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Abstract

Many advances in instrumentation and methodology have furthered the use of solid-state NMR as
a technique for determining the structure and studying the dynamics of molecules involved in
complex biological assemblies. Solid-state NMR does not require large crystals, has no inherent
size limit, and with appropriate isotopic labeling schemes, supports solving one component of a
complex assembly at a time. It is complementary to cryo-EM, in that it provides local, atomic-
level detail that can be modeled into larger-scale structures. This review focuses on the
development of high-field MAS instrumentation and methodology; including probe design,
benchmarking strategies, labeling schemes, and experiments that enable the use of quadrupolar
nuclei in biomolecular NMR. Current challenges facing solid-state NMR of biological assemblies
and new directions in this dynamic research area are also discussed.
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1. Introduction

Many biological macromolecules assume their functional states only in the context of
complex and heterogeneous assemblages, such as multi-protein complexes [1] or membrane
proteins in their native environments [2]. Others involve a large assembly composed of many
repeating units of the same simple monomer, as in amyloid fibrils [3] or the external
coverings of viruses [4]. Solid-state NMR can be used either on its own or synergistically
with other structural techniques, and has emerged as the method of choice for providing
atomic-level detail about the structures of such non-crystalline biological solids. A few
notable successes (selected from a list far too long to fully enumerate) include determination
of the structures of key components of the HIV virus capsid assembly [5], a small protein in
complex with a full-length human immunoglobulin [6], RNA-protein complexes [7],
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biomimetic photosynthetic centers [8], a bacterial chemoreceptor consisting of multiple
protein components [9], and cytoskeleton-associated proteins on microtubules [10]. Several
recent reviews have addressed novel spectroscopic developments [11, 12] as well as
applications to biological systems [13, 14], including membrane proteins [15, 16, 17].

One prominent example of a non-crystalline biological solid where magic-angle spinning
(MAS) NMR has contributed many of the known molecular-level details is the protofibril
structure and assembly of amyloid fibrils, which are primarily S-sheet aggregates implicated
in many protein deposition diseases. An ever more detailed picture of these aggregates has
emerged in conjunction with advances in solid-state NMR instrumentation, pulse sequences
and sample preparation, illustrating how technology development enables new applications
[18]. Some of the earliest details of amyloid structure, beyond the basics of the common
cross-g architecture first described based on EM and fiber di raction studies [19, 20, 21],
came from solid-state NMR measurements using a small number of site-specific labels.
Specifically, pairwise dipolar recoupling [22] and multiple quantum spin counting
experiments [23] were peformed on samples labeled with 13C at particular backbone
carbonyl sites. These measurements showed unambiguously that disease-relevant peptides
from p-amyloid form in-register parallel S-sheets, contra the anti-parallel model that was
assumed previously, and which could not be distinguished from the parallel structure based
solely on the X-ray data. At the time, the structure determination protocols including full
assignments and simultaneous measurement of multiple distance restraints that are taken for
granted today were not feasible due to technological limitations; nevertheless, via clever
experimental design, the key information needed to distinguish between competing
structural models was obtained.

Later developments, enabled by advances in probes, pulse sequences, isotopic labeling
schemes, and sample preparation, have focused on near-complete resonance assignments
using multidimensional NMR [24]. Solid-state NMR data have been used to produce
structural models for the AB1-40 [25, 26] and AB1-42 peptides [27, 28], both of which have
been implicated in Alzheimer’s disease. MAS NMR and EM data were used to demonstrate
that the same peptide can form parallel or anti-parallel S-sheets; and /n vivo experiments
show the latter structure is a toxic intermediate along the fibrillization pathway [29].
Chemical shift assignments allowed the identification of distinct fibril polymorphs
associated with prion proteins from different mammalian species [30]. The steric zipper
arrangement first seen in short peptides and hypothesized to be a major determinant of
amyloidogenic sequences [31] was observed in fibrils of a peptide from g2-microglobulin
using a large number of restraints measured from a uniformly isotopically labeled sample
[32]. A similar approach was used in a WW domain, where uniform labeling was used for
assignment, while specific labels helped to pinpoint long range side chain interactions [33].
Mixed labeling strategies of this type have become an important feature of solid-state NMR
structure determination, where they are used to control which dipolar couplings are
observed. Reducing the spectral complexity by labeling only parts of the sample or
particular chemical groups is especially helpful for samples where one type of secondary
structure is dominant, resulting in extensive spectral overlap, e.g. transmembrane helices in
membrane proteins or B-sheets in amyloid fibrils. The compact, repeating structure of fibrils
introduces the additional problem that inter- and intra-molecular distance restraints are often
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comparable, necessiting disambiguation via isotopic labeling [34]. Another useful labeling
scheme removes background signal from natural abundance 13C and 15N by preparing mixed
[15N,12C)/[14N,13C] fibrils, allowing unambiguous interstrand restraints from 13C-1°N
correlations [35].

Building on the intitial idea of a set of stacked, in-register sheets, subsequent structures of
the repeating units have revealed much more complex arrangements, including triangular
prisms built from single strands [34] or B-hairpins [26, 36], modified Greek-key folds [37],
and planar sheets built from compactly folded dimers [38, 39]. Solvent exposure of different
parts of the fibril structure can be measured with H-D exchange [40], by using Overhauser-
effect DNP relaxometry to measure the effect of the protein on water diffusivity [41], or via
the introdution of paramagnetic ions such as Cu?*, enabling measurement of longitudinal
paramagnetic relaxation enhancements (PREs) from 1°N nuclei in solvent-exposed locations
[42]. The sensitivity enhancement a orded by dynamic nuclear polarization (DNP) has
enabled MAS NMR of fibril-forming proteins that form multiple conformers or “strains’
[43], require segmental labeling to minimize spectral overlap [44], and interact with their
cellular environments in complex ways [45].

This progression from low-resolution measurements on simple model systems to high-
resolution structures of disease-relevant protein aggregates has been enabled by several
contemporaneous advances in MAS NMR methodology; high-field magnets, high-resolution
multi-channel MAS probes, ultrafast MAS, and sophisticated labeling and increased use of
quadrupolar nuclei as spectroscopic probes; these advances are the topic of this review.
Another important innovation, solid-state dynamic nuclear polarization (DNP), has greatly
improved the sensitivity of solid-state NMR, and is largely complementary to these other
methodological improvements. DNP is the subject of several recent reviews [46, 47],
including those focused on instrumentation [48] and applications to structural biology [49,
501, and is beyond the scope of the present work. Here we discuss MAS probe design,
including considerations for the choice of the sample coil, assessing probe performance,
extracting biological information from quadrupolar nuclei, and some perspective on future
directions.

