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Review Article

New applications of solid-state NMR in structural
biology
Patrick C.A. van der Wel
Department of Structural Biology, University of Pittsburgh School of Medicine, Pittsburgh, PA 15260, U.S.A.

Correspondence: Patrick C.A. van der Wel (vanderwel@pitt.edu)

Various recent developments in solid-state nuclear magnetic resonance (ssNMR) spec-
troscopy have enabled an array of new insights regarding the structure, dynamics, and
interactions of biomolecules. In the ever more integrated world of structural biology,
ssNMR studies provide structural and dynamic information that is complementary to the
data accessible by other means. ssNMR enables the study of samples lacking a crystal-
line lattice, featuring static as well as dynamic disorder, and does so independent of
higher-order symmetry. The present study surveys recent applications of biomolecular
ssNMR and examines how this technique is increasingly integrated with other structural
biology techniques, such as (cryo) electron microscopy, solution-state NMR, and X-ray
crystallography. Traditional ssNMR targets include lipid bilayer membranes and mem-
brane proteins in a lipid bilayer environment. Another classic application has been in the
area of protein misfolding and aggregation disorders, where ssNMR has provided essen-
tial structural data on oligomers and amyloid fibril aggregates. More recently, the applica-
tion of ssNMR has expanded to a growing array of biological assemblies, ranging from
non-amyloid protein aggregates, protein–protein complexes, viral capsids, and many
others. Across these areas, multidimensional magic angle spinning (MAS) ssNMR has, in
the last decade, revealed three-dimensional structures, including many that had been
inaccessible by other structural biology techniques. Equally important insights in struc-
tural and molecular biology derive from the ability of MAS ssNMR to probe information
beyond comprehensive protein structures, such as dynamics, solvent exposure, protein–
protein interfaces, and substrate–enzyme interactions.

Introduction
Solid-state nuclear magnetic resonance (ssNMR) comprises several experimental approaches, enabled
by specialized hardware, that facilitate the application of NMR experiments to various kinds of solid,
semi-solid or (partly) immobilized samples. Traditional uses of NMR in structural biology have
focused on the study of proteins (and other biomolecules) in solution. Solution NMR methods excel
at probing the structure, dynamics, and interactions of soluble protein monomers and multimers.
They are dependent on the fast tumbling of molecules to suppress or reduce anisotropic and inter-
atomic NMR interactions, to get narrow spectral lines and enable multidimensional spectroscopy.
Dedicated experiments are then used to measure weak residual interactions that encode inter-atomic
distances and orientational constraints used for structure determination. The requirement for rapid
tumbling places an upper limit on the size of target proteins. Larger proteins, vesicle-bound proteins,
oligomeric complexes, large assemblies, and aggregates tumble too sluggishly or lack the tumbling. It
is these samples, whose short-lived coherence lifetimes prohibit in-depth characterization by solution
NMR, that are targeted by modern biomolecular ssNMR.
One classic approach for NMR studies of such biological ‘solids’ involves the alignment of the

sample to enable unique orientation-dependent structural and dynamic ssNMR measurements
(reviewed in [1,2]). However, most recent progress is in the area of magic angle spinning (MAS)
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ssNMR, which will be the focus of this article. In MAS NMR, samples are submitted to very rapid uniaxial
rotation at an angle of 54.7° (i.e. the ‘magic angle’) relative to the imposed magnetic field. The whole-sample
rotation mimics the isotropic tumbling of molecules in solution, thus suppressing the inter-nucleus and
orientation-dependent NMR interactions that otherwise excessively broaden the ssNMR spectra. The MAS
ssNMR approach is applicable to many interesting and important biomolecular samples: nano- and microcrys-
talline proteins and peptides, amyloid-like fibrils, non-amyloid aggregates, membrane-bound polypeptides, and
various other biological assemblies (e.g. Figure 1). It is important to note that these samples are commonly not
‘dry solids’, but are rather studied in a fully hydrated state [3]. Moreover, our samples often contain compo-
nents that are semi-solid or undergoing extensive dynamics, such as flexible protein segments or fluid lipid
bilayers [4–7].
These types of samples may also be studied by other biophysical or structural methods, but ssNMR contri-

butes many unique capabilities. It is amenable to carefully crystallized samples, but can similarly be applied to
insoluble or immobilized samples that lack the supramolecular crystalline order required for X-ray crystallog-
raphy or micro-electron diffraction [8]. ssNMR also has a unique ability to probe dynamics on the global and
local level, and do so across a range of timescales and sample temperatures and conditions. For sufficiently
rigid molecules, ssNMR provides structural information on the Å (even to sub-Å) scale, in the form of distance
and geometric (angular) constraints [9,10]. Static and MAS ssNMR also provide orientational information in
the form of anisotropic dynamics and (tilt) angles of proteins or peptides relative to aligned as well as non-
oriented lipid membranes [11–14], reviewed in [1,2,6].

Figure 1. Selected ssNMR structures for diverse biomolecules.

(A) Amyloid-like fibrils formed by the FUS protein. Reprinted from ref. [102] with permission from Elsevier. (B) Membrane protein Anabaena sensory

rhodopsin, comparing the 3D crystal structure (left) to the ssNMR-determined conformation in lipid membrane (right). Reprinted by permission from

Macmillan Publishers Ltd: ref. [103], copyright 2013. (C) α-helical assemblies of the N-terminal caspase recruitment domain (CARD) of the MAVS

protein, showing the assembly (right) and the monomeric structure (left), with long-range distance constraints indicated; reprinted with permission

from ref. [104]. (D) Atomic model of the α-helical type III secretion system needle. Reprinted by permission from Macmillan Publishers Ltd: ref. [105],

copyright 2012. (E) The 26-mer Box C/D RNA from Pyrococcus furiosus, reprinted from ref. [106].
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Expanding horizons in biomolecular ssNMR
The last decade has seen many critical developments that make ssNMR more powerful and more practical as a
tool of structural biology, since it was originally shown capable of producing 3D structures of proteins and pep-
tides in the early 2000s [15,16]. This is reflected in the fact that over 85% of the ssNMR structures currently in
the protein structure databank were deposited in the last 10 years, with a few examples shown in Figure 1. This
section briefly reviews some of the ssNMR improvements that make this possible. On the one hand, new
ssNMR instrumentation developments have significantly enhanced the effective sensitivity and productivity of
biomolecular ssNMR. This is due, in part, to increased access to high-field NMR instruments that increase
resolution and sensitivity (reviewed in [17]). Other critical improvements affect the ssNMR probes that feature
the coil used for the detection and application of radio frequency (RF) pulses, and the ‘stator’ assembly that
enables MAS sample rotation. Notable modifications in coil designs enhance the performance of advanced
ssNMR experiments (due to improvements in, for example, RF homogeneity), while also preventing
RF-induced (over)heating of hydrated samples [18–20], as recently reviewed [21]. Developments in MAS hard-
ware design and engineering enable ever-higher MAS rates using ever-smaller sample (rotor) sizes: increasing
MAS rates that now exceed 100 kHz facilitate the use of 1H detection on sub-mg protein samples, reflecting an
enhanced sensitivity over traditional 13C detection methods [22,23]. Depending on the experimental goals [22–
24], 1H detection at such MAS rates may allow one to avoid or reduce the need for 13C and/or 2H-labeling.
This can be useful in cases where the latter may be expensive or difficult, such as for hard-to-express proteins
or proteins obtained from, for example, mammalian cells. Access to new MAS rate regimes (and higher field
strengths) is also enabling types of experiments that were not possible with more traditional ssNMR hardware.
This includes measurements of dynamics, where the more effective averaging of inter-atomic interactions by
faster MAS makes it easier to measure some relaxation parameters that otherwise may require non-uniform
sample labeling strategies [25,26]. New types of pulse sequences continue to extend the toolkit of ssNMR experi-
ments, in part, to take advantage of higher fields and faster MAS rates. These experiments cannot be adequately
reviewed here, but they include improved approaches for residue-specific assignments, long-range distance
measurements, order parameters, chemical shift tensors as well as angular constraint measurements [22,26–30].
The last decade has seen a dramatic expansion of the use of dynamic nuclear polarization (DNP) to enhance

