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Abstract

Solid-state NMR spectroscopy (ssNMR) with magic-angle spinning (MAS) enables

the investigation of biological systems within their native context, such as lipid mem-

branes, viral capsid assemblies, and cells. However, such ambitious investigations often

suffer from low sensitivity, due to the presence of significant amounts of other molecu-

lar species, which reduces the effective concentration of the biomolecule or interaction

of interest. Certain investigations requiring the detection of very low concentration

species remain unfeasible even with increasing experimental time for signal averaging.

By applying dynamic nuclear polarization (DNP) to overcome the sensitivity challenge,

the experimental time required can be reduced by orders of magnitude, broadening the

feasible scope of applications for biological solid-state NMR. In this review, we out-

line strategies commonly adopted for biological applications of DNP, indicate ongoing
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challenges, and present a comprehensive overview of biological investigations where

MAS-DNP has led to unique insights.
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1 Introduction

Nuclear magnetic resonance spectroscopy (NMR) promises to extract atomic length-scale

information with minimal perturbation to the system under study, an attractive proposition

for developing new understanding of biological molecules in their native state. This promise

is especially emphasized in the case of solid-state NMR (ssNMR). SsNMR can solve protein

structures with the advantages that, in principle, there is no limit on the size of the biological

assembly (provided unlimited sensitivity), and physiologically relevant conditions such as

native or native-like lipid membranes can be used.

However, it is often a tour de force to obtain a structural model purely by ssNMR. Systems

studied so far often have fortuitous properties, such as: good overexpression in bacterial

systems with isotopic enrichment (‘labeling’); amenable to assemble or reconstitute into

the biologically relevant form, ideally with inherent symmetry and a high packing density;

stability under the mechanical shear forces within the magic angle spinning (MAS) rotor.

Concurrence of many of these properties are necessary to achieve sufficient sensitivity in

routine ssNMR experiments carried out on biological systems. While valuable in giving

insights to systems that defy all other means of structural characterization, many of these

properties severely limit the type of systems that can be fruitfully investigated with ssNMR.

With the advent of signal enhancement by dynamic nuclear polarization (DNP), a new

range of applications to even more native-like systems becomes possible, and it is no longer

necessary to constrain ssNMR investigations to samples demonstrating all of the fortuitous

properties above. With DNP in hand, spectroscopists can be more ambitious in the biologi-

cal contexts in which they operate; one can imagine tackling structural problems within the

context of the cell, at physiological protein concentrations, work with unlabeled or natural

isotopic abundance samples, without purification or extraction, homing into essential but

sparse structural components of a larger biological assembly, and so on. Thus, DNP repre-

sents an opportunity to expand the scope of ssNMR, to redefine the types of information

that we can hope to obtain, and explore the range of biological problems that we may choose
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to investigate.

The biological application of MAS-DNP is a rapidly evolving area with many prior re-

views,1–13 though apart from a few,1,4 most of them are focused on a curated subset of

biological applications, or on single topics such as amyloid proteins,9 trapping of folding in-

termediates,10 trapping of photocycle intermediates of membrane proteins,11 and plant and

fungal cell walls.12,13

In addition, a number of reviews examined MAS-DNP in the context of ssNMR and

solution-state NMR techniques that can contribute to structural investigations in a specific

area of research. Recent reviews cover viral particles,14 membrane proteins,6,15,16 proteins in

the cellular context,17–19 and calcium phosphate biominerals.20 In the context of achieving

improved NMR sensitivity, MAS-DNP is presented as one of many optimizations in the

workflow,21 or to complement 1H-detection via fast MAS.6

The aim of this review is twofold: firstly, to summarize the methodologies and strate-

gies currently adopted to achieve DNP enhancement in biological applications and discuss

ongoing challenges and limitations (section 2); secondly, to provide a complete overview of

the current state-of-the-art of biological applications that takes advantage of DNP-enhanced

ssNMR (section 3).

1.1 Scope of this review

As the focus of this review is on the biological applications of DNP-enhanced ssNMR, sec-

tion 2 does not aim to provide a comprehensive coverage of DNP methodology. Rather,

we focus on what might be of interest to typical biomolecular NMR spectroscopists when

considering whether and how to apply MAS-DNP to their systems of interest, leaving DNP

theoretical background, hardware and methodology developments to other excellent reviews

on these topics in this special issue22 and elsewhere.4,23

While the specific topic of oriented membrane applications are briefly covered in sec-

tion 2.9, the bulk of this review is concerned with MAS-DNP. Photo-chemically induced
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dynamic nuclear polarization (photo-CIDNP) technique is excluded from this review as it

requires rather different mechanisms and experimental considerations. The reader is directed

to other reviews for its application on proteins involved in the photosystem, for example

flavoproteins.24,25

In contrast to previous reviews, in section 3, we aim to give a comprehensive overview

of applications in all areas where MAS-DNP provided new biological insight. The years

of literature covered range from work on lysozyme in 199726 up to the current day, with

particular focus from 2017 onwards. Early MAS-DNP applications focused on methodol-

ogy development for biological applications, which necessitated the use of in vitro protein

preparations that were already well studied by other techniques including solid-state and

solution-state NMR. As the methodology matured, DNP-enhanced ssNMR is now often

used as part of a suite of techniques applied to gain insight on larger assemblies of proteins

and other biomolecules. This is a highly successful approach where DNP signal enhancement

plays a contributing, and sometimes major role in bringing new insight to a dazzling diversity

of systems. Finally, the use of DNP enhancement can be a deliberate strategic choice in the

context of the biological question being addressed, making use of advances in cell biology

and biochemistry so that biological integrity can be respected in complex and challenging

systems such as intact cells. All of these are valid approaches reflecting the development and

maturation of the technique.

We hope our review will provide inspiration for more researchers to consider how access

to MAS-DNP can be helpful to addressing ambitious biological problems creatively. We

believe that MAS-DNP will play an increasing role for structural biology studies carried out

within increasingly physiologically-relevant contexts.

7



2 Strategies and challenges

Current MAS-DNP methodology is capable of signal enhancement by at least one order

of magnitude on a wide range of samples. It enables experiments to observe signals even

in situations where sensitivity can be a challenge: low abundance species, such as natural

abundance or sparsely labeled; very small sample masses; trapping transient intermediates

or binding states. However, MAS-DNP can bring some specific challenges, especially for

biological samples. Here, we highlight some common concerns and recent developments to

overcome them in the context of biological applications.

2.1 DNP mechanisms and instrumentation

While a few research groups have taken on the significant challenge of designing and imple-

menting home-built DNP instrumentation for biological investigations,27–31 the applications

mentioned in this review were predominantly enabled by the current commercial implemen-

tation of DNP-enhanced ssNMR under Magic-Angle sample Spinning (MAS), developed by

Griffin and co-workers.32–35 Often termed high-field and/or high-frequency MAS-DNP, this

approach is characterized by static field strength of ≥ 5 T, often ≥ 9.4 T (400 MHz 1H

Larmor frequency); microwave at ≥ 140 GHz, using a gyrotron as the source; temperatures

under 200 K; doping of the sample with a paramagnetic polarizing agent, frequently birad-

icals; and moderate to fast MAS of 5–40 kHz. At the conditions used by most biological

MAS-DNP investigations, the cross-effect DNP mechanism dominates, requiring the use of a

biradical-based polarizing agent to facilitate the two-electrons-one-nucleus three spin mecha-

nism, though certain applications make use of the solid-effect DNP mechanism which involves

only two spins (one electron and one nucleus). A number of excellent reviews already cover

the theoretical framework and hardware development aspects of MAS-DNP4,23,33,34,36,37 and

thus these aspects will not be discussed further here.
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2.2 Quantifying signal enhancement

The commonly used method of quantifying DNP signal enhancement is based on the signal

intensity ratio εon/off between a 1D spectrum acquired under microwave irradiation and a

reference spectrum obtained under same conditions except for the microwave being switched

off. The 1D spectra can be obtained either via 1H−13C cross polarization (CP) or from direct

polarization (DP). While this method is straightforward to carry out, and these εon/off values

are frequently reported and compared, depolarization in nitroxide-doped samples can lead to

signal loss in the reference (microwave off) spectrum,38 leading to significant over-estimations

of the real DNP enhancement over Boltzmann polarization (εB). Thus, for example, the

depolarization effect can reach 60% for AMUPol at 10 kHz MAS.39 While εon/off can be

used for optimizing DNP sample preparation on the same type of samples/biomolecules and

radical, it is not always an appropriate measure when comparing between vastly different

samples and radical types40 (Figure 1). A better measure of signal enhancement is to use,

where possible, a reference spectrum acquired on the same sample prepared without the

polarizing agent, recorded under optimal standard NMR conditions, to obtain the absolute

sensitivity ratio (ASR).39,41,42

Moreover, the buildup time TB of the hyperpolarization also contributes directly to the

degree to which DNP can increase sensitivity or reduce experimental time. For all DNP

samples, it is advisable to carry out a TB measurement via a saturation-recovery experiment

as one of the initial investigations, especially for combinations of samples, radicals, and

solvent matrices that have not been previously subjected to MAS-DNP analysis.

One more factor to consider is that addition of paramagnetic polarizing agents in the

sample can reduce the relaxation time constants T1ρ and T ′
2, affecting the experimental

sensitivity for NMR pulse sequences containing spin-lock or refocusing periods.40,42 This

aspect is particularly crucial for experiments with multiple transfers, such as triple-resonance

experiments, or longer mixing times, such as the measurement of long-range contacts.

For heterogeneous samples, as found in complex biomolecular systems or in presence of
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Figure 1: (a) Schematic representation of the Boltzmann hyperpolarization contribution
(dark blue) to experimental εon/off at 9.4 T, 10 kHz MAS frequency, and 110 K for dif-
ferent water-soluble biradicals: TOTAPOL, AMUPol, TEMTriPol-1, and AsymPol-POK.
Note that the size of the light blue bars only represents the discrepancy between εon/off and
the polarization buildup εB. It is not proportional to the amount of depolarization, which
cannot be larger than the nuclear Boltzmann polarization. (b) Schematic representation of
the sensitivity, expressed as the enhancement factor εB divided by the square root of the
hyperpolarization buildup time constant TB , for the same biradicals as in (a). Reprinted
with permission from ref. 40. Copyright 2018 John Wiley and Sons.
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solid particles, the biradical molecules are often not homogeneously distributed inside the

sample. The various polarization transfer pathways (section 2.7.1) may then have different

efficiencies, leading to variations of εon/off values across the different signals in the same

sample.

For many biological applications, rather than pushing blindly for the highest εon/off, the

key consideration should be whether the DNP experiment provides sufficient sensitivity, in

terms of signal-to-noise ratio per square-root of the experimental time, to observe the signals

that one seeks. Moreover, if a series of samples are to be compared, the sample preparation

protocol should lead to robust and reproducible DNP enhancements. For samples that

are specifically labeled and/or to be produced at significant cost in money and time, it is

advisable to first test the DNP sample preparation on unlabeled samples to benchmark,

optimize, and fine-tune the protocol before using labeled samples.

In this review, we may refer to certain εon/off values in passing, but we do not aim

to provide a comprehensive overview of εon/off for different samples and preparations for the

reasons above. We invite the readers to look at εon/off values with a critical eye, and especially

not to rule out the feasibility or utility of a particular study or methodology based on low(er)

apparent εon/off values alone.40,42

2.3 Field strength, MAS frequency, and sample temperature

The most common commercial implementation of MAS-DNP currently uses a static field

strength of 9.4 T (400 MHz 1H Larmor frequency), which is rather moderate by the stan-

dards of modern biomolecular NMR. DNP experiments at the commercially available higher

field strengths of 14.1 or 18.8 T (600 or 800 MHz 1H frequency), or even higher, can improve

spectral resolution even under the low temperature conditions required for DNP. The evo-

lution of the NMR spectral linewidth at 100 K was investigated in depth for fibrils formed

from amyloid beta (Aβ), implicated in Alzheimer’s disease. Lopez Del Amo et al. showed

that Aβ40 fibrils at 100 K yield 2D spectra with significantly improved linewidths at 20 T
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(850 MHz) compared to those at 9.4 T (400 MHz). In fact, at 20 T, the NMR linewidth

of Aβ40 under cryogenic condition is fairly comparable to that obtained at room temper-

ature at 21 T (900 MHz, see Figure 2).43 Very recent MAS-DNP results by Bahri et al.

on Aβ42 at 18.8 T confirmed this result for the core residues of the fibrils.44 Improvement

of the MAS-DNP linewidth with increasing magnetic field and MAS rate has so far been

observed only for fairly rigid biomolecular systems with limited dynamics, such as amyloid

fibrils as discussed above, bacterial secretion needles,45 and viral capsids.46 A different result

may, however, be expected for a majority of biomolecules or protein regions with more local

dynamics.

