusive. Three point mutations associated with early
onset familial Parkinson’s disease have been identified so far [126—128]. Fibrillar
a-synuclein was the first amyloid from a full-length protein studied by solid-state
NMR spectroscopy [110, 129] and the spectral quality has subsequently encouraged
further studies [130-134]. The protein is capable of forming a high variety of
polymorphic forms. In different studies at least four different fibril types have been
obtained even under rather similar fibrillation conditions. These deviating fibril types
are characterized by differences in chemical shifts of identical residues as well as the
exact location of well-ordered B-strands and of statically disordered parts in the rigid
N-terminus. Unambiguous assignments for the first 30 N-terminal residues could only
be obtained in one case [134]. In contrast, the mostly negatively charged
40 C-terminal residues were always found to be flexible, lacking a defined secondary
structure. Analyzing NC-transfer or CC-transfer spectra of differentially isotope
labeled fibril units, residues 40-90 were identified to form parallel in register f-sheets
[3, 133] which are in agreement with EPR-studies [135].

The fibrillation kinetics of an A30P a-synuclein mutant was observed to be
substantially slower, although chemical shifts were identical to one wild-type fibril
form grown under identical conditions [136]. Studies on A53T a-synuclein fibrils
revealed an extended p-sheet core [113] and slight perturbations of the chemical
shifts, whereas for the E46K-mutation larger chemical shift deviations were observed
[137].

Two artificial supertoxic mutants with one or three p-sheet breaking proline
substituents, respectively, were designed based on the location of the p-sheets
identified by solid-state NMR spectroscopy [32]. As expected, in vitro fibrillation
as well as aggregation in HEK cells was retarded in both mutants, especially in the
triple mutant, shifting the equilibrium towards oligomeric intermediates.
Corresponding solid-state NMR spectra revealed a decreased rigid p-sheet core for
the single mutant. For the triple mutant, a high degree of disorder was determined as
indicated by broad and featureless lines with secondary chemical shifts characteristic
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for p-sheets. A higher toxicity of these artificial mutants was confirmed by expression
in Drosophila melanogaster, Caenorhabditis elegans, and cultured mammalian
neurons.

5.1.3 Yeast Prions with Glutamine/Asparagine-Rich Prion Domains

Certain proteins in yeast cells or fungi can adopt alternative p-sheet-rich
conformations leading to epigenetic variations of protein function and thus to
different phenotypes [138]. Since the underlying metastable conformational
changes can be transferred horizontally, these proteins are termed yeast prions.
Saccharomyces cerevisiae prions such as Ure2p, Sup35, Rnqlp, and ModS5 consist
of a functional globular domain and a prion domain which is rich in asparagine and
glutamine residues [139, 140]. In the prion conformation, the prion domains adopt a
parallel, in-register B-sheet structure [46, 141-144] stabilized by Q/N-polar zippers
[145]. For Sup35p and Ure2p, the ability to form prions was demonstrated to be
retained after shuffling of the prion domain sequence, probably due to the high
content of Q/N-residues allowing for different patterns of forming parallel, in-
register B-sheet structures [146, 147].

Yeast prions show a high degree of structural polymorphism which may be
linked to the existence of different yeast prion strains. Polymorphism has been
detected by solid-state NMR spectroscopy for full-length Sup35p as well as for a
heptapeptide from Sup35p [144, 148, 149]. Yeast prion-seeded samples of Ure2p
exhibited different solid-state NMR spectra than non-seeded samples [46]. Like-
wise, NMR-signals from the isolated Ure2p-prion domain differed from the full-
length protein pointing to extensive interactions of the globular C-terminal domain
with the prion domain [46, 150].

5.1.4 Functional Amyloid: The Yeast Prion HET-s

The prion protein HET-s from Podospora anserina is a functional prion involved in
heterokaryon incompatibility and, so far, the only yeast prion protein for which the
prion state leads to a gain of function instead of a loss of function. Solid-state NMR
spectra of HET-s exhibit remarkably high resolution indicative of high local order and
structural homogeneity. This permitted the determination of a high-resolution struc-
ture [151-153]. In contrast to all other amyloid fibrils studied so far, the HET-s prion
domain forms a p-solenoid with two windings per monomer and a triangular hydro-
phobic core (Fig. 5). Studies on the full-length protein revealed that the globular
domain is not well structured but can be considered as a molten globule [154].
Recently, HET-s in the amyloid form was used as model fibrils for the study of
Congo Red binding. The binding interface was determined by cross polarization from
unlabeled Congo Red to fully deuterated HET-s fibrils [155]. Based on the complex
structure, a non-congophilic HET-s mutant could be designed, providing a structural
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Fig. 5 Structure of HET-s
(218-289) in its amyloid form
as revealed by solid-state
NMR spectroscopy.