biological ssNMR. DNP uses the inherently much higher polarization of electron spins to boost the sensitivity of
ssNMR by orders of magnitude (see recent review [31]). DNP enhancement has enabled remarkable measure-
ments of structure and interactions under dilute sample conditions that are unsuitable for traditional ssNMR
experiments, as illustrated with select examples in Figure 2 [32–34], and the abovementioned review [31].
Current DNP methods typically require cryogenic sample temperatures (usually 90–100 K) similar to those used
in cryo-EM and X-ray crystallography. At these low temperatures, which are well below the protein glass transi-
tion [35], motions that commonly characterize functional biomolecules are largely frozen out. This includes both
solvent-coupled dynamics and certain motions inherent to the polypeptide side chains. Therefore, ssNMR studies
of functionally relevant dynamics are mostly done without DNP enhancement. Whenever cryogenic conditions
trap dynamic molecules in a range of distinct structural states, this results in increased line broadening beyond
that seen at higher temperatures [35–39]. Recent work has shown that improved linewidths under cryogenic tem-
peratures can be achieved for suitably ordered biological samples studied by high-field DNP instrumentation
[39]. Efforts are underway to enable DNP at temperatures above 100 K, by exploring optimization of polarizing
agents and other experimental and sample conditions [36,40,41]. In summary, modern DNP-enhanced ssNMR is
an increasingly powerful complement to more conventional ssNMR approaches.
Years of trial and error across the global ssNMR community have broadened our understanding of what

types of biological samples are suitable for, or amenable to, ssNMR. Like in solution NMR, the judicious appli-
cation of tailored labeling strategies is essential. Completely uniform isotopic labeling with both 13C and 15N
continuous to be common, at times complemented with deuteration for 1H-detected experiments [23,24]. At
the same time, uniform 13C labeling is sometimes avoided to facilitate the detection of longer distance interac-
tions that may otherwise be masked by dipolar truncation phenomena [42] or to suppress undesired interac-
tions that otherwise compromise dynamics measurements [25]. A recurring strategy is to selectively probe
intermolecular interfaces or interactions in supramolecular assemblies by mixing differently labeled proteins or
peptides, with examples in Figure 2 and references [43,44]. A notable labeling strategy that is likely to expand
in the future is the increasing use of ‘segmental labeling’ where differently labeled sections of larger proteins
are ligated together [45–47], as recently reviewed [48].
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Until recently, most ssNMR studies focused on large insoluble biological assemblies such as liposome-bound
proteins, amyloid fibrils, or microcrystalline proteins and peptides. However, it has been shown that even mod-
erately sized biomolecular complexes, which would generally be considered ‘soluble’, are productively studied
by ssNMR. This stems from the realization that such complexes (or large proteins) can be sedimented under
ultracentrifugal conditions, thus immobilizing them for MAS ssNMR characterization [49]. The approach of
preparing ssNMR samples via ‘sedimentation’ of the studied macromolecules or macromolecular assemblies by
ultracentrifugation is now widely used for all sorts of samples [3,50], including oligomeric chaperones, vesicle-
bound proteins and ‘soluble’ oligomers formed by amyloidogenic polypeptides [4,51–54]. Another development
worth noting is that MAS NMR studies of whole cells, cellular membranes, or cell extracts have been shown to
be feasible, providing a unique and effective approach to examine proteins in their native milieu [55–57].
Interestingly, parameters that improve biological relevance (such as proper sample hydration) have, in some
cases, been found to also lead to improvements in ssNMR spectral quality [3].

Recent protein and peptide structures obtained by ssNMR
Figure 1 illustrates a sampling of the range of biological assemblies for which ssNMR has recently yielded
atomic-resolution 3D structures. As recently reviewed [58], ssNMR structures of amyloid-like fibrils associated
with neurodegenerative diseases have identified common structural features, which may have implications for
our understanding of the disease-causing misfolding processes. ssNMR also revealed the structures of various
membrane-associated proteins [59], including those of the M2 channel of influenza A and sensory rhodopsin
(Figure 1B) [60–64]. However, recent ssNMR structures go well beyond these traditional types of protein
samples with an expanding repertoire of biologically functional protein assemblies, such as viral capsid pro-
teins, motor proteins, α-helical protein assemblies (Figure 1C,D) and functional amyloids [17,65,66].

Beyond protein structures: dynamics, interactions and
other insights
Crucially, ssNMR studies contribute much more than simply protein structures. Some of the most interesting
applications of ssNMR focus on the detection and characterization of intermolecular interactions and inter-
faces. These can be interfaces between proteins in membranes (Figure 2), in amyloid fibrils or viral capsids, but
can also involve ‘asymmetric’ interactions between proteins and other biomolecules. A classic example is the

Figure 2. Examples of DNP-enhanced ssNMR studies.

(A) 2D ssNMR spectrum of (labeled) signal peptide in (unlabeled) ribosome, designed to probe the presence or absence of secondary structure in

the labeled peptide, illustrated in (B). Reprinted from ref. [32]. (C and D) Long-range polarization transfer between 15N- and 13C-labeled ion channels

(top) in membranes can be detected by DNP/ssNMR, which finds that protein clustering depends on the functional state of the protein (bottom).

Reprinted from ref. [33].
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case of protein–lipid interactions [6], but recent studies also show the potential of probing protein–DNA/RNA
interactions (Figure 3A), substrates with receptors, amyloid-specific dyes with protein aggregates, aggregation
inhibitors with oligomeric Aβ and many other examples [67–72]. One key factor in these studies is that poly-
peptides can be easily distinguished from the other (bio)molecules simply due to their characteristic chemical
shift frequencies. This is exemplified in Figure 3, showing the well-separated 13C signals of proteins and DNA
or sugars. Moreover, phospholipids, DNA, and RNA contain phosphorus that is inherently NMR-active but
absent from unmodified polypeptides. Even in cases where there is no innate chemical difference (e.g. for
peptide-based substrates), the targeted introduction of isotopic labels in one or both binding partners can be
very powerful [73]. As illustrated in Figure 2, these types of interface-mapping experiments can be ideal targets
for DNP enhancement under low-temperature conditions [73–75].
ssNMR can be applied quite effectively on samples featuring static and dynamic disorder that may be prob-

lematic for other structural techniques (Figure 4). For instance, our ssNMR studies [7,10] shown in Figure 4A–D
provided important structural insights into polyglutamine-containing protein aggregates that in recent cryo-EM
studies were found to be too heterogeneous to allow detailed structural analysis [76,77]. Dynamics measure-
ments by ssNMR yield exciting new insights into the dynamics in protein crystals [78,79], as well as
membrane-associated proteins [4,80–82], by revealing rates, range, and directions of dynamics via NMR relax-
ation and order parameters. At the same time, one can make use of the sensitivity of ssNMR to dynamics to
implement dynamic filtering experiments. This approach enables the measurement of simplified spectra featur-
ing only parts of proteins with a certain type of motion. For instance, cross-polarization (CP) spectra (e.g.
Figures 3A and 4C) are devoid of peaks from highly dynamic flexible residues, while solution-NMR-like
INEPT spectra only show those residues that are highly flexible (Figures 3C and 4D). More sophisticated
relaxation-filtered experiments can also be used to map solvent- and membrane-facing protein interfaces
[83,84].

Integration with other methods in structural biology
The application of structural biology to the most important biological questions increasingly requires an inte-
gration of techniques that provide different perspectives on the problem at hand. In the case of ssNMR, struc-
tural measurements can provide highly localized atomic-resolution information, which is both the strength and
weakness of the method. The Å-scale resolution of such measurements enables powerful structural constraints,
but their sub-nm ‘reach’ also makes it hard to detect longer range contacts and supramolecular features such as
the twisting of amyloid fibrils or the curvature of viral capsids [85,86]. As a consequence, ssNMR studies are

Figure 3. Distinct ssNMR spectral signatures of non-polypeptide biomolecules.

