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In this article we give an overview over the use of DNP-enhanced solid-state NMR spectroscopy for the investi-
gation of unfolded, disordered and misfolded proteins. We first provide an overview over studies in which DNP
spectroscopy has successfully been applied for the structural investigation of well-folded amyloid fibrils formed by
short peptides as well as full-length proteins. Sample cooling to cryogenic temperatures often leads to severe line
broadening of resonance signals and thus a loss in resolution. However, inhomogeneous line broadening at low
temperatures provides valuable information about residual dynamics and flexibility in proteins, and, in combi-
nation with appropriate selective isotope labeling techniques, inhomogeneous linewidths in disordered proteins
or protein regions may be exploited for evaluation of conformational ensembles. In the last paragraph we
highlight some recent studies where DNP-enhanced MAS-NMR-spectroscopy was applied to the study of disor-
dered proteins/protein regions and inhomogeneous sample preparations.
1. Introduction

The “native fold” of every protein which is invariably determined by
its primary sequence has been a central paradigm of structural biology.
However, this notion has lost its unrestricted validity by the notion that
(i) a large class of proteins, the intrinsically disordered proteins (IDPs) do
not possess one stable globular fold but exhibit many local minima and
thus are highly flexible [1] and (ii) by the fact that most proteins are able
to adopt alternative “misfolded” β-sheet rich conformations which all
share a common structural cross-β motif [2].

Intrinsically disordered proteins are characterized by their high de-
gree of conformational freedom which is due to a rather flat free energy
landscape, comprising low energy barriers andmany local minima. These
allow IDPs to fluctuate rapidly over an ensemble of conformations in
solution, instead of adopting a well-defined three-dimensional structure.
Essential biological processes rely on IDPs, e.g. molecular recognition
between kinases and substrates, transcription factors and effectors, etc.
IDPs make up to 33% of eukaryotic proteins [3]; furthermore, many
well-folded proteins in their native structure contain intrinsically disor-
dered or highly flexible parts or domains in addition to the well-folded
domains. The function of an IDP is thus not linked to one globular
structure, but rather to a full ensemble of conformations, and a lot of
effort has been made in trying to elucidate structural ensembles of IDPs
tems, Structural Biochemistry (IC
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Amyloid fibrils are involved in a large number of (neuro)degenerative

diseases, such as Parkinson's disease, Alzheimer's disease and type-II
diabetes. The misfolding of intrinsically disordered or globular proteins
finally leads to the deposition of insoluble protein plaques which mainly
consist of long, unbranched amyloid fibrils. Amyloid fibrils share certain
structural features irrespective of their primary sequence. However, de-
tails of the amino acid residues involved in the cross-β-core region, the
relative arrangement and registry of β-strands as well as the supramo-
lecular and the macroscopic arrangement are not only determined by the
amino acid sequence, but also depend critically on the exact fibrillation
conditions. Thus, amyloid fibrils often exhibit a high degree of structural
polymorphism. The central structural motif of amyloid fibrils is a cross
β-pattern with β-strands perpendicular to the fiber axis. Intermolecular
hydrogen bonds as well as hydrophobic and polar interactions between
the amino acid side chains contribute to the high stability and robustness
of amyloid fibrils. Amyloid formation occurs not only in protein mis-
folding diseases; indeed, amyloid fibers in bacteria, fungi, insects, in-
vertebrates and humans also play functional roles (i.e. functional
amyloids) [5]. Prominent examples of functional amyloids are yeast
prions like HET-s, Ure2p and Sup35p, which are involved in horizontal
gene transfer, as well as curli or TasA proteins, which stabilize the
extracellular matrix of bacterial biofilms [6].
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The structural characterization of disordered and misfolded proteins
is of paramount importance; however, both types of proteins pose a
challenge on classical structural biology. The preferred technique for
protein structure determination, X-ray crystallography, provides infor-
mation about well-defined crystalline proteins, and flexible or disor-
dered domains are invisible. Solution NMR spectroscopy on the other
hand can only be applied to rather small (<100 kDa) proteins or com-
plexes and is therefore not applicable for larger protein assemblies such
as oligomers and protein aggregates. For IDPs, the structural charac-
terization is even more complex, as not only one well-defined confor-
mation, but rather a full conformational ensemble has to be determined.
Chemical shifts and residual dipolar couplings in NMR are sensitive to
conformational sampling. However, the exact observation of the
conformational ensemble is prevented by rapid conformational aver-
aging on the NMR time scale, and conformational distributions in many
cases can be detected only indirectly. Nevertheless, it has recently been
shown that solution NMR in combination with molecular dynamics
simulations can be useful for the study of conformational ensembles of
proteins [4].

Solid-state NMR-spectroscopy has lately proven its potential for
structural characterization and even high-resolution structure determi-
nation of amyloid fibrils and other highly ordered multimeric protein
assemblies (for recent reviews see Refs. [7–11], for some selected recent
illustrative examples, see Refs. [12–16]). Very recent improvements in
resolution obtainable by cryo electron microscopy (cryoEM) have
enabled this method for structure determination in non-crystalline or-
dered protein assemblies, and first amyloid structures have been deter-
mined with the help of cryoEM (for selected examples, see Refs.
[17–19]), thus improving our understanding of amyloid structures. In
disordered or heterogeneous systems, NMR resonance assignment and
unambiguous determination of structural constraints may be compro-
mised by inhomogeneous line broadening. Solid-state NMR-spectroscopy
at cryogenic temperatures – with or without DNP-enhancement – has
been demonstrated to be a viable alternative for the study of intrinsically
unfolded proteins or of protein preparations with high degree of
conformational heterogeneity: At cryogenic temperatures, residual
conformational averaging is prevented and different conformations are
frozen out on the NMR timescale [20–22], and as a consequence, reso-
nance lines are broadened [23,24]. However, these inhomogeneously
broadened line-shapes contain information about the full conformational
ensemble, which can be retrieved if the spectral overlap is reduced by
adequate sparse isotope labeling techniques. The protein concentration
in frozen solutions is often low, and sensitivity may further be compro-
mised by the line broadening. Low sensitivity due to limited protein
concentrations however can nowadays conveniently be overcome by
dynamic nuclear polarization (DNP); thus, DNP-enhanced solid-state
NMR-spectroscopy is becoming a viable tool to study not only
well-ordered systems but also molecular assemblies with a high degree of
structural disorder.