Figure 2: (a) Field dependence of 2D 13C−13C correlation spectra of Aβ40 fibrils at low
temperatures (100 K), showing how the lines become sharper despite cryogenic conditions
as used for MAS-DNP. Spectra were acquired and processed with the same parameters;
the lowest contour was plotted at 20% of the maximum intensity of the isoleucine Cα–
Cδ correlation signals. (b) Superposition of 2D 13C−13C spectra of the Aβ fibril, recorded
at cryogenic (850 MHz, red) and room temperatures (900 MHz, black). At high field, the
resolution does not appear to be compromised at low temperature in this favorable case
where the amyloid fibril is highly rigid. Reprinted with permission from ref. 43. Copyright
2013 Springer Nature.
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At the low temperatures used for MAS-DNP, typically 100 K or less, the speed of sound

is significantly reduced, which imposes a limit on the maximum achievable MAS rate. More-

over, the increase in density of the nitrogen gas for bearing and drive means that higher

pressures are needed to achieve the same MAS rate as compared to room temperature (RT).

Thus, for a particular rotor diameter, the highest achievable MAS frequency is lower at DNP

conditions compared to room temperature ssNMR. For example, at 100 K, 3.2 mm rotors

enable MAS frequencies of up to 13 kHz, 1.3 mm rotors up to 40 kHz,46,47 and 0.7 mm

rotors up to 65 kHz,48 compared to 24 kHz, 67 kHz and 111 kHz, respectively, at ambient

temperatures. We envisage that broader access to faster MAS frequencies, either through

using commercially available DNP probes of small rotor sizes, or through using helium gas

instead of nitrogen49 (see section 2.4), will enable more fruitful biomolecular and biological

investigations using MAS-DNP.

As most of the current applications rely on the cross-effect mechanism for DNP enhance-

ment, the achievable signal enhancement is usually significantly impacted by higher mag-

netic fields and faster MAS rates.50,51 Frequently, real biological samples that show good

DNP enhancement using AMUPol at 9.4 T (typical εon/off of 40 or more) is likely to show

a 50% or even 90% reduction in enhancement at higher fields, with the reduction scaling

with the increase in field strength (Figure 3). This effect is partially mitigated by some

recently introduced polarizing agents such as TEMTriPol, M-TinyPol, and AsymPol-POK

(see section 2.6).

Currently, the choice of whether to carry out experiments at lower field, with higher

enhancement, or vice versa, depends on the biological question being addressed, and whether

the aim is to observe signals that are weak but in a non-crowded area of the spectrum, or to

improve sensitivity while maintaining good resolution in a complex and highly isotopically-

enriched sample. Developments in polarizing agents and understanding of alternative DNP

mechanisms that can be accessed at higher fields may further alleviate this issue in the

future.
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Figure 3: Proton DNP enhancement factors of 5 mM and 10 mM TinyPol, M-TinyPol and
AMUPol frozen solutions in d8-glycerol/D2O/H2O 60/30/10 (v/v/v) acquired at various
magnetic fields. Frozen solutions are idealized standard reference samples which can deliver
much higher enhancement factors than that achieved on typical biological samples, but the
same trend of decreasing enhancement factor is observed in the latter. Reproduced in part
from ref. 51 with permission from the Royal Society of Chemistry.
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One of the key features of current MAS-DNP implementations is the use of temperatures

around 100 K. Low temperature facilitates the transfer of polarization from electrons to

nuclei, and plays a key role in the signal enhancement process. Currently, such temperatures

are achieved by using pre-cooled nitrogen gas for sample cooling, MAS bearing, and MAS

drive. The use of nitrogen gas places a lower limit on further cooling as the boiling point

of nitrogen at standard pressure is 77 K, which translates to an operating temperature of

around 90 K at best. Being able to access MAS temperatures at even lower temperatures,

by using helium instead of nitrogen gas, enables even higher DNP enhancements. Though

some prototype MAS-DNP systems were developed without helium recirculation,28,29 the

development of closed-loop MAS-DNP systems which are capable of cooling sustainably

below 30 K is a long-standing effort by groups in Grenoble49,52 and Osaka.53–55 As mentioned

above, helium-spinning technology is also capable of achieving higher MAS rates.49

2.4 Spectral resolution at low temperature and effect of molecular

motions

The need to use low temperatures in MAS-DNP can lead to significant heterogeneous broad-

ening56 of the NMR resonances and complicate residue-specific signal assignment, even at

14.4 T.57 The degree of line broadening is related to the molecular motions of the biological

system, which are frozen in different conformations at the temperature used for MAS-DNP.

The effects of low temperature on line broadening and spectral resolution was investigated

on α-spectrin Src-homology 3 domain (SH3) microcrystalline protein58 and amyloid fibrils

formed by the fungal protein HET-s(218-289)59 in the temperature range of 100–280 K. By

decreasing the temperature, both studies showed monotonous signal broadening without sud-

den step changes, confirmed the inhomogeneous nature of this broadening, and highlighted

that buried residues are less affected compared to exposed residues, which rapidly broaden

on cooling.

Where local dynamics are present at ambient temperature, which is commonly the case
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for many biological systems, MAS-DNP can present an opportunity to observe cryotrapped

intermediates and conformations. For example, MAS-DNP showed low temperature struc-

tural transitions in small peptides,60 as well as snapshots of protein conformation change,

such as in fast and slow folding of the 35-residue villin headpiece (HP35) subdomain.61 Bi-

ological applications using the low temperature aspect of MAS-DNP to trap intermediates

and conformations are covered in sections 3.1.2, 3.1.3, 3.4.4.

The spectral resolution problems at 100 K prompted the investigation of higher temper-

ature DNP. Thus, the effect on the linewidths and the achievable DNP enhancement was

investigated at 178 K62 and 200 K63 on deuterated SH3. Some advantages were found in

terms of improved resolution, as well as 5 to 8-fold shorter buildup times (enabling faster

signal averaging), though at the cost of much lower DNP enhancement (εon/off = 10–17 on

an idealized sample).

2.5 Specific and sparse labeling schemes

The heterogeneous line broadening induced by the low experimental temperature contributes

to significant spectral crowding in MAS-DNP spectra of most biomolecular systems, and can

greatly impede spectral assignment. For proteins and biomolecules that can be isotopically

enriched, it may be possible to only label a specific molecule in its native setting, specific

residues, or specific sequences that are relevant to the question at hand. Alternatively, a

mixed labeling scheme can be used, where components of an assembly of biomolecules are

expressed using orthogonal labeling, thus enabling intermolecular contacts to be detected

(see sections 3.1.1 and 3.5.1, among others). Such specific or very sparse labeling is often

insufficiently sensitive for detection via conventional ssNMR.

Sophisticated biochemical techniques are nowadays available to achieve labeling of residues

in specific parts of the protein; such segmental labeling can be achieved using split intein

technology. Inteins are protein sequences that are capable of removing themselves from a

longer protein while splicing the two ends together. The protein sequence of interest (ex-
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tein) is split into two segments as desired, which are separately overexpressed with different

labeling schemes (or unlabeled), each carrying one part of the split intein sequence. When

the two segments are mixed together, the split intein will come together and join the two

extein parts together via a native peptide bond, in a process known as protein trans-splicing.

Thus, it is possible to produce a chimeric protein that is specifically labeled in only a part

of the sequence, reducing spectral complexity and crowding. This procedure, especially in

the context of DNP applications, is well-described by Frederick and coworkers,64,65 and also

demonstrated by Glaubitz and coworkers on membrane proteins.66

In all these specific, sparse and segmental labeling approaches, signals arising from the

natural abundance background becomes significant. There are spectroscopic techniques to

remove this background signal, such as double quantum filtering (DQF) and difference spec-

troscopy, however, they impact the sensitivity. Thanks to DNP, this sensitivity issue can be

overcome, and these labeling schemes are widely used in the field, especially highlighted in

sections 3.5.3 and 3.6.

A novel method of overcoming spectral crowding lies in the specific incorporation of

fluorinated residues in the protein, usually tryptophans, thus benefiting from the large NMR

chemical shift dispersion of 19F. The large CSA of 19F requires, however, relatively fast MAS

frequencies to achieve good resolution, ideally 40–60 kHz. Using a 1.9 mm DNP probehead

and MAS frequencies up to 25 kHz , Lu et al. demonstrated good 19F DNP enhancements of

77 on a HIV-1 viral assembly. While 2D 19F−13C heteronuclear correlation experiments are

challenging because of the poor efficiency of this transfer, they were successfully obtained

with DNP sensitivity enhancement.67

2.6 Design and synthesis of biocompatible polarizing agents

Under the current implementation of MAS-DNP, the cross-effect mechanism has been found

to be the most robust and efficient. Since this mechanism requires the interaction of two elec-

tron spins and one nuclear spin, covalently attached nitroxides (binitroxides) have emerged
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as common polarizing agents.68 In particular for biological MAS-DNP, biradical polarizing

agents that are soluble in aqueous media were developed, starting with TOTAPOL,69 then

AMUPol;70 a summary of the biradicals compatible with biomolecular applications is shown

in Figure 4. Currently, AMUPol is the most commonly used polarizing agent for biological

investigations as it clearly outperforms TOTAPOL70 and can be easily obtained commer-

cially, even though it does exhibit strong depolarization and is not optimized for DNP at

higher magnetic fields.39

Figure 4: Organic biradical polarizing agents developed for biological applications of MAS-
DNP. Apart from optimizing the DNP enhancement, these radicals are also soluble in water
or aqueous buffer. The depicted biradicals include TOTAPOL,69 AMUPol,70 TEMTriPol-
1,71 AsymPol-POK,72 M-TinyPol,51 and SNAPol-1.73 Among these, AMUPol is currently
the most widely used.

The effort to design and develop better performing, biocompatible, organic radical-based

polarizing agents continues in the synthetic chemistry groups of Tordo and Ouari (Aix-

Marseille University, France),51,74,75 Liu (Tianjin Medical University, China),71,73,76 and Sig-

urdsson (University of Iceland),72,77–80 frequently in collaboration with various groups spe-
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cialized in MAS-DNP. Current research efforts in this area, apart from attempting to deliver

ever higher DNP enhancement values, often incorporate one or several further design princi-

ples: improving aqueous solubility or hydrophilicity, ensuring stability of the polarizing agent

in complex biological environments including in-cell, preventing aggregation or clustering,

and maintaining DNP enhancement at higher magnetic fields and MAS frequencies. Ongo-

ing development of radicals that are suitable for a biological context often draws inspiration

from EPR-based developments for in-cell and site-directed spin labeling of biomolecules.81–83

AMUPol is one of the early examples of binitroxides with a bTUrea linker that was

optimized for solubility, leading to significantly improved DNP enhancement performance

relative to TOTAPOL.70 Further bTUrea-style binitroxides include the bcTol77,78 and Hy-

drOPol family.75 The latter have an open or closed conformation of tetrahydropyran rings

surrounding the nitroxide radical, with the open conformation giving higher DNP enhance-

ment, but the closed conformation showing better stability under reducing conditions, as

found in cellular environments.

To address the issue of dropping cross-effect efficiency at higher magnetic fields, the

TEMTriPol family was introduced as a first demonstration of mixed radicals, where a narrow-

line trityl is tethered to a broad-line TEMPO nitroxide.50,71 While the initial demonstrations

of DNP enhancement with TEMTriPol were promising, the hydrophobicity of the trityl group

led to unwanted specific interactions with hydrophobic patch on proteins such as ubiquitin.