(A) 2D 13C-13C CP/DARR spectrum of labeled bacteriophage T7, showing both protein and DNA signals, with the latter enlarged in (B). Reprinted

with permission from ref. [107]. (C) 2D spectrum of mobile peptidoglycan (PG) and lipopolysaccharides (LPS) acquired with INEPT/TOBSY ssNMR

spectroscopy; reprinted from ref. [55] with permission from Elsevier.
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often combined with methods like electron microscopy (EM) for visualizing the morphology of samples.
Cryo-EM methods are improving rapidly, but their achievable resolution remains dependent on the extent of
molecular order or disorder [76,77]. The complementarity of ssNMR and EM methods is based, in part, on
their respective resolutions, with ssNMR providing atomic-resolution local structural information [87–91]. As
noted above (and visualized in Figure 4), ssNMR is also complementary by being able to yield structural data
in heterogenous samples, or to directly probe dynamics or dynamic disorder. The application of ssNMR across
a broad range of temperatures (from cryogenic to above ambient) also has the potential to connect biologically
functional states (studied at ambient or higher temperatures) with structural data measured under cryogenic
conditions [4,5,78].
ssNMR is also a valuable partner to X-ray crystallography. For instance, it can facilitate a straightforward

and direct structural comparison between X-ray crystal structures and alternative conformational states such as
amyloid-like fibrils, since both crystals and fibrils are amenable to ssNMR characterization [92,93]. In addition,
ssNMR dynamics measurements provide unique insights into the dynamic modes present in the crystal lattice
[78,79]. Another example of synergy between X-ray and ssNMR methods is found in recent MAS ssNMR
studies of crystallized, but functional enzymes [94,95].
The integration of solution- and solid-state NMR methods allows one to observe structural and dynamical

changes that accompany the formation of insoluble macromolecular assemblies. The spectral properties of the
two methods (i.e. the measured isotropic chemical shifts) are directly comparable. Thus, structural comparisons
between soluble and immobilized protein states can be performed on the level of the chemical shifts in NMR
spectra. For instance, dramatic spectral changes are associated with protein aggregation via large-scale misfolding
[93], which are absent when proteins become immobilized while maintaining much of their native fold [4,96].
Electron paramagnetic resonance (EPR) spectroscopy can be a useful complement to NMR studies in solution
and solids, by providing long-range distance constraints and dynamic information, while having a much higher
sensitivity than NMR. One promising area of integration in this regard is the use of paramagnetic compounds
and spin labels to gain long-range distance information by both EPR and in ssNMR experiments [97].
Moving beyond experimental techniques, molecular dynamics (MD) simulations that are instrumental across

most of structural biology are also increasingly important for biomolecular ssNMR studies [89,98]. MD

Figure 4. Samples with static and dynamic disorder.

(A) Negative-stain TEM of amyloid-like fibrils formed by mutant huntingtin exon 1. (B) SSNMR-based structural model, illustrating the rigid core

(green) featuring the polyQ domain and the dynamic flanking regions. (C) Rigid core and immobilized parts are selectively detected in CP/

DARR-based 2D spectra, while (D) flexible segments are detected in INEPT/TOBSY spectra. (E and F) Negative-stain TEM of aggregates formed by

mutant P23T γD crystallin at pH 7 and pH 3. (G and H) 2D ssNMR spectra of both aggregates, revealing a remarkable degree of atomic order in the

amorphous-looking deposits. Adapted with permission from references [7,10,96].
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simulations are, for instance, valuable for biological samples (such as peptides within fluid lipid membranes)
that feature functionally relevant dynamics with a complexity that can be challenging to capture fully with
ssNMR experiments alone [98–100].

Conclusion
ssNMR has contributed a variety of novel structures or structural models for membrane proteins, biological
complexes, and protein aggregates. These structures have been enabled by an increasingly standardized toolkit
of structural ssNMR measurements [101], often integrated with structural data from EM, X-ray crystallography,
EPR, and other complementary methods. Ongoing developments across all structural biology techniques open
up exciting new research directions, in which ssNMR will continue to generate an invaluable and unique set of
insights. This may take the form of 3D structures in heterogeneous non-crystalline sample conditions, but
ssNMR will also provide other types of essential information. This includes supramolecular interactions,
dynamics, and the mapping of condition-dependent changes in structure and dynamics. These types of infor-
mation are critical for efforts to bridge the gaps between data from other methods in integrated structural
biology, for instance, by relating high-resolution structures of crystalline or solubilized proteins to native or
functional states that may be neither.

Summary
• Modern solid-state NMR provides high-resolution structures of protein aggregates, crystallized

proteins, membrane proteins, and numerous other types of biological assemblies.

• Beyond 3D structures, solid-state NMR methods provide unique insights into the dynamics
and interactions of biomolecules, including proteins, lipids, and oligonucleotides.

• Solid-state NMR can bridge the gaps between other methods of integrated biology given its
applicability across a broad range of sample conditions, including the study of whole cells,
cellular membranes and cell extracts.

Abbreviations
CP, cross-polarization; DNP, dynamic nuclear polarization; EM, electron microscopy; EPR, electron
paramagnetic resonance; MAS, magic angle spinning; MD, molecular dynamics; NMR, nuclear magnetic
resonance; RF, radio frequency; ssNMR, solid-state NMR; TEM, transmission electron microscopy.

Funding
The author acknowledges the funding support by the National Institutes of Health grants R01 grants [GM113908,
GM112678, and AG019322].

Competing Interests
The Author declares that there are no competing interests associated with this manuscript.

References
1 Bechinger, B., Resende, J.M. and Aisenbrey, C. (2011) The structural and topological analysis of membrane-associated polypeptides by oriented

solid-state NMR spectroscopy: established concepts and novel developments. Biophys. Chem. 153, 115–125 https://doi.org/10.1016/j.bpc.2010.11.
002

2 Hansen, S.K., Bertelsen, K., Paaske, B., Nielsen, N.C. and Vosegaard, T. (2015) Solid-state NMR methods for oriented membrane proteins. Prog. Nucl.
Magn. Reson. Spectrosc. 88–89, 48–85 https://doi.org/10.1016/j.pnmrs.2015.05.001

3 Mandal, A., Boatz, J.C., Wheeler, T.B. and Van der Wel, P.C.A. (2017) On the use of ultracentrifugal devices for routine sample preparation in
biomolecular magic-angle-spinning NMR. J. Biomol. NMR 67, 165–178 https://doi.org/10.1007/s10858-017-0089-6

4 Mandal, A., Hoop, C.L., DeLucia, M., Kodali, R., Kagan, V.E., Ahn, J. et al. (2015) Structural changes and proapoptotic peroxidase activity of
cardiolipin-bound mitochondrial cytochrome c. Biophys. J. 109, 1873–1884 https://doi.org/10.1016/j.bpj.2015.09.016

5 Mandal, A. and van der Wel, P.C.A. (2016) MAS 1H NMR probes freezing point depression of water and liquid-gel phase transitions in liposomes.
Biophys. J. 111, 1965–1973 https://doi.org/10.1016/j.bpj.2016.09.027

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND). 63

Emerging Topics in Life Sciences (2018) 2 57–67
https://doi.org/10.1042/ETLS20170088

https://doi.org/10.1016/j.bpc.2010.11.002
https://doi.org/10.1016/j.bpc.2010.11.002
https://doi.org/10.1016/j.pnmrs.2015.05.001
https://doi.org/10.1007/s10858-017-0089-6
https://doi.org/10.1007/s10858-017-0089-6
https://doi.org/10.1007/s10858-017-0089-6
https://doi.org/10.1007/s10858-017-0089-6
https://doi.org/10.1016/j.bpj.2015.09.016
https://doi.org/10.1016/j.bpj.2016.09.027
https://creativecommons.org/licenses/by-nc-nd/4.0/


6 van der Wel, P.C.A. (2014) Lipid dynamics and protein–lipid interactions in integral membrane proteins: insights from solid-state NMR. eMagRes 3,
111–118 https://doi.org/10.1002/9780470034590.emrstm1356

7 Lin, H.-K., Boatz, J.C., Krabbendam, I.E. Kodali, R., Hou, Z., Wetzel, R. et al. (2017) Fibril polymorphism affects immobilized non-amyloid flanking
domains of huntingtin exon1 rather than its polyglutamine core. Nat. Commun. 8, 15462 https://doi.org/10.1038/ncomms15462

8 de la Cruz, M.J., Hattne, J., Shi, D., Seidler, P., Rodriguez, J., Reyes, F.E. et al. (2017) Atomic-resolution structures from fragmented protein crystals
with the cryoEM method MicroED. Nat. Methods 14, 399–402 https://doi.org/10.1038/nmeth.4178