The depicted bundle of

20 conformers was deposited
in the Protein Data Band with
accession code 2RNM [152]

rationale for the different sensitivity of amyloid-binding dyes for amyloids of differ-
ent proteins or different prion strains/variants.

5.2 Membrane Proteins

A second field in structural biology, where solid-state NMR has proven to be useful,
is the study of membrane proteins. As lipid bilayers — the natural environment of
membrane proteins — tend to form liposomes or vesicles with rotational correlation
times too large for solution-state NMR spectroscopy, solid-state NMR spectroscopy
has been demonstrated to be a viable method to gain insight into complex mem-
brane protein systems. In the following section we give a brief overview over
selected systems where solid-state NMR could provide useful information. For a
more comprehensive overview we refer to recent review articles [4, 146, 156, 157].

5.2.1 Influenza Ion Channel M2

The 97-residue M2 protein of the influenza A virus forms a tetrameric proton channel
which is activated at low pH values. It has been shown to play an important role in
virus replication. After infection of the host cell by endocytosis, the low endosomal
pH opens the channel. The subsequent acidification of the viral core triggers the
dissociation of the virus and thus induces expression of the viral genes. This ion
channel is a target for the antiviral drugs amantadine and rimantidine which inhibit
proton conduction and thus the unpacking of the virus. The S31N point mutation in
the most recent circulating virus strains results in resistance against these drugs.



Solid-State NMR Spectroscopy of Proteins 139

Consequently, structural information about the drug binding site is of prevalent
interest.

As the single transmembrane helix of the M2 protein alone, M2(22-46), is capable
of tetramerization and proton conduction, it constitutes an ideal target for structural
studies. Two high-resolution structures of a detergent-stabilized transmembrane helix
construct bound to amantadine and of a construct containing the transmembrane helix
and an adjacent amphipathic helix bound to rimantidine have been determined by
X-ray crystallography [147] and solution NMR spectroscopy [158], respectively.
However, both studies revealed contradicting drug binding sites, indicating that
structure and function are sensitive to the lipid environment. An intense solid state
NMR spectroscopy investigation of a 25-residue construct of the transmembrane
helix reconstituted into liposomes solved the question. Solid-phase synthesis of the
short peptide construct allowed for site selective isotope labeling of residues of
interest and thus accurate resonance assignments in spite of line widths larger than
1 ppm. Chemical shift mapping of selected residues upon amantadine binding
revealed only slight chemical shift deviations for most residues of the channel [159]
except for Ser31 [160] (Fig. 6). Subsequent '*C->’H REDOR measurements on a site-
selectively '*C-labeled M2 transmembrane helix complexed with fully deuterated
amantadine revealed one strong binding site at Ser31 and one weak binding site at the
C-terminal membrane side [161]. The orientation of the drug could be inferred from
“H-lineshapes. Finally, studies on a larger construct, including the amphipathic helix,
revealed that the strong binding site persists in the longer construct while the weak
binding site is obstructed by the amphipathic helix in liposome samples [162]. A
comparison of spectra from full-length M2 in native E. coli membranes, liposome-
reconstituted full-length M2, and a liposome-reconstituted construct containing the
transmembrane and the amphipathic helices yielded comparable chemical shifts for
the three complexes, thus confirming structural similarity of the shorter constructs to
the full-length protein [163].

Other questions of interest comprise the mechanism of proton conduction, selec-
tivity, and pH gating. One single His37 residue in the transmembrane helix is
responsible for proton selective conduction at low pH values, whereas at high pH
values four His side chains constrict the channel. Two models for proton conduction
had been proposed. The so-called shutter model suggests that, at low pH, protonation
of the His residues leads to pore opening by electrostatic repulsion of the four
positively charged rings and formation of a water wire which conducts protons via
the Grotthus mechanism. According to the shuttle model, His 37 actively shuttles the
protons into the virion by subsequent protonation and deprotonation accompanied by
conformational ring flip motions (see e.g. ref [164] and references therein for
more details).