2. High-field MAS Instrumentation

2.1.

Design Strategies for Multi-channel Probes

The development of the first 800 and 900 MHz NMR magnets in the late 1990s and early
2000s held out the promise of su cient sensitivity and resolution to obtain full resonance
assignments from solid-state protein samples, comparable to the explosion in solution-state
NMR structures in previous years. However, these opportunities came with significant
experimental challenges, many of them related to the strong *H-1H homonuclear dipolar
couplings, and to a lesser extent 1H-13C and 1H-1°N heteronuclear dipolar couplings. In
solution-state NMR, 1H-detected experiments anchor the entire structure determination
effort, with most of the multidimensional experiments used to assign the backbone and side
chain residues, as well as the two-dimensional experiments used to provide long-range
distance restraints, depending on being able to fully assign proton chemical shifts. This was
not feasible in the early solid-state experiments, as the proton resolution was insu cient to
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allow full assignments. Therefore, early methods had to rely on experiments where the
detected nuclei were 13C or 15N; robust 1H decoupling was also required [51, 52].

Such experiments placed stringent demands on MAS probes. They must be able to tune to
three or more frequencies simultaneously (typically 1H, 13C, and 15N for biomolecular
structure determination), be able to handle high radiofrequency (rf) power for cross-
polarization (CP) and decoupling, and have su cient isolation among the channels to produce
high sensitivity spectra, all while spinning stably at the magic angle and maintaining reliable
temperature control in order to keep delicate biological samples intact. Circuit diagrams and
schematics for representative examples illustrating different multiply-resonant probe designs
are shown in Figure 1. Many early MAS probes provided pieces of the technology required
for the first structure determination efforts, starting with early single-coil multiply-tuned
circuits having either transmission line [53] or lumped-element components [54]. Isolation is
a critical factor in the success of MAS experiments, particularly if high-power decoupling is
needed. In these experiments, it is necessary to detect a microwatt signal at the frequency of
interest while hundred-watt (or higher) decoupling pulses are applied to the very same coil.
Failure to provide adequate isolation can place an undue load on the external filters, or result
in the introduction of unacceptable levels of noise. Care must also be taken not to
compromise effciency (defined as By, /p, where Pis the transmitter power) too much while
optimizing isolation. The excitation bandwidth in the frequency domain depends on the
ability to generate short pulses, while the reciprocity principle states that the sensitivity is
proportional to the probe effciency [55], and equally importantly, the extra power dissipated
as heat can damage biological samples. In the traditional MAS probe design, which is
characterized by its modularity and ease of fabrication, discrete circuit elements are
connected by wire or ribbon leads. The current apotheosis of this design strategy is seen in
recent examples built for MAS and static NMR at 1.5 GHz (Fig. 1a-b) [56]. These probes
eliminate many of the leads that can cause stray reactances at high fields, instead using
blocks of circuit elements attached to removable PC boards (tuning cards). These modular
tuning cards enable the same probe to be used in a variety of H/X/Y combinations without
sacrificing sensitivity on the detection channel. The rf coils are likewise mounted on
removable inserts with additional tuning capacitors to pre-tune the detection frequency
before connection to the matching network.

On the other end of the design spectrum are transmission line probes (Fig. 1e—f). In this type
of circuit, the properties of transmission lines provide rf isolation among the channels,
enabling tuning to many resonance frequencies simultaneously [57]. One elegant solution to
the isolation problem is the triple-resonance probe design of Stringer and Drobny, which
uses transmission lines both as isolation elements and to enable placement of the variable
tuning capacitors (in this case large Polyflons) outside the magnet bore [58]. A major
objective of this probe design was to provide excellent isolation between 1H and 19F, which
resonate at similar rf frequencies. However, the principles and general design strategy
described are useful for a wide range of MAS applications. The same transmission line
elements behave very differently depending on the input frequency; for example, an open
transmission line segment can simultaneously act as a low-impedance path to ground at low
frequency, and essentially an open circuit at higher frequencies. This type of approach not
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only improves the isolation, but also simplifies analysis of the circuit. A key property of
transmission line probes is that excellent isolation can be achieved by simply connecting the
channels at common impedance nodes, without additional isolation elements. This was
demonstrated for a fully-balanced double-resonance MAS probe where each channel
consists of a tunable impedance-matching network on one side of the coil and a balun on the
other [59]. The channels are connected at common impedance nodes on both sides of the
sample coil, with each frequency traveling primarily though the branch tuned to that
frequency, which presents the path with the lowest impedance. This techique has the
advantage of eliminating trap circuit elements, which may introduce electrical losses and are
diffcult to simultaneously optimize, especially as the number of channels increases. These
probes are physically robust and have the advantage of placing the large tuning capacitors
outside the magnet bore, which is particularly advantageous for high-field DNP, where the
sample dewar, the MAS and variable temperature gas lines, the microwave waveguide, and
various sensors must all be placed inside the limited bore diameter of a high-field magnet
[60].

A somewhat related approach is the tuning tube design, in which nearly all circuit elements
are composed of variable transmission line elements, but can easily be understood as
discrete circuit elements (Fig. 1c—d). This design was used to build triple-resonance (*H,
13¢, 15N) [61] and quadruple-resonance (1H, 2H, 13C, 15N) [62] MAS probes for operation
at 800 MHz. In these probes, the tune and match capacitors are arranged concentrically, with
all tuning and matching components associated with each rf channel contained within a
grounded outer tube. In the Varian/Agilent T3 probe, which used a similar strategy,
broadband operation was achieved by swapping the entire inner portion of the channel. This
geometry makes use of the full length of the magnet bore, as well as minimizing the stray
reactances that come with connecting discrete elements above a common ground plane,
which can make tuning unreliable, particularly at high frequencies where these reactances
can approach those of the principal circuit elements. As in true transmission line probes, the
large physical size of the components helps to improve heat dissipation and minimize AC
conduction losses.