To overcome this, the NATriPols were introduced. Thanks to a linker between the trityl

and TEMPO moieties that is easily tunable by thiol-click chemistry, more hydrophilic mixed

radicals were obtained, where no such interactions are observed.76 Further modifications

towards even higher hydrophilicity and longer electron relaxation lead to the SNAPol family,

for which good DNP enhancement (protein εon/off of nearly 50 at 18.8 T) were obtained, even

for in-cell DNP using human cell lines and bacterial cells.73

Next to the mixed radicals, binitroxide radicals for use at higher magnetic fields have been

developed as well. In order to mitigate against the depolarization effect, De Paëpe’s group
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developed a computational approach84 to design molecules with optimal characteristics, such

as a short linker to increase intramolecular electronic dipolar coupling and J-exchange in-

teraction, the relative orientation of the g-tensor of the two radicals, and replacing methyls

by spirocyclohexanol groups to lengthen electron relaxation. The optimization process leads

to a family of biradicals comprising two nitroxide rings of different size (one 5- and one

6-membered), called AsymPol.72 Although the AsymPol family was designed with applica-

tions at 800 MHz in mind, the advantages against depolarization extend to applications at

lower fields. One biradical of this family, AsymPol-POK, is specifically designed for bio-

logical applications, containing negatively charged phosphate groups that contribute to its

excellent solubility and reduce clustering or aggregation of the biradicals; cAsymPol-POK,

the most recent addition, is notable for achieving efficient sensitivity improvement even for

proton-rich systems, including biomolecules.85 Another approach is taken by the TinyPol

family,51 which uses two identical nitroxides joined by a short non-flexible linker to increase

the intramolecular dipolar coupling.

Nitroxide-based triradicals have proven to be efficient DNP polarizing agent at very

low temperatures.86 The improved solubility in aqueous solvent mixtures of the triradical

succinyl-DOTOPA is an advantage for the investigation of biomolecular systems by MAS-

DNP at low temperature, achieving better sensitivity than AMUPol for temperatures below

90 K.87 Therefore, triradicals have been used in several investigations on protein folding,

including time-resolved complex formation at 25 K (see section 3.1.2).

Monoradicals may be promising polarizing agents to directly hyperpolarize heteronuclei

at high magnetic fields via the solid-effect mechanism. In one investigation at 14.1 T, Wang

et al. showed the feasibility to use a trityl radical OX063 to directly polarize 13C and 15N

in a microcrystalline sample of tryptophan synthase. Moreover, for 15N, the trityl-enhanced

DP spectrum showed slightly better sensitivity per unit time than the AMUPol-enhanced

CP spectrum.88

Beyond stable organic radicals, Corzilius and coworkers have a long-standing interest in
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the use of paramagnetic high-spin metal ions, such as Gd3+ and Mn2+, to achieve solid-effect

DNP.89–93 While this approach does not deliver DNP enhancements that are as high as

those achieved with highly-optimized binitroxides, the relative stability of metal ion com-

plexes (e.g. Gd-DOTA) against reduction,81 as well as their binding capability as metal

centers in proteins, make them interesting for applications where a nitroxide-based radical

would be unstable. Metal ions can also be used for the investigation of binding sites with

targeted approaches, where naturally-occurring diamagnetic metal ion can be replaced with

a paramagnetic metal ion for DNP.94”

2.7 Sample preparation considerations

A step-by-step procedure for preparing a range of biological samples for DNP, including

protein assemblies, membrane proteins, and precipitated proteins has been reported.95 In a

broader context, samples for DNP are commonly prepared with 10 mM of biradical-based

polarizing agents in a combination of significantly deuterated solvents with a high proportion

of cryoprotectants. The commonly used standard DNP matrix (so-called ‘DNP juice’) is a

60/30/10 volume mixture of d8-glycerol or d6-DMSO, D2O, and H2O, though many variations

of this mixture, have been reported in the literature. These protocols are known to provide

good DNP enhancement for frozen solutions of small molecules and molecular solids. They

are relatively robust for many peptides and protein assemblies as well,96 and can serve as a

starting point for MAS-DNP investigations of novel biological systems.

2.7.1 Polarization transfers

To understand the important factors in preparing samples for DNP, it is interesting to con-

sider the pathway taken by the polarization from the electron spins to the detected nuclear

spin. Indeed, the measured hyperpolarization is the interplay of several polarization trans-

fers. In the initial DNP step, polarization is transferred from the electron to nearby nuclear

spins, usually 1H (via the cross effect or other mechanisms). This hyperpolarization is then
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relayed to greater distances through the whole sample by proton spin diffusion,97 to be finally

transferred to the heteronuclei of the system of interest; this pathway is termed indirect DNP.

The opposing direct DNP pathway consists of direct polarization transfer from the electrons

to the nuclear spins of the system of interest, without passing through the 1H network of the

matrix. The nuclear spin hyperpolarization is in this case detected after DP excitation. It

allows a more targeted detection close to the polarizing agent at the cost of slow hyperpolar-

ization buildups.4 In addition, under DP excitation, heteronuclear cross-relaxation can occur

via methyl groups in an effect named Specific Cross Relaxation Enhancement by Active Mo-

tions under DNP (SCREAM-DNP). This pathway leads to variable negative enhancements

of heteronuclei that are near methyl groups, with the DNP enhancement factor influenced by

the motions of these nearby methyl groups,98,99 as well as of primary amines and ammonium

groups;100 this effect can also be driven by cyclohexane ring motion.101 These three different

transfer pathways were investigated and compared on the same protein assembly, the HIV-1

capsid protein (Figure 5), demonstrating the potential to highlight structural aspects of the

system by varying the biradical concentration and/or the recycle delay or the time allotted

for DNP signal buildup in order to select the desired polarization pathway.102

To ensure a proper DNP signal enhancement of the targeted object, for instance in

a complex environment, the proximity of the polarizing agent to the biomolecule or the

molecular interaction of interest has to be carefully considered. For biological systems that

are tens of micrometers at the shortest dimension, such as mammalian cells, it can be

advantageous to develop protocols for delivering the polarizing agent closer to the biomolecule

of interest, even with the commonly used indirect DNP transfer pathway. It is necessary to

optimize the method by which the polarizing agent is introduced to and mixed with each

specific biological system. In section 3 of this review, we will outline the protocols that

different groups have developed to achieve good DNP enhancement on a variety of biological

systems.

The role that protons play in the indirect DNP polarization pathway means that non-
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Figure 5: DNP-enhanced 13C−13C correlation spectra demonstrating indirect DNP (left),
direct DNP and SCREAM-DNP (middle), and SCREAM-DNP only (right) polarization
transfers on 5F-Trp, U-13C, 15N tubular HIV capsid assemblies, in the presence of 4.3 mM
AMUPol. The spectra were obtained using the COmbined R2νn-Driven (CORD) pulse se-
quence with a mixing time of 20 ms. The modes of excitation (CP vs DP) and the recycle
delays of 5 s (left), 1.5 s (middle), and 10 s (right), led to different transfer pathway(s), and
demonstrated clear differences in the observed signals and spectral resolution. All spectra
were acquired at 14.1 T (150.96 MHz 13C Larmor frequency) at a MAS frequency of 24 kHz
and 120 K. Reprinted in part from ref. 102 under a Creative Commons (CC-BY 4.0) license.

uniform DNP enhancement (measured by εon/off) of different components in the biological

sample can sometimes be used to extract structural information. It is expected that more

solvent/water-accessible components would be more likely to show higher DNP enhancement.

By carefully quantifying non-uniform DNP enhancements, van der Wel et al. determined the

size of crystallites formed by an amyloidogenic peptide,103 and Ehren et al. estimated the

thickness of the organic layer on biosilica.104

2.7.2 Cryoprotection

Ice formation is detrimental in cryogenic structural studies of many biological systems. For

cellular samples, formation of intracellular ice is generally lethal.105 Even when it is avoided,

cold exposure can harm the ability of said cells to grow, divide, and retain their biological

integrity after thawing.106 The addition of cryoprotectants such as glycerol or DMSO is

therefore important to ensure cellular survival of the freezing process. Such cryoprotectants
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are often used at 5–15% of the volume,107,108 but can be 30–60% for bacteria, fungal cells,

and human red blood cells. The issue of cryoprotectant cytotoxicity is a complex topic.

It varies, for example, with different cell types, the method of freezing, or the measure of

survival after freezing (which can be based on membrane integrity, motility, adherence to

substrate, and/or proliferation), meaning that it is unwise to attempt generalizations across

cell types, species, or kingdoms of life. For non-cellular, purified protein assemblies, the

formation of water crystals can still disrupt the ensembles and impinge on structural studies

via the process of cold denaturation. In X-ray diffraction, where low temperatures are used

to minimize radiation damage, it is common to add a high level of cryoprotectants (25–

50% volume glycerol109) to prevent crack formation in protein crystals that would lead to

poor quality data. SsNMR does in principle not face this kind of problems as it can be

applied as well to non-crystalline and microcrystalline samples. However, for MAS-DNP,

formation of ice crystals in the matrix used to disperse the polarizing agent in the system,

is detrimental. It leads to phase separation of the solvent and clustering of the polarizing

agent, with a direct negative effect on the DNP enhancement. Thus, samples for MAS-

DNP are commonly prepared with a matrix solvent containing a high level of glycerol (or

other cryoprotectants) to ensure a glassy sample state at the experimental temperature used,

regardless of the cooling rate.110 This is often a requirement for robust and reproducible DNP

enhancements.

While the use of glycerol as a cryoprotectant was established early on the development

of biological MAS-DNP,26 the high cryoprotectant content of the traditional DNP solvent

matrix may not be suitable for use in studies with increasingly complex and delicate com-

binations of biomolecules or cells. For example, mixing with a large volume of glycerol

can disrupt viral assemblies,111 interfere with membranes11,112 and introduce a lag phase to

mammalian cells.113 Moreover, the position of glycerol signals can overlap with the ones of

glycans, which may be of interest (see section 3.6). Where possible, it is advised to test the

preparation of the DNP sample with a range of cryoprotectants, as well as consider impreg-
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nation wetting or matrix-free sample preparation techniques, which have been successfully

demonstrated now on various complex biological systems (section 2.7.4). Note that signals

from the cryoprotectant used as part of the DNP matrix will appear in the spectra, and

may overlap with signals of interest. This problem can be mitigated by using 13C-depleted

glycerol (or other cryoprotectant). Spectroscopic solutions are also possible; if the biological

sample is 13C and 15N labeled, double-quantum or heteronuclear filtering can be used to

greatly reduce the detection of non-labeled cryoprotectants relative to the signals of interest.

Instead of glycerol and DMSO, glycan species can be an alternative type of cryoprotec-

tant. For liposomes containing a lipid-anchored biradical, it was found that trehalose in an

aqueous matrix can give better DNP enhancements when compared to a glycerol-containing

matrix.114 The affinity of glycans, such as trehalose, to some polarizing agents such as TO-

TAPOL, facilitates matrix-free sample preparation procedures which is covered further on

in section 2.7.4.

Interestingly, a DNP matrix containing glass-forming solvent may not be necessary for

all biological samples. Ravera et al.115 obtained a εon/off of 50 on a frozen solution of bovine

serum albumin without cryoprotectants, and a slightly higher εon/off of 66 for a sedimented

sample. The authors proposed that the DNP improvement is due to less water crystallization

in the sedimented sample. A similar result was obtained on a sedimented sample of a DNA-

protein complex.116 The omission of typical cryoprotectants (such as glycerol and DMSO)

was shown not to affect DNP enhancement for membrane-associated peptides,117,118 dried

glycan-based biomaterials such as cotton,119 collagen-based extracellular matrices120 and

biominerals.121 Glycans species are naturally present in some of these systems, and may act

as cryoprotectants to some extent.122

2.7.3 Deuteration

The potential role that deuteration can play in DNP improvement was noted early on,123

where a 90% deuterated solvent matrix was shown to provide extended 1H TB buildup

25



times in frozen solutions. Since then, using a deuterated solvent matrix for DNP samples

is currently standard practice as it often yields the highest signal enhancement values via

indirect DNP polarization transfers, and is most likely to give uniform signal enhancement

for different components. The extended 1H TB buildup time provides the opportunity for

electron spin polarization difference to equilibriate with the dipolar-coupled 1H spins, which

is necessary for achieving good DNP enhancement by the cross-effect mechanism.

Following this earlier work, the commonly used DNP solvent matrices are often 90%

deuterated by volume, which still contain a proton concentration of 11 M for rapid spin

diffusion and CP.123 However, the use of fully deuterated solvents to limit the polarization

transfer to nuclei close to the polarizing agent is interesting to consider in so-called targeted

DNP approaches8 (section 2.8). This was demonstrated on a membrane protein tagged with

a radical,124 on samples prepared with a very low concentration of radical bound to the tar-

geted biomolecule diluted in a complex environment,125,126 as well as on isotopically enriched

proteins placed in deuterated cellular lysates127 or cells.128 Still, protonated water remains

a common contaminant in many preparations where complete deuteration was intended.