In the following article, we will first give a brief historical overview
over DNP with a focus on biological applications. For more compre-
hensive reviews on DNP-enhanced biomolecular solid-state NMR-spec-
troscopy the reader is referred to the following recent excellent reviews
[25–30]. In the second paragraph we will present a selection of examples
where DNP-enhanced solid-state NMR-spectroscopy has successfully
been applied to investigate well-ordered amyloid fibrils. We limit our
overview to amyloid fibrils, but also other multimeric assemblies like
intact viruses or capsids [31–33], bacterial secretion systems [34,35] or
cell walls [36] have been studied by DNP-enhanced NMR-spectroscopy.
For an excellent overview over these studies the reader is referred to a
recent review by Jaudzems et al. [30].

In the last paragraph, we give an overview over studies where DNP-
enhanced solid-state NMR-spectroscopy has been applied to the study
of intrinsically disordered proteins or flexible regions of globular proteins
or protein complexes as well as oligomers.
2

2. Historical overview

The phenomenon of Dynamic Nuclear Polarization (DNP) was first
proposed theoretically by Overhauser in 1953 [37,38] and shortly after
proved experimentally by Carver and Slichter in metallic Lithium. The
general concept of DNP is the transfer of polarization from electrons to
nuclei [39]. The originally proposed so-called Overhauser effect is based
on T1 cross-relaxation in a system of dipolar coupled electron-nuclear
spins. It was then followed by the conceptual development of other
DNP mechanisms: the solid effect by Ferries [40], the cross effect (CE) by
Hwang and Hill [41,42], and the thermal mixing effect by Borghini [43].
These different DNP polarization mechanisms mainly depend on para-
magnetic resonance properties of the electrons (EPR line-shape) and its
magnitude relative to the nuclear Larmor frequency (ωn) and matching
conditions with the nuclei to be polarized (see Table 1).

In an ideal case, the exchange of magnetization between electrons
and nuclei is proportional to the ratio of their energy population differ-
ences and thus to their gyromagnetic ratios. Therefore, the theoretical
maximum enhancement or increase in nuclear magnetization is jγe/γH|
¼ 657 for 1H and jγe/γCj¼ 2615 for 13C. In reality, however, the effi-
ciency of the polarization transfer depends strongly on the T1 relaxation
time of the electron spins. For this reason, DNP is inefficient at high
temperatures when fast tumbling rates lead to short electron T1 relaxa-
tion times [44]. Moreover, successful saturation of the electron transition
(in the microwave frequency range) is normally required in order to favor
the transfer of magnetization from electron to nuclei. All these have three
implications: (i) for efficient DNP the samples have to be cooled down to
very low temperatures (usually around 100 K), (ii) frozen samples do not
tumble and thus use of solid-state NMR is required and (iii) microwave
irradiation has to reach the sample requiring special instrumentation
[45].

It was more than 40 years later that the concept could be successfully
applied to biomolecules after pioneering work of Griffin and coworkers
[46–50]. Especially, this was due to the development of stable high fre-
quency microwave sources (gyrotron) delivering resonant microwaves to
the high field NMR spectrometers. Notably, this enabled investigation of
the photocycle of the protein bacteriorhodopsin [51,52]. The increased
sensitivity as well as the fact that the 15N Schiff-base signal of a lysine
residue (covalently bound to the retinal cofactor) is well isolated in
chemical shift allowed its characterization.

A critical aspect of conducting DNP-enhanced NMR experiments is
the choice of adequate polarization sources containing unpaired elec-
trons, like stable organic radicals or transition metal complexes. For most
biological applications nitroxide-based (i.e. TEMPO) radicals are used
because of their good solubility and stability. For polarization enhance-
ment via the cross effect, biradicals carrying two unpaired electrons of
favorable properties have been shown to be very efficient. The TEMPO-
based biradical TOTAPOL [53] has long been the compound of choice
for cross effect DNP, now succeeded by the better performing AMUPol
[54] with an increased longitudinal relaxation time of the electrons. As
the EPR linewidth increases linearly with the magnetic field, the
enhancement factor obtainable by CE DNP scales inversely with B0.
Therefore, mixed biradicals consisting of a nitroxide moiety with a large
g-factor anisotropy and a trityl or BDPA radical with an almost isotropic
g-factor are advantageous for CE DNP at high magnetic fields above 14 T
[55–57]. Likewise, computationally designed asymmetric bis-nitroxides
with large exchange interactions between the electrons where a paral-
lel orientation of the nitroxide units is avoided, have been proven to favor
efficient MAS DNP, and also polarizing agents containing two high-spin
transition metal complexes are promising candidates for DNP-enhance-
ment [58]. At magnetic fields above 14 T in combination with fast MAS
rates, the solid Overhauser effect may become an attractive alternative to
CE DNP [59–61]. This solid Overhauser effect is particularly effective at
high magnetic fields for narrow line radicals with strong hyperfine in-
teractions, like BDPA.