Radiofrequency Homogeneity

Radiofrequency homogeneity is critical to biomolecular solid-state NMR, as these
experiments frequently involve several polarization-transfer steps, and in many cases
composite pulses or complex recoupling schemes where propagation of errors in the
amplitude and phase of the rf pulses can result in substantial signal losses. Doty et al.
performed a comprehensive study of several coil and stator designs, demonstrating the
impact of rf homogeneity through modeling and experiments [65]. Several strategies for
assessing the rf homogeneity of an NMR probe are summarized in Figures 2 & 3. CPMAS,
which was first introduced by Schaefer and Stejskal [66] and is the cornerstone of many
MAS experiments to this day, requires that the MAS-adapted Hartmann-Hahn condition, vy
- Vx = #nvg, where n= #1 or #2, be met. At this condition, mutual spin flips mediated by
the heteronuclear dipolar coupling conserve energy, causing the magnetization of the two
nuclei to equilibrate. As CP is often used to enhance sensitivity by transferring
magnetization from abundant, high y nuclei, e.g. 1H, to rarer, low » nuclei such as 13C and
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15N, meeting this condition over as much of the sample as possible is a major objective.
Many strategies exist for maximizing the overlap during the pulse sequence, the simplest
being a linear ramp on one of the spin lock pulses [67]. Coil design is also important for
ensuring effective polarization transfer. The rf homogeneity of an infinitely long solenoid is
perfect, however in any practical implementation, the relatively short length of the coil
results in a field profile that is stronger in the center but falls off toward the edges. This
effect can be mitigated by winding the coil with variable pitch, such that the spacings
between turns are greater in the center and smaller near the edges [68]. Alternatively, wire-
wound solenoids can altogether in favor of other geometries, such as the loop-gap resonator
[69, 70] or the scroll coil [71].

For optimal results in MAS experiments, it is usually desirable to restrict the sample to the
homogeneous region of the coil. This is most often done by placing spacers inside the rotor
to physically restrict the sample volume. However, sample restriction can also be
accomplished during the NMR experiment by using selective pulses [72] or via the
application of magnetic field gradients, generated either with a specialized gradient coil in
the MAS probe if one is available [73], or using the room-temperature shim coils [74].
Although at first glance these approaches seem more complicated than simply using physical
spacers, they have important advantages. These include shifting the abrupt change in
magnetic susceptibility at the boundary between the sample and the spacer well outside the
detection volume, and the ability to calibrate it easily at the beginning of each experiment, in
contrast to the practical challenges of ensuring that each sample is packed exactly within the
homogeneous region of the coil before commencing NMR experiments.

Serendipitously, in many experiments Hartmann-Hahn mismatches for CPMAS due to rf
inhomogeneity appear to mostly reduce the overall signal intensity rather than causing
problematic artifacts [75], primarily because the majority of the signal comes from the parts
of the sample experiencing the maximum rf amplitude. However, rf inhomogeneity does
produce artifacts such as line-broadening and phase errors in other types of pulse sequences,
notably homonuclear decoupling [76]. Rf inhomogeneity can reduce the magnetization
transfer effciency to as low as 50-60% [77] as well as negatively impacting the decoupling
effectiveness [78], though this can be compensated with carefully designed sequences, e.g.
[79]. Because signal-to-noise is always a major concern in NMR experiments, rf
homogeneity is an important design criterion for biomolecular solid-state NMR probes. A
straightforward and commonly used way to measure the rf homogeneity is to collect a
nutation curve and compare the intensity of the signal at 810° to that at 90° as shown in
Figure 2. This measurement is often provided by probe manufacturers because it is readily
interpreted and easily compared among different probes. However, it lacks spatial
information, i.e. it does not indicate where along the coil a homogeneity problem exists.

The spatial information can be acquired somewhat painfully by moving a very small plug of
a setup sample to different positions along the rotor [80, 81, 82], or by applying a strong
magnetic field gradient (this can be achieved using the Z; shim, or in a pinch, by pulling the
probe out of the magnet until the resonance lines are su ciently broadened) and acquiring a
2D nutation signal [83] (Figure 3i—j). If the gradient is instead applied along the rotor axis at
the magic angle [84], then measurement of various desirable experimental parameters is very
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straightforward. In this case, a nutation experiment or a spin-lock experiment performed at
the rotary resonance recoupling (R3) [85] condition provides the rf amplitude distribution
along the rotor for a particular rf channel, while a cross-polarization match array yields a
spatial map of the correlation between the rf field profiles of the two channels [77]. In the
case where there is a strong temperature dependence of the chemical shift, a similar
approach can be used to map temperature gradients inside the rotor generated by MAS
and/or the application of rf pulses [74]. A related method has been used to provide an
elegant method of suppressing background signal: a 2D nutation experiment is performed in
the presence of a linear gradient along the B axis [83], yielding a map of the B, distribution
that can then be used to calibrate depth pulses [86, 87]. This technique can also be used to
eliminate background artifacts more directly, by identifying the sources of 1H background
signals in the probe itself, allowing them to be physically eliminated. In general, this type of
/n situmapping is necessary for obtaining a detailed understanding of how the rf profile
behaves during NMR experiments, as the rf homogeneity is not static, but interacts with
MAS to produce modulations of the pulse amplitude and phase, particularly at the ends of
the rotor [77].

The experiments described above provide a detailed picture of how the rf fields inside the
sample vary in space and time, which is a requirement for optimizing solid-state NMR pulse
sequences that necessarily involve several interactions represented by complicated time-
varying Hamiltonians. However, NMR-based testing methods are inconvenient to use during
the early stages of probe development, when spectrometer testing after every minor
modification is too time-consuming, not to mention a profligate use of instrument time. A
more convenient and economical method is the ball-shift assay, in which the probe is tuned
to the desired frequency and a small sphere or disc of conductive material is moved along
the coil axis (Figure 3f). Assuming that the B field is much larger than the E field, the
resulting shift in resonance frequency is proportional to (B81)2, as indicated by analytical
calculations and numerical simulations [88]. The ball-shift method only measures the
magnetic field, and not the electric field that is responsible for many of the sample heating
effects that cause problems in NMR experiments. Dill-mann et al. have presented an
analytical treatment, numerical simulations and experimental measurements of both the B
and E fields of a solenoid in a double-resonance NMR probe, showing that the ball-shift
measurement yields an accurate value for B; only when the magnetic field is much larger
than the electric field [88]. The homogeneity of a particular coil geometry can be predicted
using a simple but broadly effective power-function model based on a Biot-Savart analysis.
Here, the magnetic field along the long (2) axis of a single-turn scroll coil of length is 2L

and radius rvaries according to B(z) « 1 — (1 — A)‘%‘e where A is the ratio of the field in the

center to that at the edges [75]. A modified version for a solenoid is based on the sample
geometry rather than the solenoid windings, and takes as input parameters the rf amplitudes
at the center and edges of the coil. This model allows extraction of the rf field profile from
simple nutation curves measured in a homogeneous magnetic field, and has been found to
agree with previously published experimental data [80, 81, 76, 82] as well as detailed
numerical simulations [77] (Figure 3a—b). As the above examples demonstrate, numerical
simulations of the field distribution serve as a very useful guide to optimizing multiple-coil
NMR probes, as well as the microwave field in MAS probes for DNP [89].
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2.3. Balancing