Heiliger et al. demonstrated that the achievable deuteration level of protein samples is actu-

ally often less than 90%, even when the exchangeable sites are fully deuterated; nevertheless,

distance determination seems to be possible when extensive deuteration is combined with

site-specific spin-labels and direct DNP.90

While a fully deuterated matrix may be especially useful for limiting spin diffusion and

enabling relatively targeted polarization transfers, it is worth bearing in mind that it may

not be the most ideal in all applications. In certain cases, a protonated matrix may even out-

perform.129 For solid-effect DNP using paramagnetic metal ions, Corzilius et al. noted that

experiments with Gd-DOTA perform better for 1H and 13C when the matrix is fully proto-

nated.89 Experiments using the heteronuclear cross-relaxation/SCREAM-DNP pathway also

show larger enhancement.98

Deuteration of the polarizing agent itself has been explored as a means to provide higher
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enhancement, attempted with TOTAPOL63,130 and other biradicals in organic solvents such

as bTbK.130,131 In both cases, it was found that while the εon/off can be higher, the polar-

ization buildup time was slower. Thus for TOTAPOL, deuteration does not seem to be a

fruitful route.

Perdeuteration of the biomolecular component(s) has also been explored. Akbey et al.

showed that perdeuterated microcrystalline SH3 (with 50% protonation at exchangeable

sites) gave a much higher εon/off value of 120 compared to 31 for protonated SH3 when the

same recycle delay was used. This effect was also borne out by overall better signal-to-

noise of the deuterated protein sample.132 Specific deuteration of methyl-bearing residues in

Aβ amyloid fibrils was reported to improve the DNP signal enhancement by reducing the

intrinsic 1H−1H spin–lattice relaxation rates, and thus allowing more time for the hyperpo-

larization to buildup within the peptide self-assembly.133 For membrane proteins, the effect

of deuteration of membrane lipids on the DNP enhancement was investigated by Liao et al.;

while a higher εon/off value was obtained with deuteration, the absolute sensitivity was similar

to that obtained on protonated lipids, likely due to a trade-off between better polarization

transfer from electron to nuclear spins and poorer 1H−13C CP transfer.134 Efficient hyper-

polarization of proton-dense systems can depend strongly on the polarizing agent. Using

recently developed biradicals, deuteration of the system of interest might be avoided.85

The improvement of DNP sensitivity by deuteration of the investigated biomolecule is also

dependent on the experimental conditions. Even though current sample spinning frequencies

for MAS-DNP are commonly below 13 kHz, faster MAS is becoming increasingly available,

with commercial DNP probes able to deliver MAS rates of 40–65 kHz.47,48 At this MAS

regime, deuteration of biological samples was found to be beneficial for proton detection in

standard ssNMR.135–137 We expect in this context that deuteration may become helpful as

well for DNP at fast MAS.
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2.7.4 Impregnation and matrix-free sample preparation

Early biological investigations by MAS-DNP followed the initially developed sample prepa-

ration protocol, and were performed on frozen solutions based on the standard DNP matrix.

The inclusion of solvents in the rotor, however, reduce the sensitivity of the NMR experiment

by diluting the sample. Therefore, rather than the traditional frozen solution approach, vari-

ous methods were developed to drastically reduce the solvent amount required for dispersing

the polarization agent throughout the sample. Despite the lower solvent levels in these types

of sample preparations, 1H spin diffusion is still very efficient for spreading hyperpolarization

across the whole sample, as the system of interest is usually protonated. These preparations

can simplify sample preparation by avoiding significant protocol optimization of cryopro-

tectant and solvent deuteration levels, and can be relatively more economical in the use of

polarizing agents.

These approaches of minimizing the solvent amount can be divided into cases where

the polarizing agent is non-covalently associated or dispersed in the sample, or where the

polarizing agent is covalently attached to part of the system. For cases where there is no

covalent linkage between the polarizing agent and the biological sample, the main methods

reported thus far are sedimentation, impregnation, and removal of excess solvent in the

so-called matrix-free approach.

For sedimentation, the solution of protein or protein complex containing the polarizing

agent is ultracentrifuged into the MAS rotor, where an amorphous hydrated pellet is collected

for experiments. This method requires proteins or complexes that are above 30 kDa in

molecular weight. It was demonstrated on the 480 kDa homo-24-mer apoferritin (ApoF)

protein, with the sedimented sample showing higher DNP enhancement (εon/off) compared to

the frozen solution,138 as well as on the 67 kDa bovine serine albumin.115 Thus, sedimentation

can be considered as a relatively straightforward sample preparation method for amenable

proteins.

For impregnation, the sample is soaked or suspended in a small amount of solvent (such
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as D2O) containing the polarizing agent. The wetted sample is then directly packed into the

MAS rotor. This method has similarities to the incipient wetness impregnation technique

reported on porous materials.139,140 In cases where the final form of the sample is a protein

or a proteoliposome pellet, the impregnation method is carried out with around 100 µL

of stock polarizing agent solution in the standard DNP matrix, either with centrifugation

for mixing,134 or simply added on top of the pellet without stirring and left to incubate

overnight.11,111 Excess solution can be removed by pipette afterwards to ensure maximum

packing density in the rotor. This method was suitable for preparation of viral assembles

(section 3.3) and membrane proteins (section 3.4) for DNP experiments. In some cases,

further modification to this protocol is necessary for ensuring that the protein remains func-

tional after the sample preparation process.141 Smaller volumes of wetting solution (5–50 µL)

were recently used for preparing samples from the mammalian extracellular matrix120 and

biosilica104 for DNP (section 3.7). In certain systems, it is possible that naturally glycosy-

lated proteins can provide inherent affinity to the polarizing agent at well-dispersed sites on

the protein, thus avoiding aggregation of the polarizing agent.

In the so-called matrix-free sample preparation approach, the suspended or soaked sample

is further dried to remove the solvent almost completely.41 This drying step has to be handled

delicately as it can easily lead to aggregation of the polarizing agent. Aggregation can be

avoided by using a natural affinity of the biradical to the system of interest, or using gluing

agents such as glucose or trehalose to provide affinity.142 This method has been demonstrated

successfully on cellulose,41 lysozyme,142 and liposomes.114

In general, it is important to consider and assess the presence of any binding affinity

between the polarizing agent and the investigated system to devise an ideal protocol. Such

an affinity can indeed lead to an accumulation of biradicals in some part of the sample,

and therefore to an uneven distribution of polarizing agent, as was observed in bacterial cell

wall,143 sedimented apoferritin,138 and sedimented bovine serum albumin.115 For example,

Nagaraj et al. used isothermal titration calorimetry (ITC) to demonstrate affinity of TO-
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Figure 6: Schematic illustration of the two matrix-free sample preparation strategies, using
either a direct (a) or an indirect (b) affinity of polarizing agents to the system of interest.
Reproduced from ref. 142 with permission from the Royal Society of Chemistry.

TAPOL to CsgA and Het-S, both functional amyloids, the former bacterial, and the latter

fungal. Using this property, optimal DNP enhancement could be achieved with a lower

TOTAPOL concentration (0.25–1 mM) resulting in improved spectral resolution.144

Spin-labeling with the polarizing agents covalently linked to the biomolecules can be

used as well for solvent-free DNP sample preparation. This approach ensures a homogeneous

distribution of the polarizing agent around each biomolecule of interest and can maximize the

rotor filling factor. To avoid excessive relaxation due to high levels of polarizing agents, the

spin-label may need to be attached to only a fraction of the available sites. This method was

demonstrated on a decapeptide,145 and used in a number of studies on membrane proteins

and associated peptides where the spin label was placed either on the protein124,146,147 or on

lipids3,117,118,148,149 of the membrane (Figure 7). Some of these works are described in further

detail in section 3.4. Furthermore, spin-labeled antimicrobial peptides can be a means for

delivering polarizing agents to bacterial membranes and cells.150,151

2.8 Targeted approaches

In many biological systems there is inherent complexity in terms of types of biomolecules,

interactions, and interfaces, which means that attempts to observe a specific localized part

of the whole system are thwarted by low sensitivity and spectral crowding. With the advent

of MAS-DNP, many groups have developed methodologies to localize hyperpolarization and

restrict spin diffusion, in order to achieve targeted DNP within a complex environment.
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Figure 7: Schematic illustration of two sample preparation strategies for biological mem-
branes: (A) using nitroxide labeled lipids, and (B) a conventional preparation with biradical-
containing DNP matrix solution. Reprinted from ref. 3. Copyright 2016 American Chemical
Society.
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Rogawski et al. surveyed the use of covalent spin-tagging for DNP;152 more recently, Gauto

et al. reviewed further strategies and potential applications of targeted DNP,8 including

distance constraints, selectivity in complex environment, or investigation of protein-ligand

binding sites through selective DNP.126,153,154

A number of methodological developments for targeted approaches envisage applications

in membrane proteins, especially for observing interfaces. Wylie et al. elegantly followed the

dimerization of gramicidin by using a well-positioned, covalently-attached mononitroxide

spin-tag attached to the 15-residue gramicidin peptide. Dimerization in the lipid membrane

led to a stable interspin distance of 7.5 Å, confirmed by EPR measurements, which enabled

cross-effect DNP (with a modest enhancement of 6) across the dimer interface.146 In a study

where inter-proteomer signals were sought, specific residues of the membrane protein KcsA

were tagged with monoradical or biradical via sulfhydryl chemistry. Monoradical spin-labels

can still lead to DNP via the cross effect due to the tetrameric nature of KcsA channels.

The enhancement factors obtained were fairly modest (14–16 at 9.4 T) and lower than that

obtained with 25 mM AMUPol, but the sensitivity of the experiment was better due to

shorter TB.
147

Using aligned lipid bilayers in both static and MAS conditions, Salnikov et al. investigated

the effect of specific lipid compositions on DNP enhancement, and also studied the enhance-

ment capabilities of a series of spin-labeled lipids, which were shown to be advantageous

compared to TOTAPOL or AMUPol in matrix-free preparations.118

An interesting development in spin- or biradical-tagging of proteins is the use of amber

suppression, which is capable of introducing unnatural amino acids into specific positions

on proteins. The spin-tag can be then attached via bioorthogonal chemistry. Lim et al.

demonstrated how TOTAPOL-tetrazine can be attached to ubiquitin by introduction of a

norbornene-lysine residue, while maintaining 13C, 15N labeling of the rest of the protein.155

Recently, a spin-labeling strategy has been developed for any protein that contains a

disulfide bond. This technique inserts a TEMPO-derived monoradical spin label inbetween
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the sulfur atoms. EPR spectroscopy and HPLC showed that the spin label is intact and

covalently inserted as expected into eptifibatide, a glycoprotein drug. DNP enhancement was

demonstrated on the glycerol signals of the DNP matrix. Since eptifibatide was at natural

abundance, and potentially subject to bleaching from the radical, it was not observed in the

conditions of the experiment.156

As the indirect polarization pathway relies on spin diffusion, the degree of selectivity that

targeted DNP can achieve is limited. In addition, the signal intensity of nuclear spins in

the closest vicinity to the radical tag are strongly affected by bleaching effect due to param-

agnetic relaxation enhancement (PRE), and may not be detectable in targeted approaches.

Nevertheless, highly resolved spectra of localized regions of the biomolecule can be recovered

using targeted DNP combined with difference spectroscopy, as demonstrated in the selective

DNP (SelDNP) approach154 (Figure 8).