Another critical point is sample preparation. The radicals used, their



Table 1
Summary of DNP mechanisms’ characteristics under MAS conditions (ωMW, frequency of microwave irradiation; ωe, electron Larmor frequency; ωn, nuclear Larmor
frequency; δ, electron transition homogeneous line broadening; Δ, electron transition inhomogeneous line broadening; dee, electron-electron distance; θee, electron-
electron angle, Dee, electron-electron dipolar coupling constant).

Mechanism Condition Field dependence Microwave requirement Radical properties

Solid Overhauser effect ωMW¼ ωe Scales with B0 Lower power< 2W Narrow EPR linewidth, strong hyperfine couplings
Short T1e

Solid effect ωn> δ, Δ
ωMW¼ ωe� ωn

Scales with B0
�2 Higher power Narrow EPR line width

Cross effect δ< ωn<Δ
ωe1 - ωe2¼ ωn

Scales with B0
�1 ωMW¼ ωe

Lower power
Broad EPR linewidth, biradical with fixed dee and θee

Thermal mixing ωn< δ Scales with B0
�1 ωMW¼ ωe

Lower power
Broad EPR line
High radical concentration or large Dee

Fig. 1. Effect of amino acid-selective isotope labeling: Homonuclear 2D 13C,13C
correlation spectra (acquired with proton driven spin diffusion with a mixing
time of 10ms at a field strength of 14.1 T with a spinning frequency of 9 kHz) of
the 117-residue protein GABARAP in frozen solution. In the spectrum of the
uniformly 13C-labeled protein (red), signal crowding prevents the assignment of
individual cross-peaks, whereas in the spectrum of the sample in which only the
seven Isoleucine residues are uniformly 13C labeled (blue), individual cross-
correlation signals can be identified.
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concentration and their localization throughout the sample are important
factors. Optimization of these parameters is a sample dependent pro-
cedure and needs to be done individually. While conventional radicals
are dissolved in the solvent together with the sample to obtain a statis-
tical distribution and homogeneous hyperpolarization throughout the
sample, other approaches using localized [62–65], covalently bound
[66–70] or targeted [71,72] radicals are also possible. This presents
several advantages such as better handling of paramagnetic relaxation
enhancement (PRE) effects resulting from interactions with the unpaired
electrons and access to specific information, and it is an interesting
approach for the study of proteins in their native environments. Also, as
phase separation and clustering of radicals, which may occur during ice
crystal formation of water, is avoided, using cryoprotectants like glycerol
is not always necessary (e.g. in presence of lipids). Particularly in the case
of liposome-reconstituted membrane proteins, matrix-free sample prep-
aration (i.e. a sample preparation in which the use of solvents is not
necessary to enable a uniform distributions of polarizing agents) has
proven to yield better relaxation properties leading to better signal per
unit time [70,73]. Alternatively, sedimentation of proteins in the pres-
ence of free radicals leads to the formation of a glassy matrix at low
temperatures and is thus an interesting alternative approach for sample
preparationwithout the need for cryoprotectants [74,75]. Note that more
or less specific interactions of globular proteins [65,75] and amyloid fi-
brils [76] with radicals have been shown. Thus, care has to be taken
when sensitivity or resolution is compared between samples or regions of
a sample.

One main advantage of DNP is its ability to enhance signals which
would otherwise lie below the detection limit. The sensitivity enhance-
ment can be attributed to the lowered temperature, causing a favorable
Boltzmann distribution, and the microwave mediated polarization
transfer from electrons to the nuclei. However, although the sensitivity
might be vastly enhanced, the resolution is often drastically diminished
under DNP conditions: Caused by the low temperatures, conformational
averaging is mostly prevented, and water molecules are not uniformly
distributed anymore. Furthermore, homogeneous line broadening due to
paramagnetic relaxation enhancement and insufficient proton decou-
pling adds to the linewidth, a contribution which is particularly pro-
nounced at low magnetic fields and moderate spinning speeds [33]. For
uniformly isotope labeled samples the resolution after freezing may
therefore not be sufficient. This can be counterbalanced by segmental
and/or site-specific, amino-acid specific or sparse isotope labeling to
reduce spectral crowding. As an example, in Fig. 1 two homonuclear
13C,13C correlation DNP spectra of globular 117-residue protein at a
temperature of 110 K are displayed. While for the uniformly 13C-labeled
sample most resonances are overlapped so strongly that even a
discrimination of signals from different amino acids is not possible
anymore, in a spectrum of a protein uniformly 13C labeled only for
Isoleucine, different cross-correlation peaks can clearly be identified.

3. DNP-enhanced MAS NMR of amyloid fibrils

Amyloid fibrils, despite being the end product of protein misfolding
3

and despite being prone to polymorphism, are often remarkably well-
ordered. Valuable information about structural organization of amyloid
fibrils has been obtained by conventional solid-state MAS NMR-
spectroscopy [7–11]. In favorable cases full 3D structures were deter-
mined by solid-state NMR-spectroscopy and – very recently – also by
cryo-EM [12–17,19]. In the following section we will focus on studies
involving DNP-enhanced NMR-spectroscopy.

Many small peptide fragments of large amyloidogenic proteins are
able to form amyloid fibrils. Although secondary structure elements as
well as supramolecular structures of such peptide fibrils usually differ
substantially from those of fibrils from full-length proteins, peptide fibrils
are still valuable model systems enlightening fundamental principles of
amyloid formation. One major advantage of chemically synthesized
peptides over recombinantly expressed proteins for structure determi-
nation is the possibility to introduce isotope labels at any desired position
in a site-selective manner.