9 Franks, W.T., Wylie, B.J., Schmidt, H.L.F., Nieuwkoop, A.J., Mayrhofer, R.-M., Shah, G.J. et al. (2008) Dipole tensor-based atomic-resolution structure
determination of a nanocrystalline protein by solid-state NMR. Proc. Natl Acad. Sci. U.S.A. 105, 4621–4626 https://doi.org/10.1073/pnas.0712393105

10 Hoop, C.L., Lin, H.-K., Kar, K., Magyarfalvi, G., Lamley, J.M., Boatz, J.C. et al. (2016) Huntingtin exon 1 fibrils feature an interdigitated β-hairpin–based
polyglutamine core. Proc. Natl Acad. Sci. U.S.A. 113, 1546–1551 https://doi.org/10.1073/pnas.1521933113

11 van der Wel, P.C.A., Reed, N.D., Greathouse, D.V. and Koeppe, II, R.E. (2007) Orientation and motion of tryptophan interfacial anchors in
membrane-spanning peptides. Biochemistry 46, 7514–7524 https://doi.org/10.1021/bi700082v

12 van der Wel, P.C.A., Strandberg, E., Killian, J.A. and Koeppe, II, R.E. (2002) Geometry and intrinsic tilt of a tryptophan-anchored transmembrane α-helix
determined by 2H NMR. Biophys. J. 83, 1479–1488 https://doi.org/10.1016/S0006-3495(02)73918-0

13 Cady, S.D., Goodman, C., Tatko, C.D., DeGrado, W.F. and Hong, M. (2007) Determining the orientation of uniaxially rotating membrane proteins using
unoriented samples: a 2H, 13C, and 15N solid-state NMR investigation of the dynamics and orientation of a transmembrane helical bundle. J. Am. Chem.
Soc. 129, 5719–5729 https://doi.org/10.1021/ja070305e

14 Park, S.H., Das, B.B., De Angelis, A.A., Scrima, M. and Opella, S.J. (2010) Mechanically, magnetically, and ‘rotationally aligned’ membrane proteins in
phospholipid bilayers give equivalent angular constraints for NMR structure determination. J. Phys. Chem. B 114, 13995–14003 https://doi.org/10.
1021/jp106043w

15 Rienstra, C.M., Tucker-Kellogg, L., Jaroniec, C.P., Hohwy, M., Reif, B., McMahon, M.T. et al. (2002) De novo determination of peptide structure with
solid-state magic-angle spinning NMR spectroscopy. Proc. Natl Acad. Sci. U.S.A. 99, 10260–10265 https://doi.org/10.1073/pnas.152346599

16 Castellani, F., van Rossum, B., Diehl, A., Schubert, M., Rehbein, K. and Oschkinat, H. (2002) Structure of a protein determined by solid-state
magic-angle-spinning NMR spectroscopy. Nature 420, 98–102 https://doi.org/10.1038/nature01070

17 Quinn, C.M., Wang, M. and Polenova, T. (2018) NMR of macromolecular assemblies and machines at 1 GHz and beyond: new transformative
opportunities for molecular structural biology. Methods Mol. Biol. 1688, 1–35 https://doi.org/10.1007/978-1-4939-7386-6_1

18 Stringer, J.A., Bronnimann, C.E., Mullen, C.G., Zhou, D.H., Stellfox, S.A., Li, Y. et al. (2005) Reduction of RF-induced sample heating with a scroll coil
resonator structure for solid-state NMR probes. J. Magn. Reson. 173, 40–48 https://doi.org/10.1016/j.jmr.2004.11.015

19 Doty, F.D., Kulkarni, J., Turner, C.J., Entzminger, G. and Bielecki, A. (2006) Using a cross-coil to reduce RF heating by an order of magnitude in
triple-resonance multinuclear MAS at high fields. J. Magn. Reson. 182, 239–253 https://doi.org/10.1016/j.jmr.2006.06.031

20 Gor’kov, P.L., Chekmenev, E.Y., Li, C., Cotten, M., Buffy, J.J., Traaseth, N.J. et al. (2007) Using low-E resonators to reduce RF heating in biological
samples for static solid-state NMR up to 900 MHz. J. Magn. Reson. 185, 77–93 https://doi.org/10.1016/j.jmr.2006.11.008

21 Gor’kov, P.L., Brey, W.W. and Long, J.R. (2010) Probe development for biosolids NMR spectroscopy. eMagRes emrstm1149 https://doi.org/10.1002/
9780470034590.emrstm1149

22 Andreas, L.B., Jaudzems, K., Stanek, J., Lalli, D., Bertarello, A., Le Marchand, T. et al. (2016) Structure of fully protonated proteins by proton-detected
magic-angle spinning NMR. Proc. Natl Acad. Sci. U.S.A. 113, 9187–9192 https://doi.org/10.1073/pnas.1602248113

23 Xue, K., Sarkar, R., Motz, C., Asami, S., Camargo, D.C.R., Decker, V. et al. (2017) Limits of resolution and sensitivity of proton detected MAS
solid-state NMR experiments at 111 kHz in deuterated and protonated proteins. Sci. Rep. 7, Article number: 7444 https://doi.org/10.1038/
s41598-017-07253-1

24 Nieuwkoop, A.J., Franks, W.T., Rehbein, K., Diehl, A., Akbey, Ü., Engelke, F. et al. (2015) Sensitivity and resolution of proton detected spectra of a
deuterated protein at 40 and 60 kHz magic-angle-spinning. J. Biomol. NMR 61, 161–171 https://doi.org/10.1007/s10858-015-9904-0

25 Asami, S., Porter, J.R., Lange, O.F. and Reif, B. (2015) Access to Cα backbone dynamics of biological solids by 13C T1 relaxation and molecular
dynamics simulation. J. Am. Chem. Soc. 137, 1094–1100 https://doi.org/10.1021/ja509367q

26 Lewandowski, J.R. (2013) Advances in solid-state relaxation methodology for probing site-specific protein dynamics. Acc. Chem. Res. 46, 2018–2027
https://doi.org/10.1021/ar300334g

27 Han, Y., Hou, G., Suiter, C.L., Ahn, J., Byeon, I.-J.L., Lipton, A.S. et al. (2013) Magic angle spinning NMR reveals sequence-dependent structural
plasticity, dynamics, and the spacer peptide 1 conformation in HIV-1 capsid protein assemblies. J. Am. Chem. Soc. 135, 17793–17803 https://doi.org/
10.1021/ja406907h

28 Hou, G., Paramasivam, S., Yan, S., Polenova, T. and Vega, A.J. (2013) Multidimensional magic angle spinning NMR spectroscopy for site-resolved
measurement of proton chemical shift anisotropy in biological solids. J. Am. Chem. Soc. 135, 1358–1368 https://doi.org/10.1021/ja3084972

29 De Paëpe, G. (2012) Dipolar recoupling in magic angle spinning solid-state nuclear magnetic resonance. Annu. Rev. Phys. Chem. 63, 661–684
https://doi.org/10.1146/annurev-physchem-032511-143726

30 Hou, G., Yan, S., Sun, S., Han, Y., Byeon, I.-J.L., Ahn, J. et al. (2011) Spin diffusion driven by R-symmetry sequences: applications to homonuclear
correlation spectroscopy in MAS NMR of biological and organic solids. J. Am. Chem. Soc. 133, 3943–3953 https://doi.org/10.1021/ja108650x

31 Lilly Thankamony, A.S., Wittmann, J.J., Kaushik, M. and Corzilius, B. (2017) Dynamic nuclear polarization for sensitivity enhancement in modern
solid-state NMR. Prog. Nucl. Magn. Reson. Spectrosc. 102–103, 120–195 https://doi.org/10.1016/j.pnmrs.2017.06.002

32 Lange, S., Franks, W.T., Rajagopalan, N., Döring, K., Geiger, M.A., Linden, A. et al. (2016) Structural analysis of a signal peptide inside the ribosome
tunnel by DNP MAS NMR. Sci. Adv. 2, e1600379 https://doi.org/10.1126/sciadv.1600379

33 Visscher, K.M., Medeiros-Silva, J., Mance, D., Rodrigues, J.P.G.L.M., Daniëls, M., Bonvin, A.M.J.J. et al. (2017) Supramolecular organization and
functional implications of K+ channel clusters in membranes. Angew. Chem. Int. Ed. 56, 13222–13227 https://doi.org/10.1002/anie.201705723