In a recent investigation, Hong and coworkers studied the transmembrane domain
of M2 in liposomes at high and low pH [164]. At high pH, distinct resonances for two
different tautomers of the neutral imidazole ring were resolved, and cross peaks
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Fig. 6 (a) Side view showing the transmembrane part of tetrameric M2 (22-46) with amantadine
(Amt) bound to the high-affinity luminal site, (b) top view showing the Ser 31 and Val 27 pore
radii of the transmembrane part of M4 binding AMT. The orientation of Amt is slightly tilted from
the channel axis. The time-averaged Amt orientation is parallel to the channel axis. Reprinted with
permission from Macmillan Publishers Ltd: Nature [161], copyright (2012)

between those resonances in the PDSD spectra indicated an edge-to-face m-stack of
the four histidines which obstructs the channel. At low pH the protonated
imidazolium rings were found to undergo microsecond ring flip reorientations (faster
than the NMR time scale), as measured by the order parameters obtained from
recoupled one-bond N-C and H—C dipolar couplings of the aromatic rings, thus
confirming the shuttle model. Determination of HN and HC dipolar couplings at low
temperature, i.e., when the reorientation of the rings was frozen revealed slightly
enlarged bond lengths, indicative of hydrogen bond formation. Proton spin diffusion
experiments identified water as the sole hydrogen bonding partner [165]. Finally,
different polarization transfer rates from water to the protein in the open state, at low
pH, in the closed state at high pH, as well as in the amantadine-blocked state revealed
a larger water contact surface for the open channel and a reduced water contact
surface for the blocked channel [166].

A recent study of a construct containing the transmembrane helix and the amphi-
pathic helix of the S31N mutant [167], which was reversely isotope labeled for four
hydrophobic residues, facilitated sequential resonance assignments for 23 residues.
All secondary chemical shifts were found to be characteristic for a-helical secondary
structure. Peak doubling of most resonances as well as cross peaks between resonance
pairs in PDSD spectra indicates that the tetramer is a dimer of asymmetric dimers
instead of a symmetric homotetramer. Upon addition of amantadine, no significant
shift changes were observed, which is in agreement with the drugs resistance of
this mutant.
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5.2.2 Seven Transmembrane Helix Receptors

Seven transmembrane helices (7-TM) are a structural motif common to a large
family of photo- and chemoreceptor proteins. Most prominent examples of 7-TM
proteins include (bacterial) rhodopsins and G protein-coupled receptors (GPCRs).

5.2.2.1 Bacterial Rhodopsins

In archaea and bacteria a family of 7-TM proteins with retinal as a prosthetic group
serves two distinct functions. First, a light-driven energy conversion, such as
carried out by bacteriorhodopsin from the extreme halophile Halobacterium
salinarum [168] or by proteorhodopsin [169], converts light energy into an ion
gradient, building up an electric potential across the membrane. Second, phototactic
light sensing, such as performed by sensory rhodopsin [170], activates a signal
transduction chain via a bound transducer molecule.

Rhodopsins of both classes have been successfully investigated using NMR
spectroscopy. While progress in solution-state NMR has enabled the de novo
structure determination of the two 7-TM proteins sensory rhodopsin II [171] and
proteorhodopsin [172] solubilized in their monomeric form in detergent micelles,
the power of solid-state NMR lies in the investigation of 7-TM receptors in their
native environment and oligomeric state. In this respect the sensory rhodopsin
system offers a remarkable example for the potential of solid-state NMR. In its
native oligomeric state, the 7-TM receptor sensory rhodopsin, upon light excitation
triggers a signal transduction chain via a tightly bound transducer protein, which is
homologous to the two-component system of eubacterial chemotaxis. So far, the
native oligomeric state of the receptor and transducer complex has not been formed
in detergent micelles [173], impeding the use of solution-state NMR. In addition,
pronounced intermolecular crystal packing contacts are found in the X-ray structure
in close proximity to the receptor-transduced binding interface [174]. Solid-state
NMR could be used to characterize the heterodimeric receptor—transducer complex
in a lipid bilayer setting [175]. In this native-like condition, solid-state NMR data
identified a considerably larger binding interface than found in the crystal structure,
contributing to a better understanding of phototactic signal transduction.

Further examples for the use of solid-state NMR to study 7-TM proteins include
the light-activated proton pump bacteriorhodopsin which could be studied in detail
in its native environment, the purple membrane. Valuable high-resolution insights
into the structure of the functional core — in particular the configuration of the
covalently bound retinal at different states in the photocycle — could be obtained
[176-180].