By carrying out direct 13C DNP with paramagnetic metal ions89 and accessing alter-

native polarization transfer pathways such as SCREAM-DNP, the group of Corzilius and

coworkers have demonstrated the potential to achieve more targeted polarization transfers

on model proteins such as ubiquitin.90,98,129 The approach combining the heteronuclear cross-

relaxation effect of SCREAM-DNP in 13C-labeled system with more restricted 13C−13C spin

diffusion has been termed Selective Detection of Internuclear Contacts by Methyl PoLariza-

tion Enhancement (SIMPLE). It enables highly selective local transfers as demonstrated on

a membrane protein (green proteorhodopsin) with a bound retinal chromophore.157

2.9 Oriented membranes

The ability of biological lipid bilayer membranes to form uniaxially oriented samples can

enable the characterization of additional structural (and sometimes dynamic) features by

limiting the conformational space that can be adopted by the embedded proteins. The ori-

entation can occur naturally by placing the membranes in a magnetic field, or by preparing

the sample on a solid physical support, such as a flat film that can be rolled up and placed
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Figure 8: Schematic principle of the SelDNP approach. (a) Reference dataset S0 recorded
on the sample prepared with the protein and its native ligand together with a non-specific
polarizing agent (PA). (b) Targeted DNP dataset S recorded on the sample prepared with
the protein and the ligand functionalized with the PA (acting as paramagnetic tag). The
difference of the two datasets using a variable relative scaling factor k (selectivity factor)
produces a set of SelDNP spectra given in (c) for k = 1, 0.8, 0.6, and 0.4, with increasing
number of peaks for lower values of k. These peaks correspond to residues at increasing
distances from the paramagnetic tag. Spectra (a) and (b) are 2D 13C–13C double-quantum
single-quantum correlation spectra. Figure prepared with spectra from the protein LecA as
described in ref. 154. Reproduced from ref. 8 with permission from the Royal Society of
Chemistry.
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into an MAS rotor. A number of DNP investigations of oriented membrane samples have

been carried out,158,159 either with MAS,118,160,161 or under static conditions using custom-

built hardware, such as a stripline RF probe30 (using Overhauser DNP), or a flat-coil ssNMR

probe31,162 (using cross-effect DNP). While DNP enhancements obtained on static samples

are relatively low, often under 20, it is nonetheless an interesting direction of further de-

velopment, especially as the DNP enhancement can be achieved at ambient temperature.30

For oriented samples investigated under MAS, the DNP enhancement can be improved (1H

εon/off of up to 71) by optimizing the geometry of the membrane sample so that it is evenly

distributed (equilibrated) on the walls of the rotor. The improvement in DNP enhancement

was suggested to come from presumably more rapid and more homogeneous freezing of the

membrane sample when it is well-equilibrated.161

3 Biomolecular applications

Prior to embarking on our overview of MAS-DNP applications, we feel it is important to recall

what is biological structure and why it is of interest, in order to better contextualize how the

technique can make contributions. For small organic molecules in solution, structure refer

predominantly to the arrangement of atoms and covalent bonds; once these are determined,

the distribution of conformations is relatively limited and can be accurately and quickly

determined by computational techniques; though one must bear in mind that in the solid-

state, the structure of crystalline packing of small molecules is frequently more challenging

to determine.

Due to the large size of biological molecules, knowledge of the covalent linkages is in-

sufficient for a full structural characterization in either solution- or solid-state. Proteins,

nucleic acids, and glycans, are found as long chains which can potentially adopt a wide

range of conformations, but often show strong preference towards a limited set. The de-

termination of biomolecular structure requires knowledge of both the covalent linkages and
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three-dimensional conformational arrangements. The conformations give an overall shape

to the biomolecule, and also reveal specific exposed surfaces and interfaces, which are key

to the function of the biomolecule. Classically, structural biologists aim to characterize the

three-dimensional shape of biomolecules in order to gain insight into their function, which

can inspire development of therapies and diagnostics.

For proteins, structure is understood hierarchically: the primary structure is the sequence

of covalently bound amino acids; secondary structures are local conformations driven by

hydrogen bonds, building typical structural elements like α-helices and β-sheets; the tertiary

structure is the conformational arrangement of the linear polypeptide chain and all its local

structural elements into a three-dimensional ‘fold’; and finally, the quaternary structure is

the arrangement of multiple folded polypeptide chains, generally with specific interfaces, as

many proteins only function as multimeric assemblies. The RCSB Protein Data Bank (PDB)

rcsb.org163 contains essentially all known protein (as well as DNA and RNA) structures

that were experimentally determined, mostly by X-ray diffraction, but also by NMR (both

solution- and solid-state), and recently by 3D electron microscopy (most often cryo-EM). As

for computational prediction of protein structure from the sequence alone, it is only very

recently that robust success has been demonstrated by machine learning approaches.164 Prior

to this, the tertiary structures could only be determined experimentally. Even now, structure

prediction at the quaternary level remain difficult, which is essential for multimeric proteins,

protein complexes and assemblies, filamentous or fibrous proteins.

Given the astronomical possible degrees of freedom, it is impressive that many proteins

will spontaneously adopt the precise conformation(s) that leads to biological function. Fran-

cis Crick famously hypothesized that ‘folding is simply a function of the order of amino

acids’,165 only guided by the physical forces that act upon the protein chain. This idea is

subsequently followed by Anfinsen’s thermodynamic hypothesis, that ‘the three-dimensional

structure of a native protein in its normal physiological milieu is the one in which the Gibbs

free energy of the whole system is lowest; that is, that the native conformation is deter-

36

https://www.rcsb.org/


mined by the totality of interatomic interactions and hence by the amino acid sequence’.166

The hypotheses above were then frequently simplified into ‘one sequence, one structure’ and

accepted as dogma.

Since then, many exceptions have been found to contradict this simplified ’one sequence,

one structure’ concept. While some proteins do fold smoothly to a single well-defined struc-

ture, this folding behavior is not universal to all proteins. Local flexibility and dynamics

of the native structure, including various conformations of the constituent domains, can be

essential to protein function and are not always predicted by current computational methods

or detected in experimental structural studies. Under certain physiological and in vitro con-

ditions, instead of the native fold, many proteins have been shown to misfold. Such misfolded

proteins can become kinetically trapped in a non-functional but stable and ordered form, the

most well-characterized of which is the amyloid fold (see section 3.1.1). Especially in cases of

proteins which can be found in various biological contexts or ‘physiological milieus’, it is not

too surprising that the same protein sequence can adopt different structures, which are all

functional; these are known as metamorphic or fold-switching proteins.167,168 Finally, some

proteins (or some regions of proteins) may be simply disordered at physiological conditions,

and their energy landscape does not contain any clear set of thermodynamic minima; these

are known as intrinsically disordered proteins or regions.169

Modern MAS-DNP was developed with the aim of eventually applying this technique

on challenging protein systems, at the time where the first protein structures solved solely

by solid-state NMR spectroscopy were published.170,171 As the sequence-specific assignment

of the protein requires numerous time-consuming multidimensional experiments, and long-

range contacts often have to be extracted from especially weak cross peaks, the initial hope

was that MAS-DNP could contribute to structural biology by enabling more rapid solving

of protein structures.

The group of Griffin and coworkers has been key in driving the use of MAS-DNP in

biological applications. A first proof-of-concept study demonstrated the potential of MAS-
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DNP for biomolecular applications with the successful signal enhancement of a frozen solution

of lysozyme at a static magnetic field strength of 5 T (140 GHz for the electron and 211 MHz

for 1H Larmor frequency), using helium gas for MAS to achieve a sample temperature as

low as 25 K at a MAS frequency of up to 5 kHz26 (Figure 9a). DNP enhancements were

obtained thereafter on more complex biological assemblies, including fd bacteriophage, a

type of filamentous viral particle, and bacteriorhodpsin (bR) in purple membrane, a dense

assembly of proteins embedded in lipid membranes (75 weight % bR). This early work

exemplified the capacity of MAS-DNP to improve sensitivity in a range of biological samples,

though under static (non-MAS) conditions.97 The first 2D MAS-DNP spectrum was obtained

on an aqueous solution of proline, now using nitrogen gas to achieve MAS at 80–100 K. This

work established a benchmark for the development of water-soluble radicals that would

enable further biological applications of DNP172 (Figure 9b). Subsequently, MAS-DNP was

demonstrated on two U-13C, 15N cryoprotected proteins: a membrane protein (bR), and a

soluble enzyme (α-lytic protease, α-LP). 15N 1D spectra were obtained with good signal-to-

noise ratio and clearly showed, in the former case, the lysine Schiff base in the 26 kDa bR,

and in the latter case, the single histidine sidechain in the 18 kDa α-LP, thus demonstrating

the power of MAS-DNP to probe functionally important residues present at low levels within

moderate-sized proteins.173

As MAS-DNP became commercially available, signal enhancement was demonstrated on

an increasing range of biomolecular systems under in vitro conditions, showing the broad

applicability of this technique. In the process, it became clear that while MAS-DNP can

deliver signal enhancement relatively robustly, the loss of resolution due to line broadening at

low temperatures will prevent the technique from being a general structural biology technique

in terms of solving protein structures on its own. However, it is unfair to assess the value

of MAS-DNP solely on its (in)ability to independently solve protein structures thus far; the

strength of MAS-DNP lies in delivering unique insights that cannot be feasibly observed in

reasonable signal averaging time by conventional ssNMR, or other structural techniques.
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Figure 9: First applications of MAS-DNP on biomolecules. (a) DNP-enhanced 15N CP-
MAS spectra of 15N-Ala–labeled T4 lysozyme (25 mg/ml) in glycerol/buffer (60/40, v/v)
doped with 40 mM 4-amino-TEMPO, at a temperature of 40 K and a MAS frequency of
3.2 kHz. Top: microwave irradiation (139.60 GHz) was performed for 20 s with 1 W at the
sample, 64 acquisitions were averaged with a 15-s recycle delay. Bottom: recorded under
identical conditions with no microwave power. The magnetic field was set to maximize
the positive enhancement, which is approximately 50. (b) 2D 13C−13C proton-driven spin-
diffusion (PDSD) spectrum obtained on U-13C, 15N proline (120 mg/mL) in glycerol/water
(60/40, v/v) doped with 40 mM 4-amino-TEMPO, at a temperature of 90.0 ± 0.5 K, the
spinning frequency at 4.55 kHz ± 20 Hz, and the microwave power at 0.5 ± 0.05 W. All three
variables remained stable over the course of this short 2D experiment (about 22 minutes),
a first carried out under DNP conditions. For (a), from ref. 26. Reprinted with permission
from AAAS. For (b), reprinted from ref. 172. Copyright 2002 American Chemical Society.

Within the rich landscape of biological structural diversity, MAS-DNP can indeed play

an important role. Currently, the frozen conditions of MAS-DNP preclude determination of

physiological dynamics, but can enable freeze trapping of transient or low-level conformations

of importance. Moreover, MAS-DNP can potentially give a more accurate picture of the

distribution of conformations present, illuminating the degree of polymorphism and the

number of minor species present.

In addition, biological function is not only carried out by proteins, but involves a whole

repertoire of molecules including nucleic acids, glycans, lipids, with covalent bonds and/or

non-covalent interactions between all of these. Recognizing the myriad of biological contexts

in which ssNMR is sensitivity-limited, and devising ways to overcome them by MAS-DNP,

opens up multiple fruitful avenues of research. Especially successful investigations combine

expertise in MAS-DNP with a deep knowledge of the biological system, in order to carry out

the study in a manner that respects biological integrity and capture highly relevant insights

on biological functions and mechanisms.
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There is therefore great value in using MAS-DNP as part of integrative approaches where

multiple techniques contribute complementary information on highly challenging systems.

Thus, although many in vitro biomolecular systems have already been subjected to extended

investigation by conventional solid-state NMR spectroscopy, the sensitivity gain enabled

by MAS-DNP can bring further insights. In recent years, the field of structural biology

has progressed from solving structures under in vitro conditions to investigating structures

‘in situ’, in the context of the cell or of extended complex biological environments, with

many potential sensitivity-limited applications where MAS-DNP could play a role. Thus,

MAS-DNP sits at a unique position to contribute highly specific insights on binding sites,

interfaces, and for understanding structural diversity and disorder, all of which are current

ongoing areas of research interest in broader structural biology.

For the following overview of MAS-DNP applications, we made the choice to present the

various investigations in an approximately but not strictly chronological manner, grouping

topics on the same biological context or theme together. Obviously, the first DNP applica-

tions were based on a more traditional approach, with studies carried out using biomolec-

ular systems on which the investigator had a high degree of control. Frequently, these are

relatively small proteins, possibly as well-defined multimeric assemblies. Later on, as the

MAS-DNP technique became more established and accessible, investigations in ever more

complex contexts, such as in cellular membranes, whole cells, cell walls, and human tis-

sues, were performed. In these studies, there is less focus on structural details of a single

biomolecule, but more emphasis on biomolecular interactions, cell physiology, or impact of

metabolism.