One of the shortest fibril forming peptides is the seven amino acid
residues segment GNNQQNY corresponding to amino acid residues 7 to



Fig. 2. A) Sketch of interstrand (intrasheet), intersheet and protofilament-to-
protofilament contacts within amyloid fibrils. B) Side view and C) top view of
one protofilament, composed of two TTR (105–115) peptide molecules. D)
Three different fibril types composed of four, six and eight protofilaments,
respectively. A-C) adapted with permission from Ref. [81], copyright (2013)
American Chemical Society. D) adapted with permission from Ref. [82], copy-
right (2013) National Academy of Sciences.
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13 of the yeast prion Sup35p (vide infra) [77,78]. This peptide can not
only form amyloid fibrils, but it can also crystallize into monoclinic and
orthorhombic nanocrystals suitable for high-resolution X-ray crystallog-
raphy. Substantial differences between nanocrystals and fibrils have been
identified by solid-state NMR-spectroscopy [78]. Monoclinic crystals of
this peptide were used as model systems to study the polarization transfer
mechanism between solvent and sample. The tight packing of the peptide
molecules within the crystal lattice excludes the bulky TOTAPOL bir-
adicals from the sample. Thus, polarization enhancement of the peptide
relies on 1H polarization transfer by 1H-1H spin diffusion across the
interface between the glassy solvent matrix and the sample [79]. Despite
the rather large crystal dimensions of ~100–200 nm, an enhancement
factor corresponding to 75% of the enhancement factor obtained for the
solvent matrix was observed, suggesting that nanocrystals with a size of
up to 1 μm can be efficiently hyperpolarized by DNP.

The correlation between sample dimensions and DNP-enhancement
was further investigated by a comparison of enhancement factors ob-
tained for fibril and crystal samples [80](*). Although the radical con-
centration in the fibril sample was substantially lower than in the crystal
sample, polarization transfer by proton-driven spin diffusion was more
efficient for the fibril. Since the rather thin fibrils with a diameter of a few
nanometers facilitate closer contacts to the paramagnetic centers, po-
larization build-up was twice as fast as for the thicker crystals. At low
temperatures, longitudinal mixing and build-up rates are enhanced,
because dynamics are severely restricted resulting in greater efficiency
for dipolar transfers. For fibrils, no significant chemical shift changes
between high and low-temperature spectra were observed, while in
monoclinic crystals sample freezing resulted in shift changes of up to
1.5 ppm for 13C and 5 ppm for 15N resonances, as well as to severe line
broadening. Residues in close contact with water are most affected by
shift changes and inhomogeneous line broadening.

A similar study focused on the complete architecture of an amyloid
fibril formed by an 11 amino acid residue peptide segment of the
transthyretin protein (TTR (105–115)) [81](*) [82]. The 3D structure of
the peptides within the fibrils had been determined previously with high
resolution by room temperature solid-state NMR-spectroscopy, demon-
strating that the full peptide adopts an extended β-strand conformation
[83,84]. With the help of DNP-enhanced solid-state NMR spectroscopy,
intermolecular as well as intra- and inter-sheet contacts could be ob-
tained on a set of ten different site-selectively isotope labeled samples in a
fraction of the conventional measurement time (see Fig. 2 A). In detail, it
could be shown that the fibrils are constructed by parallel in-register
β-sheets. Furthermore, distance measurements between adjacent
β-sheets indicated an anti-parallel arrangement of the sheets within the
protofilaments in which odd-numbered side chains from peptides of one
β-sheet are packed against even-numbered side chains from the other
β-sheet. Thus, peptides in the two β-sheets are not equivalent, a fact
which leads to resonance doubling in the NMR spectra. Supporting
cryo-EM measurements identified three classes of fibrils consisting of
four, six or eight protofilaments (Fig. 2B–D) [82].
Protofilament-to-protofilament contacts were shown to be organized in a
head-to-tail fashion by distance measurements between single labels
positioned at the N- and the C-terminus of the peptides.

DNP-enhanced solid-state NMR-spectroscopy was also successfully
applied to determine the supramolecular arrangement in amyloid fibrils
from larger proteins. In contrast to short model peptides which can
conveniently be obtained by solid-phase synthesis, proteins with more
than 40 to 50 residues usually are expressed recombinantly from E. coli,
and thus different isotope labeling strategies are necessary to elucidate
the supramolecular arrangement (which requires the measurement of
long-distance restraints). In uniformly [13C,15N] labeled samples, the
acquisition of these restraints is hampered by dipolar truncation effects.
To overcome this problem, sparse or differential labeling as achieved e.g.
by using 2-13C glucose as sole carbon source in combination with DNP
can be an appropriate choice: If fibrils are grown from a 1:1 mixture of
sparsely [13C,14N] and [12C,15N] labeled monomers, only intermolecular
4

contacts are detected in 2D 15N/13C correlation experiments, which in
the case of in-register parallel arrangement of β-strands superimpose with
intramolecular NCACX spectra of a uniformly labeled sample. For such
experiments, signal enhancement by DNP, which boosts the sensitivity on
lower gamma nuclei, is extremely helpful. Furthermore, local dynamics
which at room temperature might attenuate the desired cross-peak in-
tensities are frozen out at the low temperatures required for DNP, so long-
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range polarization transfer efficiency is drastically improved.
This differential [13C,15N] isotope labeling approach has been suc-

cessfully applied to confirm the parallel in-register alignment of β-strands
in amyloid fibrils formed from an 86-residue protein, the PI3-SH3
domain, which is able to form highly ordered fibrils [85](*). Intermo-
lecular N–C contacts in differentially [13C,15N] labeled fibrils were
indicative of a parallel in-register alignment of the β-strands. Moreover,
the parallel alignment was also corroborated from homonuclear
long-range contacts from 2D 13C/13C correlation spectra of a sample
sparsely 13C labeled from 2-13C-glucose. At long mixing times
pseudo-intraresidual cross correlation signals between neighboring car-
bon atoms for which 13C labeling occurs statistically, but for which
simultaneous 13C labeling within one amino acid residue is not possible,
could be observed. This supports a structural alignment in which
equivalent amino acid residues are in close proximity to each other.