More recently several other bacterial rhodopsins such as proteorhodopsin and
Anabaena sensory rhodopsin (ASR) have been investigated with solid-state NMR.
Remarkable spectral resolution and sensitivity resulting in nearly complete resonance
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Fig. 7 Trimer model of S26CR1 Anabaena sensory rhodopsin (ASR). The individual monomers
are shown in different colors. R1 side chains are shown in blue. Side chains of residues
experiencing large intermolecular paramagnetic relaxation enhancement (PRE) effects and there-
fore spatially close (<15 A) to the nitroxide of a neighboring monomer are shown in magenta.
Adapted with permission from [189]. Copyright (2012) American Chemical Society

assignments were obtained [181—184]. Based on these data, specific insights into, e.g.,
the effects of hydration water on molecular dynamics [185] or the structural
properties of the inner core region of these 7-TM systems could be generated
[186—188]. In addition, protein—protein interactions could be studied with paramag-
netic relaxation measurements. Using this approach, reliable information about the
oligomeric state as well as the quaternary structure of ASR in a lipid bilayer
environment was obtained (Fig. 7) [189].

Overall, these exciting results indicate that solid-state NMR spectroscopy will
provide increasingly detailed information about structure, dynamics, and function
of rhodopsins in a near-native setting within the next few years.

5.2.2.2 G protein-Coupled Receptors

Acting as a central interface between external stimulus and cellular response, G
protein-coupled receptors (GPCRs) control the majority of intercellular signaling
cascades in humans. GPCRs play an important role not only in a large number of
signaling cascades but also in very diverse physiological processes such as vision and
smell as well as the regulation of blood pressure, body weight, and cell death. Due to
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their essential function in human physiology, it is not surprising that between 30%
and 50% of all modern drugs are estimated to target GPCRs [190-192]. Although
sharing the same topology of seven transmembrane helices with the class of
(bacterial) rhodopsins, the investigation of GPCR structure is considerably more
challenging, predominantly due to difficulties in sample preparation.

However, tremendous efforts have been carried out to solve the 3D-structure of
GPCRs. Recently a breakthrough in protein crystallization attempts led to publica-
tion of a growing number of GPCR crystal structures (see, e.g., [193—195] for recent
reviews). To stabilize crystal growth, artificial cofactors and protein engineering,
such as large modification of potentially important loop segments, turned out to be
necessary. Hence, additional information obtained under more native-like
conditions is very desirable to provide complimentary insights into receptor dynam-
ics as well as ligand binding and G-protein interactions [196].

While a number of NMR studies of GPCRs and their ligands have been carried out
(reviewed, e.g., in [146] and [197]), no well-resolved NMR spectrum of a solubilized
GPCR could be obtained so far, which is related to low protein expression yields, high
amounts of misfolded receptor, and lack of stability when incorporated into a non-
native membrane mimetic. On the contrary, solid-state NMR was used to study
functional GPCRs with high precision [198-202]. In addition to the use of a more
stable lipid bilayer environment, the advantage of solid-state NMR for the investiga-
tion of GPCRs is the ability to study non-deuterated membrane proteins. This enables
the use of eukaryotic expression systems such as human or insect cell lines which do
not tolerate a high level of deuterated buffer. While relaxation effects impede high
resolution solution-state NMR studies of solubilized GPCRs without a significant
degree of deuterium labeling, solid-state NMR does not face this problem and hence
allows the characterization of functional GPCRs expressed in eukaryotic systems. In
particular, in combination with the structures obtained using X-ray crystallography, it
can be anticipated that solid-state NMR will provide critical information about ligand
sensing and signal transduction in GPCRs.

6 Sensitivity Enhancement By Dynamic Nuclear Polarization

6.1 Theoretical Background

The fact that electron spins have a gyromagnetic ratio about 660 times higher than
proton spins is exploited in dynamic nuclear polarization (DNP).