3.1 Protein folding, misfolding and disorder

3.1.1 Amyloid fibrils

Depending on the conditions of folding, such as concentration, pH, temperature, and ag-

itation, many proteins with different primary sequences were found to adopt a common
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fold known as amyloid, where many protein units self-assemble into a stable fibril with a

high degree of order and a distinct cross-β diffraction pattern, indicating the arrangement

of β-sheet secondary structure elements perpendicular to the fibril axis. First identified in

the pathological context of human neurological diseases, where normally functional proteins

misfold to form amyloid assemblies,174 amyloid folds have since then been observed to play

functional roles in multiple other contexts, not only in bacteria and fungi but also in hu-

mans,175,176 where they are part of normal physiology.177 Interestingly, amyloids which are

non-pathological and functional are becoming to be seen as the norm rather than the ex-

ception. It is envisaged that studies on non-pathological amyloids will illuminate broader

pathways in biology, linking structure and assembly of these proteins to essential functions

including pigment production and necrosis regulation in humans.178,179

Many of the neurological diseases associated with amyloid fibrils, such as Alzheimer’s,

Parkinson’s, and various prion diseases, currently have no treatment; the hope is that by

studying the structure of amyloid fibrils, and the mechanism by which they assemble, new

routes for treating these degenerative and highly debilitating diseases can be found. SsNMR

is a key tool in the structural characterization of amyloid fibrils; it is capable of obtaining

atomic resolution information on these fibrillar assemblies and has successfully determined

structures in a number of cases, though generally, isotopic labeling and in vitro fibril for-

mation was required.180 Since 2017, cryo-electron microscopy has been used to determine

an increasing number of amyloid fibril atomic structures, especially with ex vivo samples

isolated from patients suffering from these diseases.181

Despite the high degree of order and overall similarities, there is a propensity for disease-

associated amyloids to form several polymorphic fibrils, even for proteins of the same primary

sequence, and both in the case of in vitro assembled as well as ex vivo samples. Tycko has

specifically reviewed amyloid polymorphism in many ssNMR structures;182 more recently,

Willbold et al. provided an in-depth review of the formation process of amyloid protein fibrils,

illustrating some of the important structural variations,183 while König et al. has specifically
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reviewed the use of DNP-enhanced ssNMR to study amyloid fibrils.9 Due to the relatively

ordered nature of amyloid fibrils, ssNMR studies without DNP can often give spectra with

very reasonable sensitivity and excellent resolution, especially for fibrils formed from smaller

proteins/peptides. Early studies of amyloid fibrils using MAS-DNP frequently used rather

short peptides or small amyloidogenic proteins to optimize methodological aspects, such as

the functional yeast amyloid Sup35,103,184 the bacterial amyloid CsgA,144 a model amyloid

PI3-SH3,185 as well the pathogenic human amyloids transthyretin,186 and Aβ40.43 While

some of the work was already covered in section 2, further context and biological significance

of some of this early work is discussed below.

One of the earliest amyloid fibrils investigated by MAS-DNP is the yeast Sup35, which is

not associated with human disease, but affects the inheritance of the color phenotype of yeast

in a prion-like, non-Mendelian fashion due to the role it plays in translation termination.187

From the prion domain of Sup35, the 7-residue core segment (GNNQQNY) is capable of

forming amyloid fibrils and also nanocrystals, but with different dimensions. Therefore, it

was used in the early investigations of MAS-DNP to establish how far hyperpolarization

can be spread by spin diffusion.103 Higher DNP enhancement were found on the fibrillar

assemblies compared to the nanocrystalline preparation, as a result of the narrow width of

the fibrils. Using different labeling schemes of the core peptide, assignment was obtained by

DNP-enhanced 2D spectra. DNP enhancement was likely required to enable observation of

interatomic correlations of up to 4Å, which were expected to have very low TEDOR transfer

efficiency.184 In order to better understand the structure of Sup35 prions, consisting of the

N-terminal domain and the ”M” middle domain (Sup35NM), Frederick et al. designed an

elegant study using segmental isotopic labeling, where only the first 14 amino acids out of the

253-residue-long protein are enriched in NMR-active nuclei. This approach greatly reduced

NMR spectral crowding, and enabled the authors to observe that different chemical shifts are

obtained for the GNNQQNY (residues 7–13) core within the context of full-length NM fibrils,

compared to the microcrystalline form of the protein, or to fibrils formed from the 7-residue
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peptide alone. MAS-DNP was essential in this study to overcome the sensitivity challenge

of a relatively small amount of labeled sample within its unlabeled context, as well as to

obtain long-range TEDOR correlations.65 Sup35NM was also investigated by MAS-DNP at

endogenous concentration in cell lysates (see section 3.5).

Another early MAS-DNP study was performed on the well-characterized amyloid fibril

composed of the SH3 domain of one of the subunits of bovine phosphatidylinositol 3-kinase

(PI3-SH3). PI3-SH3 normally adopts the SH3 β-barrel fold (usually 60–85 residues) and

is not associated with any amyloid diseases. It has, however, been used as an amyloid

model system as it forms fibrils under specific in vitro conditions, and contributed to the

insight that such fibrils can form regardless of the original sequence or structure.188 Long-

range heteronuclear experiments using DNP enhancement provided 52 assigned cross-peaks

in 32 hours, compared to about 23 obtained under routine ssNMR conditions after 16 days

of signal averaging.185 Similarly, on amyloid fibrils formed with a 11-residue segment from

transthyretin (TTR), a 55 kDa transport protein normally circulating in plasma and cere-

brospinal fluid which can form amyloid fibrils leading to nerve degeneration and cardiac

dysfunction,189 the sensitivity enhancement brought by DNP shortened a DQF-DRAWS

buildup experiment from 3.5 days to 1.5 hours. Interpretation of the DNP data confirmed

the parallel in-register intra-sheet arrangement.186

Weirich et al. investigated amylin, also known as islet amyloid polypeptide (IAPP), a 37-

residue protein hormone secreted by the pancreas and prone to amyloid formation especially

in type 2 diabetes mellitus patients. In this protein, the eight-residue N-terminal loop was

considered to be well-ordered with particularly narrow lines in conventional ssNMR spectra.

However, spectra acquired with MAS-DNP showed very broad lines, indicating in fact a

drastic loss of dynamics.190

Interestingly, many intrinsically disordered proteins (IDPs) appear to be associated with

amyloid diseases. The most famous of which is α-synuclein (αS), a 140-residue IDP that is

important for function and integrity of nerve synapses, has a chameleon-like conformational
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plasticity, but is also found in amyloid fibrils in Parkinson’s disease, dementia with Lewy

bodies, and multiple system atrophy. αS is known to adopt a α-helical conformation in the

presence of membranes, and a β-sheet conformation (as is common) when in an amyloid

fibril. By [2-13C] glucose supplementation, Uluca et al. obtained αS that was specifically la-

beled at valine Cα and Cβ which acted as reporters on local secondary structure. MAS-DNP

was used to investigate the distribution of trapped conformations of αS in frozen solutions of

monomers, of monomers bound to lipid nanodiscs, and in amyloid fibrils. The distribution

of α-helical and β-strand αS was found to vary across the three cases as expected. Surpris-

ingly however, a subpopulation of valines in an α-helical conformation was present even for

αS amyloid fibrils, which may report on disordered regions of the amyloid fibril assembly

(Figure 10).191

In a further study by the same group, the interaction of αS monomers with phospho-

lipid bilayer nanodiscs was investigated in detail. The nanodisc environment was explored

by varying the composition, size, fluidity, and charge. The authors also investigated the

influence of post-translational modifications of αS such as N-terminal acetylation, which can

affect membrane association. While most of this study was carried out with solution-state

NMR, MAS-DNP was specifically used to detect the nanodisc-bound state of non-acetylated

αS, which confirmed that about 92% of valines are in an α-helical conformation and likely

interact with the membrane. This observation provided a direct confirmation of the expected

proportion (94.7%) of membrane-bound valines obtained from the solution-state NMR at-

tenuation profile.192

Another IDP that can form amyloid fibrils and is implicated in Alzheimer’s and other

neurodegenerative diseases is tau. Normally associated with microtubules of the cytoskele-

ton, tau is a multidomain protein with six isoforms, ranging from 352 to 441 residues. In

order to form amyloid fibrils of recombinant tau in vitro for structural studies, negatively

charged co-factors such as heparin are generally required. These co-factors can however pre-

dispose formation of artificial polymorphs that are not found in patient-derived samples.193
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Figure 10: DNP-enhanced 2D 13C−13C PDSD spectra of specifically 13C-labeled α-synuclein
(a) fibrils and (b) monomers bound to lipid nanodiscs. Circles indicate areas of valine
chemical shift corresponding to α-helical (orange) and β-strand (blue) secondary structures.
The black outline is the lowest contour level of the spectrum of monomeric α-synuclein,
provided for comparison. Reprinted with permission from ref. 191. Copyright 2018 Elsevier.
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Chakraborty et al. developed a method to produce co-factor free amyloid fibrils using the

longest isoform of tau. Due to the size of this protein and the presence of repeating domains,

it is highly challenging to obtain specific assignments and structural features by NMR. While

much of this study was carried out with conventional solution and solid-state NMR, highly

specific labeling of valine 13C
γ
, phenylalanine 13C-ring, and histidine 15N was used to seek

out correlations in the assembled fibrils using MAS-DNP. These correlations are in agree-

ment with the cryo-EM structure of patient-derived ex vivo tau fibrils, but differ from the

structure of heparin-induced tau fibrils that were commonly investigated. Despite the sen-

sitivity challenge, the importance of investigating co-factor free tau fibril is illustrated by

its different surface charge distribution, which give rise to strong RNA interactions possibly

implicated in disease progression.194

Thus far, most MAS-DNP investigations of human-disease associated amyloids have been

performed on recombinantly expressed U-13C, 15N proteins, instead of patient-derived or ex

vivo fibrils. The development of MAS-DNP methodology to provide sufficient sensitivity

on natural abundance samples, especially those with a certain degree of polymorphism and

heterogeneity, is essential for future investigations in this area. A step in that direction has

been done by De Paëpe’s group with a study on amyloid fibrils based on mutant Huntingtin

fragments at their natural isotopic abundance. Huntingtin is a protein with intrinsically

disordered regions, which plays a role in cellular homeostasis, especially in the brain. Muta-

tions can lead to an expanded polyglutamine (polyQ) domain prone to form amyloid fibrils,

resulting in the severely debilitating Huntington’s disease. Thanks to the sensitivity en-

hancement of MAS-DNP, Smith et al. demonstrated 2D 13C−13C and 15N−13C correlations

experiments using natural abundance samples of in vitro-assembled protein (111 residues)

or peptide (19 residues) fibrils. An advantage of working at natural abundance is that the

13Cα−13Cα DQ buildup curves were not affected by dipolar truncation,195 enabling the ex-

traction of long-range inter-strand distance contributions which are in agreement with the

antiparallel arrangement of the β-strands (Figure 11). The analysis was completed without
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supplementary conventional ssNMR experiments and suggest a possible route for analysis of

ex vivo patient-derived amyloid samples.196

Figure 11: 13Cα−13Cα buildup curves for (a) the polyproline helix segment of Q44-HttEx1,
a mutant huntingtin serving as model for the disease protein, (b) the polyQ core of Q44-
HttEx1, (c) the polyQ core of the peptide model D2Q15K2. Experimental data (black circles)
were obtained by monitoring the buildup of signal intensity of Cα−Cα correlations as a
function of DQ mixing time. Simulations for intrastrand distances (dashed line), parallel β-
strand arrangement (green line), and antiparallel β-stand arrangement (blue line) are shown
in panels (b) and (c), while a 3.6 Å distance is used in panel (a). Canonical backbone
conformations of (d) parallel and (e) antiparallel β-strands are illustrated. The antiparallel
arrangement of the β-strands was found to provide a best fit to the data. The absence of
dipolar truncation in natural abundance samples resulted in sensitivity of the buildup curves
to distances up to 5+ Å in this case. Reprinted from ref. 196. Copyright 2018 American
Chemical Society.

3.1.2 Folding pathways

The timescale of the protein folding process varies widely, with smaller proteins (shorter

polypeptide chains) generally folding faster, up to the order of milliseconds. Not all regions

of the protein fold at the same rate—frequently, secondary structures such as α-helices are
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formed first, in the same time range as certain domains functioning as a structural unit,

followed by more global folding of the whole protein chain with secondary structure elements

and domains coming together in space. At the low temperature conditions of MAS-DNP,

it is possible to trap transient states and conformations which would not persist over the

measurement time of conventional NMR. Tycko has reviewed ongoing development on this

topic using solid-state NMR and DNP at nitrogen and helium cooling temperatures.10

In an extensive study of the successive stages of Aβ40 self-assembly into amyloid fibrils,

Potapov et al. produced four different samples in specific experimental conditions to obtain

either monomers (high pH), oligomers (neutral pH), protofibrils (incubation for 4 h at neutral

pH), or fibrils (after cycles of sonication and incubation). These different states of Aβ40 were

then characterized by various biophysical methods, with MAS-DNP as the main structural

characterization tool to improve the sensitivity of ssNMR experiments. Indeed, the use

of frozen solutions instead of lyophilized powders allow retention of transient species, but

reduces sensitivity. In order to overcome line broadening and spectral overlap, several highly

specific labeling patterns were used, with no more than 4 sites of the 40 residue Aβ40

peptide labeled in any sample; this approach led to straightforward spectral assignment. 2D

13C−13C correlation spectra acquired with MAS-DNP provided side-chain contacts which

indicated that a U-shaped conformation was present in all stages of fibril formation and not

only in mature fibrils. This structural property could potentially be used to disrupt fibril

formation.133 This work was carried out on a home-built MAS-DNP probehead that can

operate at 25 K via helium cooling197 and uses a triradical polarizing agent.86

Based on insights from this previous work, Tycko and coworkers developed instrumen-

tation for rapid mixing and freeze-trapping of solubilized proteins on a precooled rotating

copper plate (Figure 12a). Using this setup, they investigated the dynamics of the folding

and aggregation process of melittin, a 26-residue peptide found in bee venom. This peptide

undergoes rapid conformation change from unstructured to helical when the pH is increased.