Another challenging amyloid fibril studied by DNP-enhanced solid-
state NMR spectroscopy is the yeast prion protein Sup35p [86], a
translation termination factor with an N-terminal prion domain which is
able to convert into a self-propagating amyloid form, which leads to
sequestration of the protein together with a loss-of-function phenotype.
The full-length protein has 684 amino acid residues and is composed of
an N-terminal prion domain (called N) rich in uncharged polar residues N
and Q, a C-terminal translation termination domain and a highly charged
middle domain (M) which connects the latter and provides solubility.
The 263 amino acids long fragment SupNM consisting of the N- and
M-domain is sufficient to form amyloid fibrils that can transmit the prion
phenotype to yeast colonies [87]. Fibrils of Sup35NM have been studied
by various groups using solid-state NMR-spectroscopy, however, a
converging structural model is still elusive due to the inherent propensity
of Sup35p to form different polymorphs associated with different prion
strains and also due to high conformational inhomogeneity [88–90]. The
exact length and location of the amyloid core has been found to depend
on the fibrillation temperature [89] or on the prion strain [90] and may
also be influenced by the presence or absence of the C-terminal domain.
Furthermore, a second putative amyloid core region has been identified
in a single point mutant of Sup35NM [91]. Due to substantial inhomo-
geneous line broadening as well as considerable spectral overlap result-
ing from an unfavorable amino acid composition, site-selective resonance
assignment was not possible for most of the resonances. Only 22 amino
acid residues located N-terminal of position 30 gave rise to extremely
well-resolved signals and could be sequentially assigned from 3D
triple-resonance spectra [88]. However, signals from less ordered parts of
the protein were also visible in the spectrum. Even if a resonance
assignment was not possible, these signals could – in combination with
site-selective isotope labeling and dedicated recoupling techniques – still
be exploited to determine the supramolecular arrangement of these less
structured protein regions: A large portion of the amino acids in the
N-domain was found to be located in parallel in-register β-sheets [92],
albeit less well-structured than the beginning of the N-terminus.

Frederick et al. applied DNP-enhanced solid-state NMR spectroscopy
to further study Sup35NM fibrils in a cellular environment by using a cell
lysate of yeast cells exhibiting the strong prion phenotype as fibrillation
medium for recombinantly expressed [13C,15N], isotope labeled
Sup35NM [93](*). In contrast to purified fibrils generated by seeded
fibrillation in lysis buffer the fibrils obtained from cell lysates were found
to have significantly higher β-sheet content. In particular, signals of
residues which are exclusively located in the dynamically disordered
M-domain were better defined in the lysate-grown fibrils, a fact which
may be explained by specific interactions of this part of the protein with
cellular components such as heat shock proteins. In a second study,
Frederick et al. investigated the supramolecular arrangement of
Sup35NM fibrils by combining sparse differential [15N/13C] labeling
with segmental labeling. With the help of the split-intein technology, it
was possible to express Sup35NM protein where only the first 14 residues
are isotope labeled. Uniform [15N/13C] labeling of these 14 residues
5

enabled full sequential resonance assignment. Chemical shifts for the
7GNNQQN13Y fragment differ substantially from the corresponding shifts
obtained in microcrystals as well as in all fibril types formed by this
peptide fragment alone [78]. Thus, the conformation of this amino acid
stretch in full-length fibrils clearly differs from that found in fibrils
formed by the model peptide. To probe the supramolecular arrangement
of the monomers, fibrils were also grown from a mixture of monomers
with different isotope labeling: half of the monomers were uniformly
[15N] labeled, for the other half of the monomers, only the first 14 amino
acid residues were sparsely [13C] labeled [94](*). 15N/13C correlation
spectra obtained with long TEDOR transfer did not superimpose with
short range TEDOR spectra obtained on fibrils sparsely [13C] and uni-
formly [15N] labeled for these first 14 residues, a result which would be
expected for parallel β-sheets with in-register alignment. This finding
indicates that at least not all of the first 14 amino acid residues are part of
an antiparallel β-sheet in the fibrils used for this study.

The impact of low temperatures on spectral resolution has been
investigated without DNP-enhancement using amyloid fibrils of
Aβ(1–40) [95] as well as of HET-s (218–289) [96] as model systems. For
well-ordered Aβ(1–40) fibrils, the loss in resolution at low temperatures
was moderate at a high static magnetic field of 20 T (corresponding to a
proton Larmor frequency of 850MHz), thus suggesting that conforma-
tional heterogeneity in this sample is not limiting the resolution [95]. A
similar study, notably in absence of radicals and without the addition of
the cryoprotectant glycerol, has been conducted on HET-s (218–289)
fibrils at a magnetic field strength of 14.1 T (600MHz proton Larmor
frequency). 2D 13C/13C correlation spectra were acquired at different
temperatures ranging from 100 to 280 K. The overall resolution of the 13C
NMR-spectra decreases gradually and monotonously with decreasing
temperatures, similar as observed for a microcrystalline protein [97].
Resonances from residues in the well-structured hydrophobic core of the
fibril are still reasonably resolved at low temperatures, whereas most
hydrophilic amino acid residues pointing to the outside of the fibril were
broadened beyond detectability upon freezing of the surrounding water
shell.