34 Frederick, K.K., Michaelis, V.K., Corzilius, B., Ong, T.-C., Jacavone, A.C., Griffin, R.G. et al. (2015) Sensitivity-enhanced NMR reveals alterations in
protein structure by cellular milieus. Cell 163, 620–628 https://doi.org/10.1016/j.cell.2015.09.024

35 Bajaj, V.S., van der Wel, P.C.A. and Griffin, R.G. (2009) Observation of a low-temperature, dynamically driven structural transition in a polypeptide by
solid-state NMR spectroscopy. J. Am. Chem. Soc. 131, 118–128 https://doi.org/10.1021/ja8045926

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).64

Emerging Topics in Life Sciences (2018) 2 57–67
https://doi.org/10.1042/ETLS20170088

https://doi.org/10.1002/9780470034590.emrstm1356
https://doi.org/10.1038/ncomms15462
https://doi.org/10.1038/nmeth.4178
https://doi.org/10.1073/pnas.0712393105
https://doi.org/10.1073/pnas.1521933113
https://doi.org/10.1021/bi700082v
https://doi.org/10.1016/S0006-3495(02)73918-0
https://doi.org/10.1016/S0006-3495(02)73918-0
https://doi.org/10.1016/S0006-3495(02)73918-0
https://doi.org/10.1021/ja070305e
https://doi.org/10.1021/jp106043w
https://doi.org/10.1021/jp106043w
https://doi.org/10.1073/pnas.152346599
https://doi.org/10.1038/nature01070
https://doi.org/10.1007/978-1-4939-7386-6_1
https://doi.org/10.1007/978-1-4939-7386-6_1
https://doi.org/10.1007/978-1-4939-7386-6_1
https://doi.org/10.1007/978-1-4939-7386-6_1
https://doi.org/10.1007/978-1-4939-7386-6_1
https://doi.org/10.1016/j.jmr.2004.11.015
https://doi.org/10.1016/j.jmr.2006.06.031
https://doi.org/10.1016/j.jmr.2006.11.008
https://doi.org/10.1002/9780470034590.emrstm1149
https://doi.org/10.1002/9780470034590.emrstm1149
https://doi.org/10.1073/pnas.1602248113
https://doi.org/10.1038/s41598-017-07253-1
https://doi.org/10.1038/s41598-017-07253-1
https://doi.org/10.1038/s41598-017-07253-1
https://doi.org/10.1038/s41598-017-07253-1
https://doi.org/10.1038/s41598-017-07253-1
https://doi.org/10.1007/s10858-015-9904-0
https://doi.org/10.1007/s10858-015-9904-0
https://doi.org/10.1007/s10858-015-9904-0
https://doi.org/10.1007/s10858-015-9904-0
https://doi.org/10.1021/ja509367q
https://doi.org/10.1021/ar300334g
https://doi.org/10.1021/ja406907h
https://doi.org/10.1021/ja406907h
https://doi.org/10.1021/ja3084972
https://doi.org/10.1146/annurev-physchem-032511-143726
https://doi.org/10.1146/annurev-physchem-032511-143726
https://doi.org/10.1146/annurev-physchem-032511-143726
https://doi.org/10.1146/annurev-physchem-032511-143726
https://doi.org/10.1021/ja108650x
https://doi.org/10.1016/j.pnmrs.2017.06.002
https://doi.org/10.1126/sciadv.1600379
https://doi.org/10.1002/anie.201705723
https://doi.org/10.1016/j.cell.2015.09.024
https://doi.org/10.1021/ja8045926
https://creativecommons.org/licenses/by-nc-nd/4.0/


36 Koers, E.J., van der Cruijsen, E.A.W., Rosay, M., Weingarth, M., Prokofyev, A., Sauvée, C. et al. (2014) NMR-based structural biology enhanced by
dynamic nuclear polarization at high magnetic field. J. Biomol. NMR 60, 157–168 https://doi.org/10.1007/s10858-014-9865-8

37 Linden, A.H., Franks, W.T., Akbey, U., Lange, S., van Rossum, B.-J. and Oschkinat, H. (2011) Cryogenic temperature effects and resolution upon slow
cooling of protein preparations in solid state NMR. J. Biomol. NMR 51, 283–292 https://doi.org/10.1007/s10858-011-9535-z

38 Ni, Q.Z., Markhasin, E., Can, T.V., Corzilius, B., Tan, K.O., Barnes, A.B. et al. (2017) Peptide and protein dynamics and low-temperature/DNP magic
angle spinning NMR. J. Phys. Chem. B 121, 4997–5006 https://doi.org/10.1021/acs.jpcb.7b02066

39 Fricke, P., Mance, D., Chevelkov, V., Giller, K., Becker, S., Baldus, M. et al. (2016) High resolution observed in 800 MHz DNP spectra of extremely rigid
type III secretion needles. J. Biomol. NMR 65, 121–126 https://doi.org/10.1007/s10858-016-0044-y

40 Lelli, M., Chaudhari, S.R., Gajan, D., Casano, G., Rossini, A.J., Ouari, O. et al. (2015) Solid-state dynamic nuclear polarization at 9.4 and 18.8 T from
100 K to room temperature. J. Am. Chem. Soc. 137, 14558–14561 https://doi.org/10.1021/jacs.5b08423

41 Zagdoun, A., Casano, G., Ouari, O., Schwarzwälder, M., Rossini, A.J., Aussenac, F. et al. (2013) Large molecular weight nitroxide biradicals providing
efficient dynamic nuclear polarization at temperatures up to 200 K. J. Am. Chem. Soc. 135, 12790–12797 https://doi.org/10.1021/ja405813t

42 Bayro, M.J., Huber, M., Ramachandran, R., Davenport, T.C., Meier, B.H., Ernst, M. et al. (2009) Dipolar truncation in magic-angle spinning NMR
recoupling experiments. J. Chem. Phys. 130, 114506 https://doi.org/10.1063/1.3089370

43 Loquet, A., Giller, K., Becker, S. and Lange, A. (2010) Supramolecular interactions probed by 13C-13C solid-state NMR spectroscopy. J. Am. Chem.
Soc. 132, 15164–15166 https://doi.org/10.1021/ja107460j

44 Helmus, J.J., Surewicz, K., Apostol, M.I., Surewicz, W.K. and Jaroniec, C.P. (2011) Intermolecular alignment in Y145Stop human prion protein amyloid
fibrils probed by solid-state NMR spectroscopy. J. Am. Chem. Soc. 133, 13934–13937 https://doi.org/10.1021/ja206469q

45 Schubeis, T., Yuan, P., Ahmed, M., Nagaraj, M., van Rossum, B.-J. and Ritter, C. (2015) Untangling a repetitive amyloid sequence: correlating
biofilm-derived and segmentally labeled curli fimbriae by solid-state NMR spectroscopy. Angew. Chem. Int. Ed. 54, 14669–14672 https://doi.org/10.
1002/anie.201506772

46 Schubeis, T., Lührs, T. and Ritter, C. (2015) Unambiguous assignment of short- and long-range structural restraints by solid-state NMR spectroscopy
with segmental isotope labeling. ChemBioChem 16, 51–54 https://doi.org/10.1002/cbic.201402446

47 Frederick, K.K., Michaelis, V.K., Caporini, M.A., Andreas, L.B., Debelouchina, G.T., Griffin, R.G. et al. (2017) Combining DNP NMR with segmental and
specific labeling to study a yeast prion protein strain that is not parallel in-register. Proc. Natl Acad. Sci. U.S.A. 114, 3642–3647 https://doi.org/10.
1073/pnas.1619051114

48 Schubeis, T., Nagaraj, M. and Ritter, C. (2017) Segmental isotope labeling of insoluble proteins for solid-state NMR by protein trans-splicing. Methods
Mol. Biol. 1495, 147–160 https://doi.org/10.1007/978-1-4939-6451-2_10

49 Bertini, I., Luchinat, C., Parigi, G., Ravera, E., Reif, B. and Turano, P. (2011) Solid-state NMR of proteins sedimented by ultracentrifugation. Proc. Natl
Acad. Sci. U.S.A. 108, 10396–10399 https://doi.org/10.1073/pnas.1103854108

50 Böckmann, A., Gardiennet, C., Verel, R., Hunkeler, A., Loquet, A., Pintacuda, G. et al. (2009) Characterization of different water pools in solid-state NMR
protein samples. J. Biomol. NMR 45, 319–327 https://doi.org/10.1007/s10858-009-9374-3