As already proposed by Albert Overhauser [203] in 1953 and subsequently
confirmed experimentally by Carver and Slichter [204, 205], electron spin polariza-
tion in solid metals can be transferred to nuclear spins if the unpaired conducting
electrons are saturated by irradiation with the corresponding electron paramagnetic
resonance (EPR) frequency. As a result, nuclear spin polarization may be enhanced
by the factor y./y,. Likewise, stable organic radicals can be used as polarizing agents.
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Fig. 8 Experimental '"H DNP enhancement profiles for the SE and the CE mechanisms showing
the positions of positive and negative enhancement and their dependence on the microwave
irradiation frequency (or, rather the magnetic field for a given microwave frequency) as well as
on the electron and nuclear Larmor frequencies mgs and wg;, respectively. (a) A typical SE
enhancement profile obtained with 40 mM trityl. (b) A typical CE enhancement profile obtained
with 10 mM TOTAPOL (20 mM electrons). The EPR spectrum of each radical is shown on top.
The lines connecting the data points are to guide the eye. Reprinted with permission from [206].
Copyright 2012, American Institute of Physics

Depending on the EPR-line width and the strength of the external magnetic field
(and thus the line width of the EPR transition) the polarization transfer between
electrons and nuclear spins in solid samples can occur via the Solid-Effect (SE), the
Cross-Effect (CE) or Thermal Mixing (TM).

SE is a two-spin process, which relies on the excitation of forbidden zero or double
quantum electron-nuclear two-spin transitions. As these transitions are forbidden,
their excitation requires high power microwave irradiation. The efficiency of the
transfer scales with the inverse square of the nuclear Larmor frequency. Another
prerequisite for a selective irradiation of the zero or double quantum transition using
SE DNP is a line width of the corresponding EPR-transition smaller than twice the
nuclear Larmor frequency (Fig. 8). Nevertheless, by enhancing the microwave power
with a resonator, SE has been demonstrated to lead to a sensitivity gain of about
factor 128 at a field of 5 T [207]. TM and CE constitute three-spin transitions
involving two electron spins and one nuclear spin at high radical concentrations.
They are effective if the line width of the homogeneously or heterogeneously
broadened EPR-transition is larger than the nuclear Larmor frequency, such that
a three-spin transition is energetically neutral (similar to proton spin diffusion)
[208, 209]. While thermal mixing is most effective at low fields, where the field-
dependent line broadening due to the g-factor anisotropy is small, the cross effect can
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Fig. 9 Structural formula of the radicals (a) TEMPO, (b) TOTAPOL, (c) trityl, (d) 1,3-
bisdiphenylene-2-phenylallyl-radical (BDPA)

facilitate efficient polarization transfer at high magnetic fields and low temperatures,
especially if biradicals are used.

The recent success of DNP as a hyperpolarization technique in solid-state NMR
spectroscopy is mainly due to the following developments [210].

For high-resolution NMR investigations high magnetic fields are needed. Conse-
quently, high-power high-frequency microwave sources are necessary to saturate the
broad EPR lines at these fields. This can be facilitated by gyrotrons, which are able to
produce stable microwaves of frequencies of up to 263 GHz when operating at the
fundamental frequencies. Higher microwave frequencies can be obtained by
operating a gyrotron with a given magnetic field at the second harmonic. This results
in frequency doubling and facilitates microwave frequencies of up to 526 GHz,
corresponding to a magnetic field strength of 18.8 T or a proton Larmor frequency
of 800 MHz [211-213]. As the spin lattice relaxation times of nuclear spins have to
be sufficiently long to facilitate polarization transfer, low temperatures below 90 K
are required. This condition can now also be met for applications with MAS.

Paramagnetic centers used as source for the polarization transfer need to be
compatible with the polarization mechanism. For SE-DNP, which is effective for
isolated spin centers, a polarizing agent characterized by a narrow EPR transition line
is needed. For this purpose, derivatives of the trityl radical or 1,3-bisdiphenylene-2-
phenylallyl (BDPA) (Fig. 9) have been demonstrated to be well suited [214]. If
polarization is to be provided by external paramagnetic dopants, a three-spin transi-
tion by the CE transfer mechanism is the method of choice. Then at least two
paramagnetic centers have to be strongly dipolarly coupled. This prerequisite is
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fulfilled by stable biradicals such as TOTAPOL [215-217], which consists of two
closely linked TEMPO-radical units.

For recent reviews of DNP in solids at high fields we refer to the following
review articles [210, 218]. In the following section we will give an overview about
recent developments and applications of this emerging technique.

6.2 Applications of DNP to Biomolecular NMR Spectroscopy

The applicability of DNP to biomolecules in the solid state was first demonstrated
using lysozyme in a frozen glycerol/water matrix doped with TEMPO
monoradicals. In this study, helium gas cooled to 40 K served as bearing and
drive gas for MAS [219]. Subsequently, hyperpolarization by DNP has successfully
been applied to a virus particle [220], to multidimensional heteronuclear spectros-
copy of protein microcrystals of amyloidogenic peptides [221], and to a membrane
receptor trapped in different stages of the photocycle [176, 177, 222].