The above treatment assumes that the rf field profile of the coil is symmetric about the
center. For a coil constructed with reasonable care, this is a good approximation at low
frequencies, but it breaks down as the length of the wire making up the solenoid approaches
10% or more of the wavelength, an issue that is particularly relevant given that the
wavelength is shorter in a wire-wound coil than it is in free space [91]. In this case, for an
unbalanced circuit, the rf field profile is asymmetric [92]. This leads to the somewhat
surprising observation that in an 800 MHz probe, the rf fields of 1H and 13C channels are not
centered at the same point in the sample, even though both channels share the same sample
coil [82]. The result of this is that during a CP experiment, only a small fraction of the
sample at a time is experiencing the Hartman-Hahn condition. These issues can be mitigated
by employing a ramped CP pulse [67], but it is also advantageous to optimize the circuit as
much as possible to preserve experimental flexibility and optimize signal-to-noise. Problems
stemming from failing to cross-polarize over the entire sample become much more
important at high field and with increasing MAS rate, as the rotor frequency approaches or
even surpasses the magnitude of the relevant heteronuclear and homonuclear dipolar
couplings, making the match conditions more sensitive [93]. One can determine the
correlation between the H and X field profiles by performing a 2D nutation experiment
where the two nutation frequencies are detected in two time domains [94].

In a balanced circuit, the capacitance is split across the detection coil. This has the advantage
of halving the maximum amplitude of the voltage swings and placing a voltage node in the
center of the coil, allowing double the B, field to be applied, which is highly advantageous
for many experiments, notably MQMAS [95], but also any other experiment requiring a
large bandwidth, robust decoupling, or very short hard pulses. Balanced circuits have long
been used to reduce rf-induced sample heating in both imaging [96] and solid-state NMR
experiments [65]. This approach also has the advantage of greatly increasing the rf field that
can be applied before damaging the probe or the sample, a consideration that is particularly
important for conductive samples such as biomolecules in hydrated crystals [97] or
membrane mimetics [98].

2.4. Setting the Magic Angle

Signal quality in most MAS experiments strongly depends on accurately setting the magic
angle, which is typically mechanically controlled using a worm gear or captured thread
mechanism. In modern MAS probes, the angle adjustment is generally reliable once set,
making it feasible to use an external standard and then switch to a rotor containing the
sample of interest. Useful standards are samples that produce a spectrum that is extremely
sensitive to mis-setting of the spinning angle, as in the case of quadrupolar nuclides in a
highly symmetric environment, e.g. the 7°Br signal of KBr [99]. The cubic crystal form of
KBr would lead to cancellation of the quadrupolar interaction and the CSA in a perfect
crystal, but defects and impurities create enough anisotropy to produce an easily observable
sideband manifold, enabling the magic angle to be set by monitoring either the sideband
intensity or equivalently, the magnitude of the rotational echoes in the time domain.
Although this time-honored method is conceptually simple, implementing it is tedious when
the spinning axis is far away from the magic angle.
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Several innovative approaches have been proposed to improve the ease and accuracy of
setting the magic angle. A Hall effect sensor can be attached to the stator with its sensitive
axis perpendicular to the main magnetic field when the stator is at the magic angle,
effectively measuring the angle with respect to the field itself rather than to any mechanical
reference [100]. With careful initial calibration, the Hall voltage reads zero at the magic
angle, enabling sensitive adjustments without resorting to the use of external standards
between experiments. Another approach involves using an inexpensive optical lever to
monitor the stator angle [101]. This apparatus was built by mounting a small mirror on the
stator, with a laser from a laser pointer shining on it from the base of the probe. A 45° prism
enables a horizontal readout at the bottom of the probe; using this apparatus, the position of
the laser spot on a pre-calibrated scale indicates the stator angle. Another innovative solution
is the application of a transverse field produced by an external saddle coil, which enables
fine adjustment of the external magnetic field experienced by the spins [102].

Minimizing Sample Heating During MAS and Decoupling

Biological samples generally have high dielectric loss; proteins and nucleic acids require
controlled solution pH to maintain their optimal structure and function, usually necessitating
bu er solutions ranging in concentration from several mM to 100 mM. Even in minimally
concentrated bu ers, the biomolecules themselves contain charged functional groups. This
effectively acts like adding a poor capacitor with a lossy dielectric in parallel with the
sample coil, which is why the full sensitivity gain promised in solution-state cryoprobes is
often not realized for concentrated solutions of biomolecules. Due to dielectric loss, the
water and ions in the sample dissipate electromagnetic energy as heat when subjected to
MAS and rf pulses, causing problems for the many biomolecules that are subject to heat
denaturation or unfolding. Sample heating can occur during sustained pulses on the lower-
frequency channels or broadband high-power decoupling on the proton channel. This effect
can be mitigated by using the minimum bu er concentration necessary to stabilize the sample
pH, selecting bu ers with low ionic mobility [103], or simply freezing the sample. The
heating caused by rf pulses is highly sample-dependent, so much so that Thompson and
coworkers have advocated calibrating the expected rf heating on a sacrificial sample before
performing NMR experiments on expensive labeled proteins [104]. In their scheme, a bu er
solution containing natural abundance protein (or bu er alone) is doped with the compound
Sm,Sn,07, which acts as an NMR thermometer via the temperature dependence of the
1195n chemical shift.

Because MAS and rf pulses both heat the sample, the di erence between the temperature
measured in the stator and that of the sample can vary dramatically, especially at fast MAS
rates. It is therefore desirable to calibrate the temperature using an internal chemical shift
standard, often the 207Pb signal of lead nitrate [105, 106, 107] or "°Br [99]. A combined
approach using both 7°Br and 13C chemical shifts has been proposed for separating the
effects of temperature from those of static field variation [108]. Neat methanol, KBr, [109]
or water [110] can also be used as internal or external standards.

Sample heating effects can also be mitigated by instrumentation design. For example, the
effciency of a solenoid coil can be improved, and the rf heating in a conductive sample
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reduced, by placing a strip shield composed of thin copper strips on a Teflon backing in
between the solenoid and the sample [111], or by utilizing the cross-coil probes discussed
below.