51 Gardiennet, C., Schütz, A.K., Hunkeler, A., Kunert, B., Terradot, L., Böckmann, A. et al. (2012) A sedimented sample of a 59 kDa dodecameric helicase
yields high-resolution solid-state NMR spectra. Angew. Chem. Int. Ed. 51, 7855–7858 https://doi.org/10.1002/anie.201200779

52 Bertini, I., Gallo, G., Korsak, M., Luchinat, C., Mao, J. and Ravera, E. (2013) Formation kinetics and structural features of beta-amyloid aggregates by
sedimented solute NMR. ChemBioChem 14, 1891–1897 https://doi.org/10.1002/cbic.201300141

53 Mainz, A., Peschek, J., Stavropoulou, M., Back, K.C., Bardiaux, B., Asami, S. et al. (2015) The chaperone αB-crystallin uses different interfaces to
capture an amorphous and an amyloid client. Nat. Struct. Mol. Biol. 22, 898–905 https://doi.org/10.1038/nsmb.3108

54 Ding, Y., Fujimoto, L.M., Yao, Y. and Marassi, F.M. (2015) Solid-state NMR of the Yersinia pestis outer membrane protein Ail in lipid bilayer nanodiscs
sedimented by ultracentrifugation. J. Biomol. NMR 61, 275–286 https://doi.org/10.1007/s10858-014-9893-4

55 Renault, M., Tommassen-van Boxtel, R., Bos, M.P., Post, J.A., Tommassen, J. and Baldus, M. (2012) Cellular solid-state nuclear magnetic resonance
spectroscopy. Proc. Natl Acad. Sci. U.S.A. 109, 4863–4868 https://doi.org/10.1073/pnas.1116478109

56 Kaplan, M., Cukkemane, A., van Zundert, G.C.P., Narasimhan, S., Daniëls, M., Mance, D. et al. (2015) Probing a cell-embedded megadalton protein
complex by DNP-supported solid-state NMR. Nat. Methods 12, 649–652 https://doi.org/10.1038/nmeth.3406

57 Warnet, X.L., Arnold, A.A., Marcotte, I. and Warschawski, D.E. (2015) In-cell solid-state NMR: an emerging technique for the study of biological
membranes. Biophys. J. 109, 2461–2466 https://doi.org/10.1016/j.bpj.2015.10.041

58 van der Wel, P.C.A. (2017) Insights into protein misfolding and aggregation enabled by solid-state NMR spectroscopy. Solid State Nucl. Magn. Reson.
88, 1–14 https://doi.org/10.1016/j.ssnmr.2017.10.001

59 Ladizhansky, V. (2017) Applications of solid-state NMR to membrane proteins. Biochim. Biophys. Act, Proteins Proteomics 1865, 1577–1586
https://doi.org/10.1016/j.bbapap.2017.07.004

60 Tang, M., Nesbitt, A.E., Sperling, L.J., Berthold, D.A., Schwieters, C.D., Gennis, R.B. et al. (2013) Structure of the disulfide bond generating membrane
protein DsbB in the lipid bilayer. J. Mol. Biol. 425, 1670–1682 https://doi.org/10.1016/j.jmb.2013.02.009

61 Lu, G.J., Tian, Y., Vora, N., Marassi, F.M. and Opella, S.J. (2013) The structure of the mercury transporter MerF in phospholipid bilayers: a large
conformational rearrangement results from N-terminal truncation. J. Am. Chem. Soc. 135, 9299–9302 https://doi.org/10.1021/ja4042115

62 Andreas, L.B., Reese, M., Eddy, M.T., Gelev, V., Ni, Q.Z., Miller, E.A. et al. (2015) Structure and mechanism of the influenza A M2 18–60Dimer of
dimers. J. Am. Chem. Soc. 137, 14877–14886 https://doi.org/10.1021/jacs.5b04802

63 Milikisiyants, S., Wang, S., Munro, R.A., Donohue, M., Ward, M.E., Bolton, D. et al. (2017) Oligomeric structure of anabaena sensory rhodopsin in a
lipid bilayer environment by combining solid-state NMR and long-range DEER constraints. J. Mol. Biol. 429, 1903–1920 https://doi.org/10.1016/j.jmb.
2017.05.005

64 Jaipuria, G., Leonov, A., Giller, K., Vasa, S.K., Jaremko, Ł., Jaremko, M. et al. (2017) Cholesterol-mediated allosteric regulation of the mitochondrial
translocator protein structure. Nat. Commun. 8, 14893 https://doi.org/10.1038/ncomms14893

65 Linser, R. (2017) Solid-state NMR spectroscopic trends for supramolecular assemblies and protein aggregates. Solid State Nucl. Magn. Reson. 87,
45–53 https://doi.org/10.1016/j.ssnmr.2017.08.003

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND). 65

Emerging Topics in Life Sciences (2018) 2 57–67
https://doi.org/10.1042/ETLS20170088

https://doi.org/10.1007/s10858-014-9865-8
https://doi.org/10.1007/s10858-014-9865-8
https://doi.org/10.1007/s10858-014-9865-8
https://doi.org/10.1007/s10858-014-9865-8
https://doi.org/10.1007/s10858-011-9535-z
https://doi.org/10.1007/s10858-011-9535-z
https://doi.org/10.1007/s10858-011-9535-z
https://doi.org/10.1007/s10858-011-9535-z
https://doi.org/10.1021/acs.jpcb.7b02066
https://doi.org/10.1007/s10858-016-0044-y
https://doi.org/10.1007/s10858-016-0044-y
https://doi.org/10.1007/s10858-016-0044-y
https://doi.org/10.1007/s10858-016-0044-y
https://doi.org/10.1021/jacs.5b08423
https://doi.org/10.1021/ja405813t
https://doi.org/10.1063/1.3089370
https://doi.org/10.1021/ja107460j
https://doi.org/10.1021/ja206469q
https://doi.org/10.1002/anie.201506772
https://doi.org/10.1002/anie.201506772
https://doi.org/10.1002/cbic.201402446
https://doi.org/10.1073/pnas.1619051114
https://doi.org/10.1073/pnas.1619051114
https://doi.org/10.1007/978-1-4939-6451-2_10
https://doi.org/10.1007/978-1-4939-6451-2_10
https://doi.org/10.1007/978-1-4939-6451-2_10
https://doi.org/10.1007/978-1-4939-6451-2_10
https://doi.org/10.1007/978-1-4939-6451-2_10
https://doi.org/10.1073/pnas.1103854108
https://doi.org/10.1007/s10858-009-9374-3
https://doi.org/10.1007/s10858-009-9374-3
https://doi.org/10.1007/s10858-009-9374-3
https://doi.org/10.1007/s10858-009-9374-3
https://doi.org/10.1002/anie.201200779
https://doi.org/10.1002/cbic.201300141
https://doi.org/10.1038/nsmb.3108
https://doi.org/10.1007/s10858-014-9893-4
https://doi.org/10.1007/s10858-014-9893-4
https://doi.org/10.1007/s10858-014-9893-4
https://doi.org/10.1007/s10858-014-9893-4
https://doi.org/10.1073/pnas.1116478109
https://doi.org/10.1038/nmeth.3406
https://doi.org/10.1016/j.bpj.2015.10.041
https://doi.org/10.1016/j.ssnmr.2017.10.001
https://doi.org/10.1016/j.bbapap.2017.07.004
https://doi.org/10.1016/j.jmb.2013.02.009
https://doi.org/10.1021/ja4042115
https://doi.org/10.1021/jacs.5b04802
https://doi.org/10.1016/j.jmb.2017.05.005
https://doi.org/10.1016/j.jmb.2017.05.005
https://doi.org/10.1038/ncomms14893
https://doi.org/10.1016/j.ssnmr.2017.08.003
https://creativecommons.org/licenses/by-nc-nd/4.0/


66 Loquet, A., Habenstein, B. and Lange, A. (2013) Structural investigations of molecular machines by solid-state NMR. Acc. Chem. Res. 46, 2070–2079
https://doi.org/10.1021/ar300320p

67 Patching, S.G., Henderson, P.J.F., Sharples, D.J. and Middleton, D.A. (2013) Probing the contacts of a low-affinity substrate with a
membrane-embedded transport protein using 1H-13C cross-polarisation magic-angle spinning solid-state NMR. Mol. Membr. Biol. 30, 129–137
https://doi.org/10.3109/09687688.2012.743193