Intending to improve sample preparation and to explore different experimental
conditions, it was then realized that one potential limitation to biological applica-
tion may be the line width. Since low temperatures below 90 K are required for
efficient polarization transfer, lines may be severely broadened, either homo-
geneously or inhomogeneously:

At low temperatures, especially mobile side chains in a protein can be frozen in
multiple static conformations, resulting in inhomogeneous line broadening. Particu-
larly in spectra of hydrated microcrystals, line broadenings of up to 3—4 ppm are
observed upon cooling to below a temperature of 200 K [59, 60]. For extensively
deuterated samples, however, DNP enhancements of one order of magnitude can still
be obtained at temperatures around 180 K, maintaining a reasonable resolution of 2D-
spectra which is significantly increased compared to 90 K spectra [223].

In addition to inhomogeneous line broadening, the presence of paramagnetic
dopants may lead to shortened T, nuclear relaxation times and thus a homogeneous
line broadening. When the polarizing agents, however, are spatially separated from
the nuclei of interest, narrow lines can also be observed with DNP [224]. Thus, the
spatial distribution of radicals within the sample as well as their concentration also
influences the resolution of spectra [225].

Signal enhancement for more elaborate NMR sequences involving multiple CP-
transfer steps depends critically on the nuclear relaxation rates in the rotating frame
of all nuclei involved. As these relaxation rates can be drastically reduced in the
presence of paramagnetic dopants, it is not surprising that signal enhancement does
not increase monotonically with increasing radical concentrations, but reaches a
maximum at rather moderate radical concentrations [225].

Initial DNP NMR experiments on a complex biochemical system, i.e. amyloid
fibrils of the model peptide GNNQQNY, yielded encouraging results [226]. Addi-
tion of biradicals to the sample did not result in significant line broadening and
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chemical shifts were preserved at low temperatures. Since chemical shifts before
and after freezing the sample to 100 K were also identical, low temperatures do not
appear to change the fibril structure at a molecular level.

Subsequently, for amyloid fibrils of the SH3 domain of the 83-residue phosphati-
dylinositol-3-kinase, valuable structural information could be provided by MAS-
DNP-NMR [227]. For fibrils grown from a mixture of exclusively '°N labeled
monomers and monomers labeled by using [2-'°C]glycerol, intermolecular distance
constraints were obtained from TEDOR experiments. High field spectra recorded at
room temperature by conventional NMR spectroscopy provided only 30 intermolec-
ular cross peaks for 83 residues, an observation which was ascribed to an interference
of protein dynamics with decoupling, recoupling and cross polarization. In particular,
no cross peaks could be observed for aromatic residues because of their twofold ring
flips. In contrast, a DNP enhanced TEDOR spectrum recorded at a temperature of
about 100 K and a field strength of 400 MHz 'H frequency revealed many additional
intermolecular '’N=">C cross peaks, especially in the aromatic region. Although these
spectra suffered from a high number of cross peaks and a lower resolution, 20 addi-
tional distance constraints could be determined with certainty (Fig. 10).

A recent investigation of a full virion, the bacteriophage Pfl, also benefitted
greatly from reduced mobility as well as signal enhancement by DNP [228]. Whereas
only protein signals could be assigned in earlier conventional solid-state MAS NMR
studies at room-temperature, in DNP-enhanced spectra DNA signals were also
assignable. The chemical shifts of the desoxyribose '*C atoms were indicative of
2/-endo/gauche conformations and anti-glycosidic bond conformations, while the
chemical shifts of the DNA bases were consistent with an unusual structure with
little or no base pairing, but base stacking. Further, signal splittings suggest some
minor variations in the environment due to different interactions of the two
(non-paired) DNA strands of the virion with the coat protein. Selected protein/
DNA contacts could be identified in the spectra.

DNP enhancement was also used to investigate 40 nmol of a 25-residue signal
peptide bound to the lipid-reconstituted 600-residue protein translocation complex
SecY translocon [229]. Although double quantum filtering was mandatory to
suppress the large natural abundance SecY background, a decent 2D-spectrum of
the peptide could be obtained within 20 h of measurement time. For three of four
isotope labeled amino acids the spin system could be identified by a sequential
walk. The corresponding secondary chemical shifts were indicative of an a-helical
secondary structure of the peptide in its bound form.