This folding process is accompanied or followed by further self-assembly into dimers and
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tetramers. Using a series of 2D DNP-enhanced 13C−13C correlation spectra, the structural

evolution of melittin labeled only at three residues was followed after a sudden increase in

pH. Within the first 10 ms after the pH jump, a significant decrease in linewidth of the NMR

signals from 5 to 2 ppm was observed (Figure 12c), indicating a transition from the unstruc-

tured to the helical structure.198 In this study, only 20% of glycerol was used, high enough

to maintain formation of a glassy frozen matrix, but low enough to avoid an increase of the

solution viscosity, which could have interfered with the mixing process prior to freezing and

affect the time scale of the folding process.

The folding of a protein complex including calmodulin (CaM) was studied using the

same rotating copper plate setup as above. CaM, a 149-residue protein, is involved in

calcium binding. Once charged with two Ca2+ in each of the two domains, CaM can bind

to M13, a 26-residue peptide which is part of skeletal muscle myosin light chain kinase.

In this study, CaM was either unlabeled or specifically labeled at the methionine methyl

carbon, while M13 was labeled at three to four specific residues. The small number of

labeled residues made it easier to assign and observe intermolecular correlations broadened

by the frozen state. MAS-DNP at 25 K, with a triradical polarizing agent87 was required to

overcome the strongly limited sensitivity of the diluted protein frozen solution. Using rapid

mixing and freezing, the formation of the protein complex can be observed at the millisecond

timescale, with strong spectral changes observed even in the first 1.5 ms.199 In a follow-up

study, the MAS-DNP data obtained on the CaM–M13 complex was quantitatively analyzed

and combined with EPR-based double electron-electron resonance data for a global fit that

can link known structures of known states in this highly dynamic complex.200 These studies

provide a unique view into CaM conformational change during complex formation and is of

interest to understand the biological role and function of this very highly conserved protein.

Protein folding can begin while the protein chain is still being produced on the ribosome

during the process of translation (‘co-translational folding’). This type of folding can proceed

via different intermediate states compared to the folding of the whole protein in dilute
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Figure 12: a) Schematic of the apparatus for rapid mixing and freeze-trapping of solubilized
proteins. A copper plate (1) is precooled by immersion in a liquid-nitrogen bucket (2),
and then rotated continuously by a motor (3). Two solutions are pumped through a mixer
(4) that sweeps across the rotating plate under the control of a stepper motor (5). A jet
of mixed solution freezes on the rotating plate after traveling a variable distance df that
determines the structural evolution time τe. After rotation stops, the plate is immersed in
liquid nitrogen. The frozen solution is scraped from the plate and packed into a MAS rotor
(6) for low-temperature ssNMR measurements. b) DNP-enhanced DQ-filtered 13C spectra of
frozen melittin at increasing structural evolution time. c) DNP-enhanced 13C−13C spectra
of melittin solutions at increasing structural evolution time, with spectral change indicating
structural rearrangements through the folding process. The dashed lines indicate the 13Cα
chemical shifts for Gly3, Leu6, and Ile20 in the fully folded tetrameric state at pH 7.0 (i.e.,
τe = ∞). Adapted from ref. 198, 2019 National Academy of Sciences.
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solutions, due to the balance between the rates of protein folding and of translation. Folding

can also be influenced by interactions of the nascent chain with the ribosome surface.201 The

processes involved in initiation of translation and the subsequent folding are highly dynamic

and structurally interesting. However, observing a relatively small translation initiation

factor or nascent chain (around 10 kDa) that is bound within the far larger ribosomal

complex (2–4 MDa) is very challenging in terms of sensitivity and inherent instability of

the complex. A few studies have made use of both the sensitivity enhancement and the

additional stability provided by the experimental low temperature conditions of MAS-DNP

to enable observation of nascent peptide chains as well as their conformation and interactions

with the ribosome.

Gelis et al. tested a number of sample preparation protocols to optimize the enhancement

factor εon/off to 25 for sedimented ribosome samples. An important methodological point

investigated in this work was the usage of viscous glycerol- or sucrose-containing buffers

acting as a ‘cushion’ during ultracentrifugation, to selectively sediment the bound complex

and not its constituent parts into the rotor. The complex investigated was the prokaryotic

translation initiation factor (IF1), a protein of about 70 residues in length, bound to the

small ribosome subunit of E. coli (E30S). To alleviate spectral crowding, selective labeling

was used for histidine and tyrosine residues of IF1. Even when complexed to unlabeled E30S,

IF1 yielded 2D DNP-enhanced spectra with a good 13C resolution of 1 ppm at 9.4 T.202

The nascent protein chain, which is the segment that is initially formed during trans-

lation, contains a so-called signal peptide that indicates the fate of the protein in the cell

via interactions with specific cellular biomolecules. In this context, conformation of the

signal peptide within the ribosome may be of importance. Lange et al. investigated the

conformational state of a construct consisting of the 20-residue signal peptide of disulfide

oxidoreductase A fused to a 17-residue stalling sequence (SecM). The role of the stalling

sequence was to arrest translation at a consistent point, ensuring the formation of a stable

ribosome–nascent chain complex (RNC). DNP-enhanced DQ-SQ 13C−13C correlation spec-
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tra were used to filter out background signal from the unlabeled ribosome. The measured

chemical shifts of some resolved residues of the labeled peptide were used together with the

known dimensions of the ribosomal exit channel to model the likely secondary structure of

the peptide within the ribosome. Interestingly, the authors found that the peptide adopted

a mostly extended conformation, instead of the expected helical conformation present in

solution.203

On the same topic, a multidisciplinary, highly collaborative study by Schulte, Mao, Reitz

et al. provided a detailed view of the eye-lens protein γB-crystallin (GBC) in the ribosomal

exit tunnel. In this work, RNCs were also used to produce a translation-arrested state using

SecM. Multiple ribosome complexes with nascent chains of varying lengths were expressed,

with specific labeling at cysteine residues to follow disulfide bond formation. For the ssNMR

part of the study, DNP enhancement was required as the large size of the RNCs allowed only

for a small number of complexes (2–3.4 nmol) to be packed into the rotor. After significant

optimizations a good εon/off of 150 was achieved, enabling tracking of the proportion of oxi-

dized and reduced cysteine residues in the Cα–Cβ region of the DQ-SQ 13C−13C correlation

spectra. The large number of signals detected indicated that the nascent chain adopts mul-

tiple conformations within the exit channel, including non-native compact conformations.204

3.1.3 Conformation distributions in other applications

Besides understanding folding pathways, characterizing structural disorder and conforma-

tional distribution is of high relevance to understand biomolecular function. The low tem-

perature used in MAS-DNP leads to the freezing-out of conformations, potentially giving

access to this information. Thus, the conformational sampling of the isoleucine sidechains

in small peptides and proteins was investigated using MAS-DNP, which can enable low-

populated states to be observed.205 In a recent multidisciplinary investigation, Holmes et al.

reports on an intermediate of the enzyme tryptophan synthase. Using conventional ssNMR

at room temperature, it was determined that this intermediate is in equilibrium between the
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phenolic (89%) and the protonated (11%) Schiff base tautomers. At 95 K, the tautomeric

equilibrium is expected to shift predominantly to the phenolic form (more than 90%), which

was confirmed experimentally using MAS-DNP206

MAS-DNP has been applied as well to the topical issue of vaccine development. Vaccine

formulation requires relatively small amounts of the active biomolecule, which is diluted

with other components to maintain the stability and delivery efficacy. Koers et al. inves-

tigated a 15-residue peptide vaccine formulated in liposomes, that was designed to target

Alzheimer’s disease. Considering the low peptide to lipid ratio (1:200), DNP was essential to

overcome the strong sensitivity limitation. The conformations of the liposome surface-bound

peptide were analyzed, leading to the finding that a proportion of the peptide is undergoing

spontaneous aggregation into β-sheet-like units.207 Another study on vaccine formulation

was carried out in collaboration with Sanofi Pasteur, where several aluminum-containing

gels used as vaccine adjuvants were compared by MAS-DNP. The antigens to be delivered

in these vaccines are typically at 10–100 µg of protein per mg of Al, therefore requiring

DNP signal enhancement for their NMR investigation. The system was composed of hepati-

tis B surface antigen particles tightly associated to phospholipids and the aluminum-based

adjuvant. These components were respectively tracked using 31P and 27Al NMR, and the

associations therein investigated with INEPT and REAPDOR experiments, with DNP en-

hancement factors of 92–128. Thus, the type and strength of binding of three different

aluminum-containing gels to the antigen were characterized, which may contribute to the

optimization of vaccine formulations.208

In a further study by the same group, the structure of antigens chemically coupled to

the surface of large virus-like particles was investigated by sensitive NMR techniques, in-

cluding MAS-DNP and 1H-NMR detection under fast MAS. The antigen under study was

the influenza virus hemagglutinin stalk long α-helix (LAH), which is highly conserved and

could potentially serve as a universal influenza vaccine component, though it suffers from low

efficacy; thus, the authors coupled LAH to the surface of virus-like particles (VLPs), which
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are used in the pharmaceutical industry to heighten the immune response. To ensure that

the coupling process did not perturb the structure of LAH, MAS-DNP and ssNMR proton

detection at fast MAS were used to characterize VLP-coupled LAH structure and compare it

to the structure of microcrystalline LAH determined via 1H-detected ssNMR. DNP spectra

indicated that the antigen core remained intact upon coupling to VLP (Figure 13).209

Figure 13: Comparison of free and VLP-coupled LAH antigen. a—c) Overlays of DNP-
enhanced 2D CORD spectra of U-13C,15N-labeled free (blue) and VLP-coupled (red) LAH
antigen at 800 MHz and 115 K with 40 kHz MAS with the room temperature 2D DARR
spectrum of free LAH antigen (black) at 800 MHz with 20 kHz MAS. d) Crystal structure
of LAH antigen showing the side chains of V12, F16, I19, and W20 that make up the
hydrophobic core of the trimer. The similarities between the MAS-DNP spectra (blue, red)
and the room temperature spectrum (black) indicate the same structural features are likely
to be found in both free and VLP-coupled LAH antigens. Reprinted in part with permission
from ref. 209. Copyright 2021 John Wiley and Sons.

3.2 Nucleic acids and their complexes

Nucleic acids are essential for carrying genetic information and transferring it into the biosyn-

thesis, structure, and interactions of other biomolecules. Of the nucleic acids, ribonucleic

acids (RNA) are especially versatile, performing a range of key enzymatic functions that

transfer genetic information into proteins. From the perspective of structural character-

ization, RNA molecules and complexes can be difficult to crystallize for diffraction stud-
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ies; NMR characterization of RNA is generally more challenging than that of proteins due

to spectral crowding, conformational flexibility, and difficulty of establishing sequential as-

signment. Still, many small RNA complexes and their dynamics have been investigated

by solution-state NMR. Solid-state NMR can be attractive for characterizing larger RNA

complexes, though it often suffers from broad linewidths and poor sensitivity. From the

perspective of MAS-DNP, nucleic acids have the fortuitous property of having fewer methyl

groups than other biomolecules, which can potentially lead to more efficient DNP enhance-

ments. The group of Corzilius has been very active in developing DNP methods to investigate

RNA-based systems, e.g. using paramagnetic metal ions instead of biradicals as polarizing

agents. This choice leads to the use of the solid-effect rather than the cross-effect mechanism

for generating nuclear polarization. In a methodologically-motivated study, methyl groups

were re-introduced to a 57-mer RNA aptamer via tight-binding to tetracycline to enable

SCREAM-DNP investigations.210

As a proof-of-principle, Wenk et al. investigated the well-studied hammerhead ribozyme

(HHRz) by MAS-DNP, which contains a divalent metal ion co-factor required for the RNA

cleavage function of this enzyme. While minimal HHRz constructs have been studied by

solution-state NMR, this is the first NMR study on the full-length variant. The 18 kDa, 59-

mer full-length inactivated HHRz was expressed with uniform 13C, 15N labeling and bound to

Mn2+ or Mg2+ metal ion co-factors. The endogenously bound paramagnetic manganese(II)

ion in the former was used for DNP enhancement via the solid effect, giving a moderate

εon/off of 8, while DNP via the cross effect with the more conventional biradical AMUPol was

also carried out for comparison and achieved an εon/off of 240. Despite the lower enhance-

ment, this work illustrates the possibility of achieving noticeable signal enhancement using

paramagnetic metal ions, with capacity for further optimization.211

A subsequent study on a 67-mer HHRz formed from the spontaneous hybridization of

two differently isotope-labeled strands was carried out by Daube et al., enabling the inves-

tigation of inter-strand/stem contacts. With 5 mM AMUPol in the standard glycerol/water
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mixture, an εon/off of 160–200 was obtained on frozen solutions containing 500–840 µMHHRz.