In a similar way, amyloid fibrils formed by human islet amyloid
polypeptide IAPP showed inhomogeneous line broadening at low tem-
peratures. While the linewidth of most residues was affected by low
temperatures, this effect was particularly pronounced for the seven N-
terminal residues which form a loop bridged by a disulfide bond between
Cys2 and Cys7 [98]. Signals from these residues were also broadened
beyond detectability at low temperatures, an effect which may be
attributed to increased intrinsic flexibility of this part of the peptide.

Finally, aggregates involved in bacterial virulence, such as curli (CsgA
aggregates), may form amyloid fibrils as well. The biradical TOTAPOL
shows a high binding affinity to the amyloid surface of CsgA fibrils,
similar to the affinity of the fluorescent dye Thioflavin T (ThT) [76](*).
Both molecules share a similar molecular framework and rotational
symmetry, which allows them to bind to ridges formed by protruding
side chains on the fibrillar surface. As a result, polarization is directly
transferred via strong couplings between nitroxide radicals and the nu-
clear spins at the fibril surface. To achieve a balanced ratio between
optimizing the sensitivity while avoiding paramagnetic relaxation
enhancement and bleaching effects, the radical concentration has to be
decreased (~400 fold), compared to commonly employed concentrations
of around 10–20 mM.

In summary, with the help of DNP-enhanced solid-state NMR-
spectroscopy valuable structural information on well-ordered protein
assemblies may be obtained. Although cryogenic temperatures may
cause line broadening and a decrease in resolution, the reduced mobility
and increased signal-to noise ratio may enable the observation of several
long-range contacts which are otherwise inaccessible by traditional solid-
state NMR-spectroscopy. Further, residual line broadening at lower
temperatures correlates well with residual flexibility and is thus another
important source of information.



Fig. 3. A) Ramachandran plot displaying the probability distributions for back-
bone conformations of the residue Valine in an intrinsically disordered peptide.
Regions for α-helical and β-strand/Polyproline conformations are indicated with
boxes. B) Schematic representation of Cα/Cβ cross correlation peaks (for the
amino acid Valine) with random coil chemical shifts in an intrinsically disordered
protein. Random coil chemical shifts are averages caused by rapid transitions
between α-helical and β-sheet like conformations. C) At low temperatures every
molecule is frozen in a different conformation, and different backbone torsion
angles in the conformational ensembles give rise to distinct chemical shifts, thus
leading to inhomogeneous line broadening (see Ref. [104]). Adapted with
permission from Ref. [104], copyright (2018) Elsevier.
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4. DNP-enhanced MAS NMR of disordered proteins

Besides the investigation of well-ordered systems with the help of
(DNP-enhanced) solid-state NMR, solid-state NMR at cryogenic temper-
atures (with or without DNP-enhancement) is also a powerful method for
obtaining information on disordered or heterogeneous systems, such as
unstructured parts of bigger assemblies, intrinsically disordered proteins,
or on heterogeneous systems like oligomers. At cryogenic temperatures,
the full structural ensemble of an unfolded or partially folded protein is
freeze-trapped, and thus the full conformational ensemble may be eval-
uated by solid-state NMR spectroscopy. The structural ensemble obtained
by freeze trapping critically depends on the freezing conditions: if the
cooling rate is slower than the time scale for structural rearrangements,
the equilibrium conformational ensemble at the temperature of glass
formation is obtained. Rapid freezing on time scales much faster than the
time scale of conformational averaging on the other hand enables the
trapping of transient intermediates and allows in principle to follow
protein folding processes [99]. Further, to prevent cold denaturation by
ice crystal formation, the addition of cryoprotectants is mandatory. While
MAS NMR of frozen solutions at cryogenic temperatures is now possible,
freeze-trapped preparation may also be lyophilized in order to stabilize
the trapped ensemble state [100].

Chemical shifts in general and secondary chemical shifts of backbone
atoms Cα and Cβ in particular are sensitive signatures of the protein
conformation and the secondary structure. In principle, secondary
structure elements reflect the backbone conformation of the protein,
which can be represented as a pair of backbone torsion angles on the
Ramachandran plot (Fig. 3A), and different regions of the Ramachandran
plot give rise to distinct secondary chemical shifts [101]. In globular
proteins with defined backbone fold, accurate predictions on secondary
structure elements can be made based on secondary chemical shifts. In
disordered proteins or protein regions, on the other hand, typical
“random coil chemical shifts” are observed. These random coil shifts do
not correspond to a defined “random coil backbone conformation”
represented by a distinct area on the Ramachandran plot, but they are the
result of rapid averaging over all energetically favored conformations
(Fig. 3A and B). If the sample is frozen, all conformations sampled by the
protein are present in the sample with their respective probability. As a
consequence, every protein conformation gives rise to different chemical
shifts, and the resonance lines are thus broadened (Fig. 3C). These
inhomogeneously broadened line shapes can in principle be evaluated to
obtain information on the relative contents of conformations typical for
α-helical or β-sheet-like (extended) conformations [102–104].