68 Jehle, S., Falb, M., Kirkpatrick, J.P., Oschkinat, H., van Rossum, B.-J., Althoff, G. et al. (2010) Intermolecular protein−RNA interactions revealed by 2D
31P− 15N magic angle spinning solid-state NMR spectroscopy. J. Am. Chem. Soc. 132, 3842–3846 https://doi.org/10.1021/ja909723f

69 Wiegand, T., Cadalbert, R., Gardiennet, C., Timmins, J., Terradot, L., Böckmann, A. et al. (2016) Monitoring ssDNA binding to the DnaB helicase from
Helicobacter pylori by solid-state NMR spectroscopy. Angew. Chem. Int. Ed. 55, 14164–14168 https://doi.org/10.1002/anie.201607295

70 Morag, O., Abramov, G. and Goldbourt, A. (2014) Complete chemical shift assignment of the ssDNA in the filamentous bacteriophage fd reports on its
conformation and on its interface with the capsid shell. J. Am. Chem. Soc. 136, 2292–2301 https://doi.org/10.1021/ja412178n

71 Gao, M., Nadaud, P.S., Bernier, M.W., North, J.A., Hammel, P.C., Poirier, M.G. et al. (2013) Histone H3 and H4 N-terminal tails in nucleosome arrays at
cellular concentrations probed by magic angle spinning NMR spectroscopy. J. Am. Chem. Soc. 135, 15278–15281 https://doi.org/10.1021/ja407526s

72 Abramov, G., Morag, O. and Goldbourt, A. (2015) Magic-angle spinning NMR of intact bacteriophages: insights into the capsid, DNA and their interface.
J. Magn. Reson. 253, 80–90 https://doi.org/10.1016/j.jmr.2015.01.011

73 Lehnert, E., Mao, J., Mehdipour, A.R., Hummer, G., Abele, R., Glaubitz, C. et al. (2016) Antigenic peptide recognition on the human ABC transporter
TAP resolved by DNP-enhanced solid-state NMR spectroscopy. J. Am. Chem. Soc. 138, 13967–13974 https://doi.org/10.1021/jacs.6b07426

74 Sergeyev, I.V., Day, L.A., Goldbourt, A. and McDermott, A.E. (2011) Chemical shifts for the unusual DNA structure in Pf1 bacteriophage from
dynamic-nuclear-polarization-enhanced solid-state NMR spectroscopy. J. Am. Chem. Soc. 133, 20208–20217 https://doi.org/10.1021/ja2043062

75 Wiegand, T., Liao, W.-C., Ong, T.-C., Däpp, A., Cadalbert, R., Copéret, C. et al. (2017) Protein-nucleotide contacts in motor proteins detected by
DNP-enhanced solid-state NMR. J. Biomol. NMR 69, 157–164 https://doi.org/10.1007/s10858-017-0144-3

76 Shahmoradian, S.H., Galaz-Montoya, J.G., Schmid, M.F., Cong, Y., Ma, B., Spiess, C. et al. (2013) TRic’s tricks inhibit huntingtin aggregation. eLife 2,
e00710 https://doi.org/10.7554/eLife.00710

77 Bäuerlein, F.J.B., Saha, I., Mishra, A., Kalemanov, M., Martínez-Sánchez, A., Klein, R. et al. (2017) In situ architecture and cellular interactions of PolyQ
inclusions. Cell 171, 179–187.e10 https://doi.org/10.1016/j.cell.2017.08.009

78 Lewandowski, J.R., Halse, M.E., Blackledge, M. and Emsley, L. (2015) Direct observation of hierarchical protein dynamics. Science 348, 578–581
https://doi.org/10.1126/science.aaa6111

79 Ma, P., Xue, Y., Coquelle, N., Haller, J.D., Yuwen, T., Ayala, I. et al. (2015) Observing the overall rocking motion of a protein in a crystal. Nat. Commun.
6, 8361 https://doi.org/10.1038/ncomms9361

80 Kaplan, M., Narasimhan, S., de Heus, C., Mance, D., van Doorn, S., Houben, K. et al. (2016) EGFR dynamics change during activation in native
membranes as revealed by NMR. Cell 167, 1241–1251.e11 https://doi.org/10.1016/j.cell.2016.10.038

81 Saurel, O., Iordanov, I., Nars, G., Demange, P., Le Marchand, T., Andreas, L.B. et al. (2017) Local and global dynamics in Klebsiella pneumoniae outer
membrane protein a in lipid bilayers probed at atomic resolution. J. Am. Chem. Soc. 139, 1590–1597 https://doi.org/10.1021/jacs.6b11565

82 Good, D., Pham, C., Jagas, J., Lewandowski, J.R. and Ladizhansky, V. (2017) Solid-state NMR provides evidence for small-amplitude slow domain
motions in a multi-spanning transmembrane α-helical protein. J. Am. Chem. Soc. 139, 9246–9258 https://doi.org/10.1021/jacs.7b03974

83 Kumashiro, K.K., Schmidt-Rohr, K., Murphy, O.J., Ouellette, K., Cramer, W. and Thompson, L.K. (1998) A novel tool for probing membrane protein
structure: solid-state NMR with proton spin diffusion and X-nucleus detection. J. Am. Chem. Soc. 120, 5043–5051 https://doi.org/10.1021/ja972655e

84 Lesage, A., Gardiennet, C., Loquet, A., Verel, R., Pintacuda, G., Emsley, L. et al. (2008) Polarization transfer over the water–protein interface in solids.
Angew. Chem. Int. Ed. 47, 5851–5854 https://doi.org/10.1002/anie.200801110

85 Bayro, M.J. and Tycko, R. (2016) Structure of the dimerization interface in the mature HIV-1 capsid protein lattice from solid state NMR of tubular
assemblies. J. Am. Chem. Soc. 138, 8538–8546 https://doi.org/10.1021/jacs.6b03983

86 Periole, X., Huber, T., Bonito-Oliva, A., Aberg, K.C., van der Wel, P.C.A., Sakmar, T.P. et al. (2018) Energetics underlying twist polymorphisms in
amyloid fibrils. J. Phys. Chem. B 122, 1081–1091 https://doi.org/10.1021/acs.jpcb.7b10233

87 Demers, J.-P., Habenstein, B., Loquet, A., Kumar Vasa, S., Giller, K., Becker, S. et al. (2014) High-resolution structure of the Shigella type-III secretion
needle by solid-state NMR and cryo-electron microscopy. Nat. Commun. 5, 4976 https://doi.org/10.1038/ncomms5976

88 Sborgi, L., Ravotti, F., Dandey, V.P., Dick, M.S., Mazur, A., Reckel, S. et al. (2015) Structure and assembly of the mouse ASC inflammasome by
combined NMR spectroscopy and cryo-electron microscopy. Proc. Natl Acad. Sci. U.S.A. 112, 13237–13242 https://doi.org/10.1073/pnas.1507579112

89 Perilla, J.R., Zhao, G., Lu, M., Ning, J., Hou, G., Byeon, I.-J.L. et al. (2017) CryoEM structure refinement by integrating NMR chemical shifts with
molecular dynamics simulations. J. Phys. Chem. B. 121, 3853–3863 https://doi.org/10.1021/acs.jpcb.6b13105

90 Cuniasse, P., Tavares, P., Orlova, E.V. and Zinn-Justin, S. (2017) Structures of biomolecular complexes by combination of NMR and cryoEM methods.
Curr. Opin. Struc. Biol. 43, 104–113 https://doi.org/10.1016/j.sbi.2016.12.008

91 Baker, L.A., Sinnige, T., Schellenberger, P., de Keyzer, J., Siebert, C.A., Driessen, A.J.M. et al. (2018) Combined 1H-Detected solid-state NMR
spectroscopy and electron cryotomography to study membrane proteins across resolutions in native environments. Structure 26, 161–170.e3 https://doi.
org/10.1016/j.str.2017.11.011

92 van der Wel, P.C.A., Lewandowski, J.R. and Griffin, R.G. (2007) Solid-state NMR study of amyloid nanocrystals and fibrils formed by the peptide
GNNQQNY from yeast prion protein Sup35p. J. Am. Chem. Soc. 129, 5117–5130 https://doi.org/10.1021/ja068633m