DNP signal enhancement also facilitated the structural investigation of the Asian
cobra neurotoxin II bound to the ligand-gated ion channel nicotinic acetylcholine
receptor (nAChR) obtained from the electric organ of an electric ray [230, 231].
Despite the low concentration of the '’N- and 1,3-"*C- or 2-'*C-glycerol-labeled
toxin, a decent 2D BB correlation spectrum could be recorded within 14 h.
Interestingly, storage of the sample at —20 °C resulted in a reduction of radicals
close to the membrane surface leading to a loss of polarization enhancement and a
drastic resolution increase for amino acid residues close to the membrane surface.
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Fig. 10 Comparison between room temperature and DNP-enhanced, low temperature intermo-
lecular correlation spectra. (a—c) 750 MHz intermolecular ISN-13C correlations in PI3-SH3 fibrils
recorded at 300 K with 16 days of acquisition. (d—f) The identical spectral regions recorded at
100 K and 400 MHz with DNP enhancement in 32 h of signal averaging. (g) Illustration of the 23
interstrand contacts established from '*C—'°N cross-peaks in the 750 MHz spectra acquired at
300 K in panels a—c. (h) The 52 interstrand contacts established from the 400 MHz DNP-enhanced
spectra recorded at 100 K shown in panels (d—f). Reprinted with permission from [227]. Copyright
(2012) American Chemical Society

The high sensitivity provided by DNP enhancement allowed for 3D-NCACX/
NCOCX-based sequential walks for selectively labeled samples of the model
membrane protein Mistic, even though it was studied in its native cellular mem-
brane environment without prior purification and reconstitution. Corresponding
secondary chemical shifts are in agreement with the solution-state NMR structure,
indicating that the protein was well folded [232]. The integral membrane protein
Pagl. was also studied in extracted cell walls as well as whole E. coli cells. A
significant DNP enhancement allowed for the detection of resonances from the
overexpressed Pagl protein as well as from an endogenous membrane-associated
lipoprotein, lipid molecules, and RNA bases, for which even inter-base pair cross
correlations were observed [233].

In all previous examples, diamagnetic biomolecules were studied by solid-state
NMR spectroscopy using the biradical TOTAPOL as an external polarization agent.
However, about 10% of biological macromolecules possess a paramagnetic (metal)



Solid-State NMR Spectroscopy of Proteins 149

center or a functional group or cofactor which is present as a (meta)stable radical
during the reaction cycle or electron transfer process. The possibility to exploit
these endogenous radicals as polarization sources appears intriguing. A first
pioneering study using an endogenous radical for DNP enhancement in
biomolecules involved the small electron transport protein flavodoxin. It contains
a single non-covalently bound flavine mononucleotide which cycles between the
oxidized quinone and the reduced radical semiquinone form. Due to the intrinsi-
cally low radical concentration, the DNP polarization transfer was governed by the
solid effect, which unlike the cross effect does not rely on strong dipolar couplings
between electron spins.

After deuteration of the protein to 85%, a DNP enhancement factor of 15 was
achieved, demonstrating the feasibility of SE DNP using endogenous radicals despite a
rather low field strength of only 212 MHz [234]. SE DNP has also been demonstrated
for model complexes of the high-spin transition metals Mn®* (S = 5/2) and Gd**
(S = 7/2). It was found that the DNP enhancement depends strongly on the line width
of the central (—1/2 — +1/2) electron spin transition. For Mn2+, the enhancement
factor was limited to about 2 due to the hyperfine coupling to the >>Mn nucleus splitting
the corresponding EPR transition and thus the DNP enhancement profile into six lines.
For Gd3+, however, a signal enhancement factor of 13 was obtained when the line
broadening of the central EPR transition by second order zero field splitting was small
[235]. These studies show that utilizing metal centers as polarization source for DNP
enhancement may in principle be possible.

While this review could only highlight certain examples, it can be stated that the
combination of the substantial improvements, in particular in terms of the available
hardware, sample preparation techniques, and novel and improved concepts of data
acquisition and NMR methodology, extended considerably the limits of systems
that can be studied today. For the near future, it can be anticipated that exciting new
applications will emerge and that increasingly detailed insights will be obtained in
more and more challenging biological systems using modern solid-state NMR
spectroscopy.
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