Pioneering studies on protein folding of a 35 residue protein domain
of the vilin headpiece by cryogenic solid-state NMR-spectroscopy have
demonstrated the power of this method (reviewed in Ref. [20]). Equi-
librium conformational ensembles of the chemically denatured ([102,
105]) protein domain could be quantified from studies of different
site-selectively labeled peptides in frozen solution. Furthermore, rapid
freezing from different temperatures above and below the thermal
denaturation point allowed for the trapping of a transient folding inter-
mediate [99] with secondary structure elements characteristic of the
fully folded protein domain, but with a lower degree of sidechain order,
which is an indication of a lack of tertiary structure in this intermediate.

The enhanced sensitivity of DNP makes it possible to study small
peptides in large assemblies, which enables the investigation of proteins
in environments similar to their natural environments. In this respect
Lange et al. were able to study the disulfide oxidoreductase A (DsbA)
secretion monitor (SecM) signaling peptide within the exit tunnel of the
ribosome. To achieve this, the peptide was uniformly [13C/15N] labeled,
whereas the ribosome was unlabeled. Additionally, in order to suppress
natural abundance signals of unwanted species, 2D experiments were
employed, because the probability of a cross peak of two correlating
carbons is reduced by a factor of 100. Upon cooling to 105 K, the
conformational states of DsbA-SecM have been studied, and in contrast to
earlier studies, it has been shown that only a minor population of DsbA-
6

SecM adopts an α-helical structure within the ribosome, thus demon-
strating that protein folding may already occur during translation
[106](*).



Fig. 4. 2D 13C/13C-correlation spectra (acquired with proton-driven spin-
diffusion with a mixing time of 1 s, at a field strength of 14.1 T, with a spinning
frequency of 9 kHz) of sparsely 13C labeled α-synuclein in frozen solution in
different environment. A) For disordered monomeric α-synuclein in a glycerol-
water solution the Valine Cα/Cβ cross-correlation signal is largely inhomoge-
neously broadened, shift regions typical for α-helical as well as for β-strand like
conformations are covered. Further, interresidual cross-correlation signals to
neighboring Alanine residues are indicative of a correlation between similar
conformations for neighboring residues. B) For a frozen suspension of fibrillar
α-synuclein (grey spectrum) the β-sheet content is increased with respect to
monomeric α-synuclein (black outline), whereas for α-synuclein in contact with
lipid bilayers (C) only α-helical shifts are observed. Adapted with permission
from Ref. [104], copyright (2018) Elsevier.

A. K€onig et al. Solid State Nuclear Magnetic Resonance 98 (2019) 1–11
Another example for the use of DNP to enhance signals of small
peptides in a larger assembly is PL12, a silaffin-derived pentalysine
peptide, which catalyzes the silicic acid condensation in vitro. This
peptide was embedded in silica to model the cell-wall. An interesting fact
of this study is that neither the silica matrix nor the peptide was isotope
labeled. Nevertheless, 13C CP-spectra could be obtained at a temperature
of 100 K within minutes without major loss of resolution and with an
enhancement factor of 30. This shows the unique ability of DNP to study
even unlabeled peptides in a larger assembly. With the help of 2D het-
eronuclear correlation and double-quantum-single-quantum correlation
spectra a change in backbone conformation inside the silica in compar-
ison to free PL12 in solution could be detected [107].

The power of DNP to decipher structurally well-ordered and intrin-
sically disordered parts of proteins was also demonstrated by Gupta et al.
The study of tubular capsids of different HIV-1 protein assemblies at
different field strengths and temperatures allowed the analysis of line
broadening effects in DARR-spectra. With increasing field strength the
resolution could be significantly improved, which demonstrates that line
broadening in DNP-spectra is not exclusively caused by inhomogeneous
line broadening but also contains homogeneous contributions (which can
be counterbalanced by high field strengths). The highly dynamic and
disordered spacer peptide 1 could be identified and distinguished from
the conformational homogeneous capsid proteins at cryogenic tempera-
tures. Decreasing the temperature from 180 K to 109 K did not lead to any
further loss in resolution. Moreover, it was possible to assign aromatic
side chains in the spectra obtained at cryogenic temperatures, a task
which is generally challenging at room temperature [32](*).