93 Li, J., Hoop, C.L., Kodali, R., Sivanandam, V.N. and van der Wel, P.C.A. (2011) Amyloid-like fibrils from a domain-swapping protein feature a parallel,
in-register conformation without native-like interactions. J. Biol. Chem. 286, 28988–28995 https://doi.org/10.1074/jbc.M111.261750

94 Caulkins, B.G., Bastin, B., Yang, C., Neubauer, T.J., Young, R.P., Hilario, E. et al. (2014) Protonation states of the tryptophan synthase internal aldimine
active site from solid-state NMR spectroscopy: direct observation of the protonated Schiff base linkage to pyridoxal-50-phosphate. J. Am. Chem. Soc.
136, 12824–12827 https://doi.org/10.1021/ja506267d

95 Caulkins, B.G., Young, R.P., Kudla, R.A., Yang, C., Bittbauer, T.J., Bastin, B. et al. (2016) NMR crystallography of a carbanionic intermediate in
tryptophan synthase: chemical structure, tautomerization, and reaction specificity. J. Am. Chem. Soc. 138, 15214–15226 https://doi.org/10.1021/jacs.
6b08937

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).66

Emerging Topics in Life Sciences (2018) 2 57–67
https://doi.org/10.1042/ETLS20170088

https://doi.org/10.1021/ar300320p
https://doi.org/10.3109/09687688.2012.743193
https://doi.org/10.1021/ja909723f
https://doi.org/10.1002/anie.201607295
https://doi.org/10.1021/ja412178n
https://doi.org/10.1021/ja407526s
https://doi.org/10.1016/j.jmr.2015.01.011
https://doi.org/10.1021/jacs.6b07426
https://doi.org/10.1021/ja2043062
https://doi.org/10.1007/s10858-017-0144-3
https://doi.org/10.7554/eLife.00710
https://doi.org/10.1016/j.cell.2017.08.009
https://doi.org/10.1126/science.aaa6111
https://doi.org/10.1038/ncomms9361
https://doi.org/10.1016/j.cell.2016.10.038
https://doi.org/10.1021/jacs.6b11565
https://doi.org/10.1021/jacs.7b03974
https://doi.org/10.1021/ja972655e
https://doi.org/10.1002/anie.200801110
https://doi.org/10.1021/jacs.6b03983
https://doi.org/10.1021/acs.jpcb.7b10233
https://doi.org/10.1038/ncomms5976
https://doi.org/10.1073/pnas.1507579112
https://doi.org/10.1021/acs.jpcb.6b13105
https://doi.org/10.1016/j.sbi.2016.12.008
https://doi.org/10.1016/j.str.2017.11.011
https://doi.org/10.1016/j.str.2017.11.011
https://doi.org/10.1021/ja068633m
https://doi.org/10.1074/jbc.M111.261750
https://doi.org/10.1021/ja506267d
https://doi.org/10.1021/jacs.6b08937
https://doi.org/10.1021/jacs.6b08937
https://creativecommons.org/licenses/by-nc-nd/4.0/


96 Boatz, J.C., Whitley, M.J., Li, M., Gronenborn, A.M. and van der Wel, P.C.A. (2017) Cataract-associated P23T γD-crystallin retains a native-like fold in
amorphous-looking aggregates formed at physiological pH. Nat. Commun. 8, 15137 https://doi.org/10.1038/ncomms15137

97 Nadaud, P.S., Helmus, J.J., Kall, S.L. and Jaroniec, C.P. (2009) Paramagnetic ions enable tuning of nuclear relaxation rates and provide long-range
structural restraints in solid-state NMR of proteins. J. Am. Chem. Soc. 131, 8108–8120 https://doi.org/10.1021/ja900224z

98 Weingarth, M., Ader, C., Melquiond, A.J.S., Nand, D., Pongs, O., Becker, S. et al. (2012) Supramolecular structure of membrane-associated
polypeptides by combining solid-state NMR and molecular dynamics simulations. Biophys. J. 103, 29–37 https://doi.org/10.1016/j.bpj.2012.05.016

99 Vostrikov, V.V., Grant, C.V., Opella, S.J. and Koeppe, II, R.E. (2011) On the combined analysis of 2H and 15N/1H solid-state NMR data for determination
of transmembrane peptide orientation and dynamics. Biophys. J. 101, 2939–2947 https://doi.org/10.1016/j.bpj.2011.11.008

100 Strandberg, E., Esteban-Martín, S., Ulrich, A.S. and Salgado, J. (2012) Hydrophobic mismatch of mobile transmembrane helices: merging theory and
experiments. Biochim. Biophys. Acta, Biomembr. 1818, 1242–1249 https://doi.org/10.1016/j.bbamem.2012.01.023

101 Shi, L. and Ladizhansky, V. (2012) Magic angle spinning solid-state NMR experiments for structural characterization of proteins. Methods Mol. Biol. 895,
153–165 https://doi.org/10.1007/978-1-61779-927-3_12

102 Murray, D.T., Kato, M., Lin, Y., Thurber, K.R., Hung, I., McKnight, S.L. et al. (2017) Structure of FUS protein fibrils and its relevance to self-assembly
and phase separation of low-complexity domains. Cell 171, 615–627.e16 https://doi.org/10.1016/j.cell.2017.08.048

103 Wang, S., Munro, R.A., Shi, L., Kawamura, I., Okitsu, T., Wada, A. et al. (2013) Solid-state NMR spectroscopy structure determination of a
lipid-embedded heptahelical membrane protein. Nat. Methods 10, 1007–1012 https://doi.org/10.1038/nmeth.2635

104 He, L., Bardiaux, B., Ahmed, M., Spehr, J., König, R., Lünsdorf, H. et al. (2016) Structure determination of helical filaments by solid-state NMR
spectroscopy. Proc. Natl Acad. Sci. U.S.A. 113, E272–E281 https://doi.org/10.1073/pnas.1513119113

105 Loquet, A., Sgourakis, N.G., Gupta, R., Giller, K., Riedel, D., Goosmann, C. et al. (2012) Atomic model of the type III secretion system needle. Nature
486, 276–279 https://doi.org/10.1038/nature11079

106 Marchanka, A., Simon, B., Althoff-Ospelt, G. and Carlomagno, T. (2015) RNA structure determination by solid-state NMR spectroscopy. Nat. Commun.
6, 7024 https://doi.org/10.1038/ncomms8024

107 Abramov, G. and Goldbourt, A. (2014) Nucleotide-type chemical shift assignment of the encapsulated 40 kbp dsDNA in intact bacteriophage T7 by MAS
solid-state NMR. J. Biomol. NMR 59, 219–230 https://doi.org/10.1007/s10858-014-9840-4

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND). 67

Emerging Topics in Life Sciences (2018) 2 57–67
https://doi.org/10.1042/ETLS20170088

https://doi.org/10.1038/ncomms15137
https://doi.org/10.1021/ja900224z
https://doi.org/10.1016/j.bpj.2012.05.016
https://doi.org/10.1016/j.bpj.2011.11.008
https://doi.org/10.1016/j.bbamem.2012.01.023
https://doi.org/10.1007/978-1-61779-927-3_12
https://doi.org/10.1007/978-1-61779-927-3_12
https://doi.org/10.1007/978-1-61779-927-3_12
https://doi.org/10.1007/978-1-61779-927-3_12
https://doi.org/10.1007/978-1-61779-927-3_12
https://doi.org/10.1016/j.cell.2017.08.048
https://doi.org/10.1038/nmeth.2635
https://doi.org/10.1073/pnas.1513119113
https://doi.org/10.1038/nature11079
https://doi.org/10.1038/ncomms8024
https://doi.org/10.1007/s10858-014-9840-4
https://doi.org/10.1007/s10858-014-9840-4
https://doi.org/10.1007/s10858-014-9840-4
https://doi.org/10.1007/s10858-014-9840-4
https://creativecommons.org/licenses/by-nc-nd/4.0/

	New applications of solid-state NMR in structural biology
	Abstract
	Introduction
	Expanding horizons in biomolecular ssNMR
	Recent protein and peptide structures obtained by ssNMR
	Beyond protein structures: dynamics, interactions and other insights
	Integration with other methods in structural biology
	Conclusion
	Funding
	Competing Interests
	References