2.6. Variable Temperature MAS Experiments

Variable temperature operation is required in order to preserve delicate biological samples.
This can be accomplished quite simply, using either liquid nitrogen boil-off or a vortex tube
cooler [112], or can be made more effective by cooling the drive and bearing gas if much
lower temperatures are desired, i.e. for DNP. Cold helium can be used for the VT, drive, and
bearing gas [113]. Modeling the gas flow using computational fluid dynamics enables
optimization of the cooling so that temperatures as low as 6 K can be acheived [114]. A
controlled mixture of nitrogen and helium can be delivered depending on the desired
temperature [115], or nitrogen can be used to cool the drive and bearing, with cold helium
used only as the VT gas to avoid excessive helium use and reduce operating costs. In this
case, temperature gradients along the rotor due to frictional heating from the air bearings can
be a major problem for low-temperature MAS. One solution is to make the rotor much
longer than the rf coil, using the poor thermal conductivity of the zirconia rotor to effectively
isolate the cold sample region from the MAS bearings [116, 117]. This approach can achieve
temperatures in the range of 20-25 K with moderate MAS rates. Another way to reduce
helium consumption is to run the cooling gas through a closed-cycle helium refrigerator,
similar to those used in solution-state cryo-probes [118, 119]. In such cryo-MAS probes, the
coil is cooled as well as the sample, providing sensitivity gains from reduced thermal noise
as well as the Boltzmann factor associated with cooling the sample. Insulation can be
improved by evacuating the region surrounding the MAS stator assembly [120]. One
problem with low-temperature MAS NMR, whether it is performed for its own sake or in the
context of DNP, is that changing the sample in most standard MAS probes requires
removing the probe from the magnet. Under standard laboratory conditions, this is a
straightforward procedure, but when it entails removing all variable temperature connections
and warming up the probe components from cryogenic temepratures to room temperature
and then reversing the process for the new sample, it can take hours and provide
opportunities for delicate probe components to be damaged. Barnes et al. proposed a simple
solution to this problem where the sample is ejected from the probe dewar through a 3D
printed eject tube using dry nitrogen gas, enabling samples to be changed without
disconnecting any of the VT, rf, or microwave components [64].

3. Multiple Coil Probes

3.1. Crossed-coil Circuits

One successful solution to the problem of heating induced by broadband decoupling during
detection was the development of low-inductance coils with high current and low voltage
[69]. These low electric field (low E) coils are particularly advantageous at high frequency,
and are often used in crossed-coil designs. A crossed-coil probe uses a low E, transverse coil
(e.g., the Alderman-Grant coil [69], see Figure 4a) for the high » nucleus (usually H) and a
solenoid for the lower-frequency channels. This allows decoupling to be applied on the
proton channel without excessive heating, while still having a higher-inductance solenoid for
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the detection of the heteronuclei. The sets of crossed coils can be arranged with the low E
coil either inside or outside the solenoid, depending on the desired detection scheme.
Examples of crossed-coil assemblies and transverse coils that can be used for the proton
channel are shown in Figure 4.

The crossed-coil assemblies designed by Gor’kov and coworkers are arranged with the low
E resonator outside the solenoid. The first version of this arrangement was used for static
studies of dilute membrane proteins in bilayers [121], while a later version was modified to
enable MAS studies [63] (Figure 4c). These probes allow for large sample volumes and
utilized a simpler coil derived from a wide single-turn solenoid. A similar, although more
compact design was developed in the Opella lab [122], also for the study of membrane
proteins in static samples of phospholipid bilayers. Another variation of the Opella crossed-
coil design was further adapted to construct the quadruple-resonance probe designed in the
Martin lab [62] (Figure 4d). This probe makes use of the low E resonator as the proton coil
for decoupling, with the inner detection solenoid triple-tuned to 13C, 2H, and 15N).

More complex resonators have also been developed for cross-coil designs. The Cross Coil
(XC) probe of Doty et al. [65], is an excellent example of a crossed-coil probe where the low
E coil (the XC) is positioned inside the variable-pitch solenoid. This is done by creating the
foil XC such that it lies flat, nearly on the rotor (see Figure 4e), enabling the solenoid to be
wound as close as possible to the rotor in order to maximize the filling factor.

Microcoil MAS

Another clever application of multiple coils involves using microcoils to amplify the signal
for a small sample volume. Some microcoils, such as those developed by Sakellariou et al.
[124] are wound directly on a sample capillary, greatly improving the filling factor. In
magic-angle coil spinning (MACS), a capacitor is soldered to the capillary-mounted
microcoil to form a resonant circuit, and then the whole assembly is put into a rotor (shown
in Figure 5a). The microcoil is inductively coupled to the main coil of the probe, enabling
the signal enhancement of microcoils to be obtained in any commercial probe. This also
allows for the whole assembly to be spun, greatly reducing any susceptibility effects from
the microcoil circuit. Microfabrication of these microcoils makes it possible to manufacture
them more reproducibly, with with less individual variation than normally results from hand-
winding the tiny solenoids under a microscope [125]. Other types of coils have been
developed for MACS assemblies, such as transmission line resonator pairs [126]. The
original MACS assembly was singly resonant, allowing detection of only a single type of
nucleus (usually 1H). More recently, the development of doubly-tuned MACS assemblies by
Inukai and Takeda [127], has enabled the use of double-resonance methods, such as CP and
proton decoupling (shown in Figure 5b).

Another technique for signal amplification in high-resolution MAS of small samples,
developed by Kentgens and coworkers [128], piggy-backs a microcoil onto a conventional
stator. Rather than inductively coupling the microcoil to the existing sample coil as done
shown by Sakellariou et al. [124], this design uses a microcoil placed in the center of a
capacitive plate that is then attached to the front of the stator. This arrangement of the coil
and capacitor increases the mechanical stability of the apparatus and minimizes the lengths
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of the leads attaching the coil to the capacitor, decreasing the associated resistive losses of
signal. The sample is loaded in a custom-machined microrotor that is mounted on the top of
a conventional rotor (Figure 5c), which spins normally at MAS rates typical of that rotor
size. These piggy-backed assemblies are fully tunable on multiple channels, allowing for
CPMAS experiments [128, 129], and have even been triple tuned [130] making possible an
even wider range of experiments.

4. Quadrupolar Nuclei in Biomolecular NMR
41. 1’0

Oxygen-17 is an underutilized but potentially very informative nucleus in the study of
biomolecules: it can be used to observe protonation states [131], the strength, distance and
number of hydrogen bonds [131, 132], water intercalation [133], and the lengths [134] and
orientations [132, 135] of carbonyl carbon-owygen bonds. However, in solid-state NMR it
presents significant challenges due to being a quadrupolar spin 5/2 nucleus with low natural
abundance (0.037%) and a sensitivity approximately 1/15% that of 13C. If these limitations
can be overcome, 170 can be used to provide substantial site-specific information via
analysis of the central transition (-1/2 — 1/2) and extraction of the isotropic chemical shift,
quadrupolar coupling constant, and asymmetric parameters. Recent advances in proton
decoupling [136, 137], high-field strength [138] and rotor synchronized sequences [137,
139] have contributed to our ability to study the central transition under MAS.