The protein α-synuclein is a chimeric protein, because it can adopt
different structures in different environments. It is natively unfolded and
disordered, but in the progress of Parkinson's disease it forms fibrils with
a β-sheet rich core structure, and upon membrane-association it becomes
predominantly α-helical. Nevertheless, even in the structured forms some
parts remain unstructured and flexible exhibiting random coil chemical
shifts. We investigated the conformational ensembles sampled by this
protein in different environments with the help of DNP-enhanced solid-
state NMR-spectroscopy. In order to reduce spectral crowding, the pro-
tein was sparsely isotope labeled by using 2-13C-glucose as main carbon
source and supplying ten amino acids in natural abundance to the growth
medium [108]. With this labeling scheme, simultaneous 13C labeling for
neighboring Cα and Cβ positions occurs only in Valine residues, such that
Cα/Cβ cross correlation signal of Valinemay be exploited as a reporter for
secondary structure at the Valine positions. At cryogenic temperatures
(such as needed for DNP) the Cα/Cβ cross peak of all 19 Valine residues
present in the protein separates into specific amounts of α-helical and
β-strand content (see Fig. 4 A). We could show that it is possible to obtain
information on the conformational ensemble by analyzing the line shapes
of the corresponding peaks. In fibrillar (Fig. 4B) α-synuclein, the β-sheet
content is increased, but residual intensity at chemical shifts indicative of
α-helical conformations suggests that not only the highly charged
C-terminus but also the first ~38 N-terminal residues are disordered, a
finding which is in agreement with current structural models [12,109].
We also investigated the secondary structure of α-synuclein in the
presence of lipid bilayers. By using nanodiscs as membrane mimetics we
were able to exactly control the ratio between α-synuclein monomers and
membrane surface [110]. As expected, a large part of the α-synuclein
protein adopted α-helical conformation upon contact with lipid bilayers.
The exact amount of helical conformation, however, strongly depended
on the protein-to-lipid ratio. We could quantify the extent of the un-
structured regions in different membrane-bound forms by comparing
intensities of different parts of the cross-peak to those of the monomeric
form. Increasing protein-to-lipid ratios resulted in larger disordered
fractions of the protein, a finding which was also supported by solution
NMR [110]. Furthermore, we demonstrated that consecutive residues
have a strong tendency to adopt the same secondary structure (Fig. 4A), a
finding which may be indicative of formation of transient secondary
structure elements even in the disordered form [104](*).
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To our knowledge to date there is only one study on metastable,
transient species using DNP. Potapov et al. measured DNP on different
Aβ(1–40) species at different stages of the fibrillation pathway [111].
Samples were not lyophilized, but were measured in frozen solution.
Thus the use of DNP was essential to obtain sufficient sensitivity. In total,
four samples with different Aβ(1–40) species were investigated, the first
containing primarily monomers, the second monomers and oligomers of
different sizes and morphologies, the third metastable protofibrils and
the fourth fibrils formed out of the protofibrils. With the help of 2D 13C
PDSD or DARR spectra extended β-sheet-like conformations could be
identified in all samples, which are even predominant in the monomeric
and oligomeric samples despite higher conformational disorder. Sec-
ondly, a close contact between F19 and L34 was observed in all four
samples, indicating contacts between these two residues even before the
development of structurally ordered assemblies. This contact is most
pronounced in the protofibrils, which indicates a lower distance between
F19 and L34 in protofibrils compared to fibrils. These findings reveal that
the predominant molecular conformation is similar at all stages of
fibrillation. Additionally, intermolecular 13C spin polarization transfers
between labeled carbonyl and aliphatic sites were measured. Aβ(1–40)
protofibrils did not adopt an in-register, parallel β-sheet structure as in
mature fibrils, i.e. Aβ(1–40) protofibrils are metastable ‘off-pathway’
intermediates with a more rapid nucleation [111](*).

Finally, the potential of DNP-enhanced solid-state NMR-spectroscopy
has not only been applied to study disordered but isolated and purified
proteins, but also to investigate proteins in their cellular environments,
i.e. cell lysates [72,93,112–114] and whole cells [115–117]. For an
extensive overview over the field of in-cell NMR-spectroscopy we refer to
an excellent recent review by Luchinat and Banci [118] and limit our-
selves here to highlighting one study in which localized DNP was used to
site-selectively hyperpolarize the protein of interest [72](*). One of the
main challenges of NMR-spectroscopy in cellular environments is the
selective detection of NMR signals of the target protein in the presence of
a large background of other cellular proteins and macromolecules. Most
of the in-cell NMR studies solve this task either by injecting the fully
[13C,15N] labeled target protein into cells grown in a growth medium
with natural abundance isotope distribution or by overexpressing the
target protein directly after adding isotope labeled precursors to the
growth medium. Viennet et al. chose a different route to achieve selec-
tivity by covalently attaching the biradical TOTAPOL to a binding partner
of the target protein. With this approach it was possible to selectively
hyperpolarize Bcl-xL in non-purified cell lysates, in which the target
protein as well as the background were uniformly [13C, 15N] labeled.
However, the approach required an almost 100% deuteration level of the
background in order to prevent extensive loss of polarization into the
solvent. Since no purification and isotope labeling steps are required, the
benefits of this approach might be a reduction of workload, sample loss
and amount of needed isotopes.

5. Outlook

In this contribution we have demonstrated the broad range of appli-
cability of DNP-enhanced solid-state NMR-spectroscopy to the investi-
gation of unfolded and misfolded proteins, and the large potential of this
technique also for structural biology. Recent improvements as well as
ongoing research will further increase the application range of this
method.

One of the limitations of DNP so far has been the loss of enhancement
when increasing external magnetic fields. Nevertheless, recent develop-
ment of cross effect radicals with more robust relaxation properties
(TEKPol series) [119] and design of Overhauser methodologies appli-
cable to MAS-NMR [59–61,120] enabled DNP studies up to 800MHz, a
field strength at which a reasonable resolution may be obtained. One
main issue remains, i.e. the inhomogeneous line broadening of samples at
very low temperatures with different conformations frozen out. While
the homogeneous contribution to line broadening is field independent
8

and as such can be counterbalanced by high magnetic fields, faster
spinning rates and higher proton decoupling [33], the inhomogeneous
contribution to the linewidth can mainly be overcome by increasing
temperatures (shown as high-temperature DNP, [97]). This is of course
possible but usually dramatic for the enhancement because electron
longitudinal relaxation times become unfavorable for efficient DNP. Very
recently, enhancements up to 15-fold at 200 K have been reported on
biomolecules in conventional conditions using either deuterated proteins
[121] or AMUPol/CD3-TOTAPOL (note however that it is reported to be
very sample-dependent) [122]. Homogeneous line broadening by para-
magnetic relaxation enhancement on the other hand may successfully be
reduced by decoupling of the electrons [123]. Furthermore, the appli-
cation of pulsed microwave irradiation instead of continuous wave
irradiation [124,125] may have significant advantages. For instance,
very short hyperpolarization build-up times using electron spin-lock T1ρ
build-up in the order of ns instead of the conventional T1 build-up times
of the order of seconds have been successfully carried out at 0.34 T
(NOVEL experiment). Implementation of this at high fields would further
push the limits of DNP-enhancement.
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