However, broadening due to the second order quadrupolar coupling (a fourth-rank spatial
tensor) cannot be completely removed by MAS alone. In quadrupolar NMR, this is often
addressed using MQMAS [140] and subsequently developed sequences, including satellite
transition MAS (STMAS) [141] and rotor assisted population transfer (RAPT) [142].
Specialized probes that provide extra spatial degrees of freedom are also used in 170 NMR
stud ies, principally those built to perform double rotation (DOR) [143] and dynamic angle
spinning (DAS) [144]. DOR utilizes two rotors; the outer rotor spins at the magic angle
(54.74°) while the inner rotor spins at a quadrupolar magic angle (30.6°) [145], representing
the zeros of the second- and fourth-order Legendre polynomials [146]. In DAS, a single
rotor changes its spinning axis during the experiment, typically between the quadrupolar
magic angles (37.4° and 79.2°) [146, 147].

Specialized probes can potentially provide advantages in the form of shorter acquisition
times and better sensitivity, while pulse sequences are more accessible to the majority of
users. These complementary approaches have been productively used together in a number
of combinations [133, 136, 137, 138], notably cross-polarized DAS [148] and double-
frequency sweep DOR [149]. It has also been proposed that determination of chemical shift
anisotropy (CSA) will be more reliable [133], and resolution will continue to approach that
of spin 1/2 systems [138] with the advent of higher magnetic fields.

These techniques have been used in studies on important biological molecules and systems
such as amino acids, nucleic acids, polypeptides, water-protein and ligand-protein
interactions [150], transmembrane proteins [131], enzymatic reaction intermediates [132],
ion channels [135] and with eight oxygens being the largest set of unique sites characterized
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to date [137]. An example of how 170 NMR was used to detect protein-ligand binding is
shown in Figure 6.

5. Deuterium

One of the biggest challenges in solid-state NMR is effectively using proton detection, as is
routine for structure determination in solution. Many efforts have been directed toward
taking advantage of the sensitivity associated with the high proton gyromagnetic ratio, while
at the same time limiting the line broadening induced by the strong H-IH homonuclear
dipolar coupling [151]. As is the case for many experimental methods, in practical terms, it
is often possible to achieve a gain in resolution at the expense of sensitivity, or vice versa.
Due to these challenges it was diffcult to achieve high-resolution 1H spectra of large
biomolecules (MW <20kDa) prior to recent developments in methodology, in particular
those involving fast MAS and deuterium labeling [151]. Fast and ultra-fast MAS o er
improved 1H resolution, as linewidth is linearly dependent on the inverse MAS rate [152];
however these experiments can only be performed with small-diameter rotors and therefore
reduced sample volumes. Similarly, extensive deuteration improves resolution by
diminishing the number of homonuclear “neighbors” impacting each proton, resulting in less
need for the high power rf decoupling that is one of the biggest contributors to sample
heating [153, 154]. However, these gains come at the cost of sensitivity concomitant with the
reduction in proton concentration. This is usually true even for experiments with
heteronuclear detection, because so many sequences begin with polarization transfer from
the abundant protons to the sparse 13C or 15N nuclei.

Fast MAS rates (30-100kHz) compare favorably to deuteration as a means of achieving
well-resolved 1H spectra in cases where sample amount is already limited to sub-milligram
quantities by sample preparation constraints and loss in sensitivity would be particularly
unfavorable [155]. A comparison of the effects of fast MAS and di erent deuteration levels is
shown in Figure 7 for a microscrystalline protein sample [156]. This is particularly
applicable for large proteins or those that are insoluble or otherwise diffcult to express. The
effectiveness of fast MAS is also dependent on the applied magnetic field strength. Proton
chemical shifts can be better resolved using fast MAS at ultra-high field than using
fractional deuteration on a lower-field instrument, however the extent to which this is true is
dependent on the intrinsic heterogeneity of the protein sample. Perdeuterated, back-
exchanged samples provide optimal resolution for the amide and alpha proton resonances,
however in most other cases perdeuteration only provided a 10% increase in resolution
compared to fast, high-field MAS spectra on fully protonated systems. It has been suggested
that deuteration facilitates backbone resonance assignment, while full protonation is ideal
for aliphatic side-chains and methyl resonances [156]. The effect of water concentration
during crystalization of perdeuterated proteins has been shown to impact resolution and
signal to noise ratios of exchangable amide sites as well as di erences in the effectiveness of
different polarization transfer experiments such as CP versus INEPT[157]. These
observations should be considered when determining the best approach for a given sample.

By taking advantage of all available techniques, it is expected that solid-state NMR will
soon be able to characterize the full range of moderately sized proteins (10-100 kDa),
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through increased coherence lifetimes, more effcient cross-polarization and heteronuclear
decoupling, site-specific relaxation and directly determined proton proximities and distance
restraints [158]. This has been demonstrated successfully on five different proteins ranging
from 5-30kDa with different condensed states using an adapted solution-state protocol and
automated computational software, MATCH, for resonance assignment [159]. The
discussion of sample deuteration above focuses on its role in simplifying the proton spectra,
however 2H is also an excellent NMR nucleus in its own right. Methodological advances
enabling optimal use of deuterium in biological systems include MAS probes capable of
direct detection on 2H in the context of multidimensional experiments, optimized pulse
sequences, extensive or perdeuteration and recrystallization from deuterated solvent [160].

Despite being a quadrupolar (spin 1) isotope with a gyromagnetic ratio 6.5 times less
sensitive than 1H, 2H can a ord other information through its anisotropic quadrupolar
interaction, providing information about bond orientation, local order, and site-specific
mobility [161, 162, 163, 164]. Using double quantum transitions reduces the vulnerability of
this experiment to small variations in MAS rate and stability [165] and facilitates the use of
2H as a chemical shift dimension in multidimensional experiments [166]. Another useful
property is that deuterium has a much faster relaxation rate than proton, making it useful
over a large kinetic range [167, 168] and for dynamics studies [169, 170]. Line-shapes can
be analyzed to determine quantitative rate constants [171]. This coupled with its low natural
abundance of 0.015% makes it ideal for site-specific studies without interference from the
natural abundance background [172]. Site-specific studies can also be extended to
characterize the overall mobility of macromolecules, with further potential to elucidate
function, as shown in Figure 8. 2D 2H pg-13C and 3D 2H po.13C-13C correlation
experiments, an example of which is shown in Figure 9, allow assignment of sidechain spin
systems [173], representing a promising direction for future studies with recently developed
instrumentation.

An important example of a solid-state NMR probe capable of utilizing deuterium signals
was built for investigating the phase behavior of lipid bilayers and conformational changes
in phospholipid headgroups as a function of pressure [174]. This probe required high power
for broadband excitation over the entire range of the wide-line deuterium spectrum, a
necessity that can be greatly reduced with the implementation of MAS in conjunction with
partial motional averaging [170, 175]. An auxillary deuterium coil for decoupling in 2H-
labeled proteins was developed to provide the necessary decoupling power with a simple
modification to existing triple-resonance (*H/A3C/15N) biomolecular probes without the need
for another instrument [176], while a quadruple-resonance probe operating at 600 MHz
proton Larmor frequency was built for multidimensional experiments including 2H
excitation [177]. In multidimensional experiments, the signal-to-noise was demonstrated to
be comparable or slightly better when initiating excitation through deuterium, and using
Rotor Echo Short Pulse IRrAdiaTION (RESPIRATION) [172] and optimal control (OC)
cross polarization pulse sequences allowed for lower rf power, better tolerance of rf
inhomogeneity, and improved effciency of magnetization transfer [178]. 2D experiments
utilizing initial excitation on deuterium and hydrogen were compared, showing di erences in
cross peaks that can be used to identify solvent-exposed structural components or membrane
interiors due to their relative ability to back-exchange [177]. The Martin lab recently

J Struct Biol. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martin et al.

Page 15

developed a quadruple-resonance (*H/*3C/2H/1>N) probe for use at 800 MHz 1H Larmor
frequency. This probe includes a high-power deuterium channel for decoupling and
detection of 2H in deuterated biomolecular samples [62].

Traditionally, low-y nuclei were detected indirectly through proton in order to yield higher
sensitivity, as signal to noise is proportional to »23[179]. This was speculated to be
compromised by extensive deuteration; however Rienstra and Zilm independently showed
that this limitation could be overcome through intermediate deuteration and reverse cross
polarization (RCP) [152] and CPMAS on extensively deuterated proteins [153]. At the same
time, Reif and coworkers found that fully deuterating at nonexchangable sites while back-
exchanging the amide protons limits spin di usion averaging of relaxation times, making it
possible to extract order parameters from dipolar interactions and scaled quadrupolar tensor
anisotropy parameters [154].

The demonstration of triple cross polarization (TCP) by simultaneous CP on 1H-13C and
2H-13C results in up to a fourfold gain in sensitivity compared to direct excitation on carbon.
This method is particularly useful for systems where back-exchange is diffcult or
impossible, such as membrane proteins, where the protein interior is not exposed to aqueous
solvent [180]. Oschkinat et al. initially used the double nucleus enhanced recoupling
(DONER) pulse sequence for simultaneous irradiation of protons and deuterons, providing
higher sensitivity in carbon correlation spectroscopy at distances of up to 6 A. This provided
reasonable 1H-13C cross-polarization effciency even at high levels of deuteration and
resulted in 3-5 times stronger peak intensities and coverage of the full aliphatic spectral
range as compared to previous techniques such as PDSD and 1H-DARR [181]. The effect of
the fraction of deuterated sites in conjunction with the MAS rate on resolution and
sensitivity has been extensively characterized [152, 182, 183]. Recently developed pulse
sequences such as frequency-selective REDOR (FSR) support experiments on deuterated
samples under fast MAS enable the measurement of long-range distances along with other
structural restraints [184]. Sensitivity is of particular concern in analysis of fully deuterated
systems. Smaller rotor size in conjunction with fast MAS has been shown to improve
sensitivity [182], especially for multidimensional experiments requiring transfer between
15N-13C and 13¢-13C [183]. A high-quality review on the structure and dynamics of
perdeuterated proteins using MAS provides a more detailed reference specific to this area
[185].

6. Ultrafast MAS

Increasing the MAS rate from on the order of 25 kHz in the late 1990s to well over 100 kHz
at the present has required technical devlopments in rotors and bearings, pioneered by
Samoson and co-workers [186, 187] and quickly adopted by other research groups and
commercial probe manufacturers. The trend toward increasingly fast MAS rates is
synergistic with other technological and methodological advances that improve the
sensitivity of the NMR experiment, including high-field magnets, labeling schemes, and
DNP. A recent example of work done at ultrafast MAS speeds, could set a new precedent for
experiments to support drug design and testing is shown in Figure 10.
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Sensitivity is critically important for these experiments because faster MAS necessarily
means less sample volume: the maxiumum rotor frequency is inversely dependent on the
size of the rotor such that the current maxiumum of ~ 130 kHz is achievable with 0.75 mm
rotors [189]. Further experimental considerations include interference between the spin
rotation by rf irradiation and mechanical rotation of the sample [190], however effcient
polarization transfer has been achieved using first-order recoupling pulse sequences [158].
Experiments focused on distance restraints should be designed with longer mixing times or
stronger interactions to reduce dipolar truncation at ultra-fast MAS rates, coupled with
optimization in second-order pulse sequences, which is currently an active research area.
Frictional heating under ultra-fast MAS can cause a 20-40 K increase in temperature, which
especially problematic for biomacromolecule samples that are thermally sensitive or
negatively impacted by dehydration. In modern MAS systems, these concerns are overcome
using sample cooling and watertight rotor seals [155].

7. Outlook

One important category of projected improvements to MAS probes concerns technological
advances that have been demonstrated, but are not yet standard equipment for most
commercial probes. The routine addition of gradient coils to nearly all high-resolution
solution-state NMR probes has led to the development of a plethora of complex pulse
sequences that use gradients for coherence selection, eliminating the long phase cycles often
used in solid-state NMR experiments. The implementation of similar sequences in MAS
probes requires a slightly more complicated coil arrangement, as the gradient is most
usefully applied along the magic angle. This has been demonstrated in at least three fairly
early designs [191, 192, 193, 84], and commercial implementations have also become
available [194]. Gradients have been used for water suppression in 1H-detected MAS
experiments, both with a PFG probe [195] and using a homospoil gradient provided by the
Z; shim coil [196]. As MAS becomes more of a mature technology and throughput
increases, the automation of time-consuming and diffcult optimization procedures becomes
increasingly valuable. Instrumentation and procedures for automated tuning [197] and
gradient shimming [198] of MAS probes have been introduced.

Another frontier of potential automation involves real-time optimization of pulse sequences
and gradient waveforms for particular experiments, an approach that becomes more feasible
as computational power increases, speeding up the relevant calculations. Examples include
the “shim pulse” shimming method, in which a tailored gradient waveform is used to correct
a mapped By inhomogeneity [199]. This approach would be most useful if applied in a fully
or semi-automated manner, where the B field is first mapped and then corrected using
gradient pulses, a modality that was not computationally feasible at the time of the first
demonstration. In a similar vein, optimal control [200, 201] has been used to design tailored
pulse shapes for a variety of NMR experiments, including dipolar recoupling sequences
[202], as well as the NCO and NCA experiments that are essential for obtaining protein
backbone assignments [203].

The experimental demands of solving structures of ever larger and more complex biological
assemblies drives the development of ever higher-field NMR magnets. The practical limit
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using currently known low-temperature superconductor technology appears to be on the
order of 1 GHz proton Larmor frequency [204, 205]. The impetus to increase sensitivity and
resolution continues to drive the production of NMR magnets with even higher field, using a
variety of different approaches, including high-temperature superconductors [206, 207, 208],
powered resistive magnets used in either continuous field [209, 210] or pulsed [211, 212,
213] mode, and resistive/superconducting series-connected hybrid magnets [56].

A major obstacle to the construction of high-field NMR magnets is field stabilization. The
highest field NMR magnets often drift significantly on the timescale of the type of
multidimensional experiment needed for protein structure determination. One approach that
is often successful in super-conducting magnets is to measure the drift and increment the 2
room-temperature shim accordingly, although it is tedious to calibrate and does not account
for sudden perturbations. An external lock probe located outside the center of the field [214]
allows field regulation during sample changes, and is an attractive approach for very high
field magnets that are subject to large field variations. With their dramatic increase in
sensitivity, high-field magnets promise to reduce the sample volume and experiment time
needed for NMR experiments, enabling experiments on samples that are diffcult to prepare
in large quantities, surfaces, and materials with limited stability that may not be stable over
the several days currently needed for protein structure determination.

Hybrid techniques, where solid-state NMR synergizes with other methods are another
important future direction. A combined MAS NMR and SAXS study provided an early look
at the large functional oligomers of the holdase chaperone aB-crystallin, with SAXS
providing the overall size and shape of the complex and NMR data filling in the molecular
details [215]. Solid-state NMR has been used with CS-Rosetta [216] to solve the structure of
a filamentous phage capsid [217]. Cryo-EM can be used in conjunction with molecular
modeling software [218, 219] to provide a framework for the overall assembly and relative
orientation of the subunits, with atomic-level detail as well as dynamics information
provided by MAS NMR [220]. Alternatively, the overall model can be built and refined from
solid-state NMR and EM restraints simultaneously [221]. Combinations of NMR, Cryo-EM,
and molecular modeling approaches are likely to play an increasingly important role in
future structure determination efforts [222].
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Figure 1:
A comparision of the different probe circuit styles discussed above, using representative

examples from the literature. Shown are circuit diagrams and images of a lumped element
probe (a-b) [63], a tuning tube probe (c-d) [62], and a transmission line probe (e-f) [64].
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Figure 2:
A comparision of the 810°/90° ratios for the two crossed coils in a quadruple-resonance

MAS probe [62]. (a) The 1H nutation on the MAG coil, and (b) the 15N nutation on the
variable pitch solenoid.
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Figure 3:
Methods for assessing the rf homogeneity of an NMR probe (a-b) Magnitude profiles for the

B, field at two frequencies calculated for two positions within a 3.2 mm rotor, at the center
of the rotor (a) and along the inner wall of the rotor (b) in a solenoid coil [77]; (c-e) NMR
measurements of the rf field profile (c) shows the locations of the silicone spacers in the
rotor, (d) shows the 1D 1H spectra of the silicone spacer at each location, and (e) is the 2D
1H nutation spectra of the same [74]; f) CAD image of a tool used to perform ball-shift
measurements [90]; g) homogeneity measurements taken using the tool in (f) [62]; h)
nutation curve of the 2H channel of a quadruple-resonance MAS probe [62]; i-j) 2D 1H
nutation spectra of adamantane (at 400 MHz), (j) is an expansion of the center part of the
spectrum in (i) [83].
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Figure 4:
Crossed coil assemblies and transverse coils that can be used in such; a) the original

Alderman-Grant resonator [69], b) the Zhang MAG [123], ¢) the Gor’kov MAS crossed coil
assembly [63], d) the Martin lab MAS crossed coil assembly [62] using a version the Opella
lab’s compact MAG design [122], e) the Doty XC on a ceramic support (the crossed coil
assembly would have a variable-pitch solenoid wound around this) [65].
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b)

Figure 5:
a) The Sakellariou MACS microcoil fits inside the MAS rotor [124], b) The doubly-tuned

microcoil of Takeda et al enables double-resonance MAS [127], ¢) The Kent-gens piggyback
coil enhances the signal in small samples [128].
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Figure 6:
170 spectra demonstrating the utility of this nucleus for characterizing reaction mechanisms,

particularly in acid-base chemistry. Here, the binding of a substrate to the enzyme
tryptophan synthase is observed [150].
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Figure 7:

Spectral resolution for a microcrystalline sample of the protein GB1 at 60 kHz MAS can be

improved by deuteration, while at 111 kHz MAS the difference
deuterated and fully protonated GBL1 is almost negligible [156].
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Figure 8:
Panels A, B, and C show three different orientations of GB1. The color coding indicates di

erences in overall mobility based on site-specific evaluation of 140 aliphatic sidechain sites
using deuterium labeling. Red, orange and blue indicate the amplitude of motion, being
large, moderate and small, respectively [172].
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Figure 9:
A) 3D spectrum of labeled ubiquitin from 2H pg-13C-12 correlation experiments. B) 2D

slices can be used to determine connectivities and assign resonances similar to conventional
solution-state techniques. The resolution achieved was also suitable for studies on a much
larger membrane protein, OmpG. [173].
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Figure 10:
Above is an illustration of observed chemical shift perturbations as they relate to the overall

structure upon binding of a ligand, UCB-FcRn-303, to the extracellular domain of a 42 kDa,
fully protonated neonatal Fc receptor (FCRn). This receptor was chosen because it has been
established as a drug target for several autoimmune diseases. Color denotes the magnitude of
the perturbation as shown by the scale [188].
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