In fact, this enhancement enabled the acquisition of 1D spectra of good signal-to-noise in

only 4 scans, while no signal at all could be observed after one hour (512 scans) of sig-

nal averaging without DNP. Using DNP-enhanced TEDOR and PDSD experiments, subtle

differences of canonical and non-canonical base-pairing in HHRz with and without Mg2+

could be observed (Figure 14). The use of direct DNP with solid effect via Mn2+ was again

demonstrated, though only qualitative structural information could be obtained in terms of

residue proximity in the differently labeled strands.94

Wiegand et al. carried out a MAS-DNP investigation of DnaB helicase, a large DNA-

protein complex from Helicobacter pylori. The large multimeric protein (12 × 59 kDa) of this

complex unwinds DNA during replication. The authors investigated the binding of DnaB

to an ATP-analogue (AMP-PNP) and to single-stranded DNA. For this, a sample directly

sedimented in the rotor without glycerol was found to be the most sensitive (likely due to

better filling of the rotor), despite a lower εon/off enhancement of about 20 compared to 30

for the glycerol-containing sample. The polarization transfer from the 31P of the nucleotide

to the 13C spins of the uniformly labeled protein was carried out via a single 31P−13C CP

step. This direct polarization transfer (without proceeding via 1H) is of rather low efficiency

and can be difficult to achieve without MAS-DNP. Results of this study allowed the authors

to propose residues potentially involved in ADP- and DNA-binding.116

3.3 Viral particles

A virus is an infectious agent that is only capable of replicating inside a living host cell.

Each type of virus can infect specific host cells, with the specificity applying to a type of

cell in multicellular organisms, a species, or even a kingdom of life. Viral particles are

usually much smaller than cells. They consist of a core of genetic material in the form

of nucleic acids surrounded and protected by a protein-based shell known as the capsid,

which can adopt various morphologies. Sometimes, the capsid is further enveloped by a
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Figure 14: DNP-enhanced 2D spectra obtained on hybridized HHRz with Mg2+ (left panels)
and without divalent metal ion (right panels). 15N−13C TEDOR (top spectra) and 13C−13C
PDSD (bottom spectra) indicate presence of canonical base pairing (solid line, 13C 152 ppm)
and non-canonical base pairing (dashed line, 154 ppm). A structural model indicating the
observed non-canonical, reverse Hoogsteen-type base pairing is shown on the crystal structure
(PDB 2OEU). Adapted with permission from ref. 94. Copyright 2019 Elsevier.
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lipid bilayer membrane. Viral capsids are often composed of multiple components, have

a high degree of symmetry, and frequently have some degree of structural heterogeneity

and/or conformational flexibility. Understanding the structure of viral particles, in particular

insights on their assembly, can lead to development of new interventions for viral human

diseases. The challenges of the relatively large size (often in the megadalton range) of

the viral assemblies and the potential structural heterogeneity can be overcome by using

ssNMR. A recent review provides an overview of the use of ssNMR, including MAS-DNP,

for structural studies on virus and viral assemblies.14 In this section, we focus on insight

specifically enabled or delivered by MAS-DNP on these systems.

Human Immunodeficiency Virus Type 1 (HIV-1) is the causative agent of acquired im-

munodeficiency syndrome (AIDS). HIV-1 is a spherical viral particle which contains a conical

capsid assembly when the virus has undergone maturation, that means after the virus has

been released from the previous host cell but before it is capable of infecting a new host

cell. The maturation process involves a poorly-understood cascade of proteolytic events of

the Gag protein. The Gag protein contains several domains, of which the capsid (CA) and

spacer peptide 1 (SP1). Both domains form an assembly that reflects an intermediate of the

maturation process. Cleavage of the SP1 peptide leads to the final mature assembly. Using

MAS-DNP at 109–180 K, various structural aspects of this maturation intermediate state

were revealed, which were not previously observed by conventional ssNMR. This includes the

presence of multiple conformers at cryogenic temperatures, the random coil conformation of

SP1, and the dynamics and intermolecular contacts of aromatic residues in the hinge region

of the capsid protein.111

The degree of disorder was further investigated in two viral assemblies, the HIV-1 CA and

bacteriophage AP205 virus-like particles (VLPs). For the former, 2D and 3D heteronuclear

NCACX correlation spectra were recorded in only 0.6 and 1.7 h with DNP enhancement.

With the help of previous assignments obtained at ambient temperature using conventional

ssNMR and solution-state NMR, analysis of the DNP-enhanced 3D spectra led to the assign-
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ment of some residues which had poor or undetectable sensitivity with conventional ssNMR,

such as aromatic side-chains and residues involved in a flexible loop of CA that interacts

with cyclophilin A (CypA). The conformational plasticity of CA and its interaction with host

factors such as CypA are critical for capsid assembly and maturation. For both viral as-

semblies, a good agreement was found between the experimental chemical shift distributions

observed under the cryogenic conditions of MAS-DNP and molecular dynamics simulations

performed to probe the conformational distribution, suggesting that this combined approach

may give insight in the degree of order and disorder at a residue level in viral assemblies.212

Figure 15: Comparison of MAS-DNP and ssNMR spectra of U-13C,15N CA tubular assem-
blies. (a) Overlay of 2D NCACX spectra acquired with MAS-DNP (14.1 T, 109 K, gray) and
at ambient conditions without DNP (21.1 T, magenta) with (b) three relatively well-resolved
signals. (c) Primary amino acid sequence of CA annotated with the secondary structures
for α-helices (H) and β-sheets (S). (d) Structure of CA (PDB: 3NTE) on which the DNP-
assigned residues are labeled in cyan. In (c,d), the residues for which the chemical shift
distribution under DNP conditions were analyzed are colored magenta. Reprinted in part
from ref. 212. Copyright 2019 American Chemical Society.

Filamentous bacteriophages are viruses with a long, rod-like morphology, consisting of
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a helical protein capsid that contains genetic material in the form of a single molecule of

circular single-stranded DNA. Due to their ease of culture and dense protein content, as

well as their ability to orient in a magnetic field, filamentous bacteriophages have been

investigated by ssNMR and also used in early proof-of-concept MAS-DNP studies.97 The

unusual conformation of the single-stranded DNA in Pf1 bacteriophage was investigated by

Sergeyev et al. MAS-DNP enabled the most complete 13C and 15N assignment to nucleotide

type in this work, though some assignments were carried out without DNP at 213–243 K

for resolving crowded regions. The assigned chemical shifts were compared to previously

reported values in the Biological Magnetic Resonance Bank (BMRB),213 and were found to

often be shifted above or below known chemical shift ranges. These observed chemical shifts

are likely due to the unusual conformation of DNA in these viruses that is not base-paired

in the filamentous virion.214

In a further study by the same group, a sequential side-chain–side-chain (S3) pulse se-

quence was introduced, based on two directional SPECIFIC-CP steps, which is suitable for

carrying out residue-specific assignment of proteins using side-chain resonances to overcome

the issue of spectral crowding. Using MAS-DNP, 3D S3 spectra were obtained in one day.

On the base of a suite of 3D experiments, the authors were able to assign de novo 100% of

the 13C and 94% of the 15N resonances of the Pf1 major coat protein (46 residues). The

linewidths of the DNP spectra were further improved with sparse labeling and faster MAS of

up to 25 kHz using 1.9 mm rotors. In this case, the S3 sequence was shown to be superior to

more conventional NCACX/NCOCA experiments by providing direct Cα–Cα correlations.

Chemical shift perturbations (CSPs) were observed in specific regions of the protein, in cor-

relation with larger linewidths under DNP conditions, suggesting that both are sensitive to

hydration.215

In the context of the study of bacteriophage ϕ6, an interesting labeling method was

developed by Alphonse et al. The inner icosahedral capsid of bacteriophage ϕ6 was reported

to assemble in vitro by mixing four purified protein components (P1, P2, P4, P7), but only
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with an efficiency of 25%.216 For more efficient assembly and enabling the investigation of

the P4 component in the capsid, a sequential expression method was designed in E. coli. It

made use of two plasmids with orthogonal induction mechanisms, such that P4 component

is isotopically labeled while the other components remain unlabeled. After expression, the

proteins undergo intracellular assembly into procapsids (inner capsids without the genomic

content), which were then extracted and isolated for further ssNMR study. As the labeled

protein P4 (33 kDa as isolated protein, 2 MDa in procapsids) is a minor component of the

procapsid (over 13 MDa), enhancement by MAS-DNP was crucial. The procapsid samples

provided a DNP enhancement εon/off of up to 41, enabling e.g. 2D 15N−13C correlation

experiments with 13C at natural abundance (procapsids with 15N-labeled P4).216

3.4 Proteins in synthetic lipid membranes

All biological cells are surrounded by a membrane consisting of amphiphatic lipid molecules

that spontaneously self-organize into an enclosed bilayer in aqueous environments. The

membrane provides a barrier to limit or prevent the diffusion of certain species, such as large

molecules and charged ions. Apart from providing a selective barrier to contain and com-

partmentalize the cell, many important biological functions are carried out by proteins that

are embedded or associated with the membrane. Such proteins can be enzymes, channels or

pores, transporters or pumps, receptors; the range of possible function is accompanied by

variation in structural features. Membrane proteins are notoriously difficult to crystallize for

diffraction studies, where the detergent-based extraction of the protein from the membrane

can disrupt the native structure and interfere with function. For solution-state NMR charac-

terization, the lipid membrane frequently reduces molecular tumbling frequencies, making it

challenging to obtain well-resolved signals (or even any signal at all), and often requires the

protein to be embedded in smaller membrane-mimicking complexes such as micelles, bicelles,

or nanodiscs. SsNMR has the advantage that it can, in principle, characterize membrane

proteins directly in lipid membranes, in order to carry out functional and structural studies
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in the same conditions that bear more relevance to the physiological state.

While there is a diverse range of lipids in typical cell membranes, the complexity and

heterogeneity of cell-derived membranes can be detrimental to the sensitivity of the protein

under study. It is common, therefore, to study proteins in lipid membranes derived from one

or several type of synthetic lipid molecules, which enable membranes with a defined charge

and morphology to be robustly reconstituted in a reproducible manner. This approach forms

the basis of work reviewed in this section. MAS-DNP can overcome sensitivity challenges

introduced by the lower filling factor for many membrane proteins, as part of the rotor is

occupied by the lipid environment required for the correct folding of these proteins. For

MAS-DNP work carried out in native cellular membranes, see section 3.5.1.

MAS-DNP investigations of membrane proteins have formed significant parts of biological

DNP reviews.5,7,217 Additionally, several insightful reviews focus on membrane proteins as

a whole, including work from other biophysical techniques such as conventional ssNMR,

which is often a prerequisite for MAS-DNP investigations.6,15,16 Several reviews that include

a section on MAS-DNP focus on specific classes of membrane proteins such as enzymes218

and G-protein-coupled receptors (GPCRs).219

One of the significant challenges of working with membrane proteins is that there are

many possible parameters that can be varied, with implications for protein stability but

also potentially for DNP enhancement. One can customize the membrane composition, its

charge, the level of hydration, the reconstitution process, as well as the method by which

the polarizing agent is introduced. Therefore, various procedures and workflows have been

published on how to prepare DNP samples specifically for membrane proteins (see also sec-

tions 2.7.4 and 2.9). Lee et al. carried out a detailed analysis of different cryoprotectants

using a 24-residue α-helical influenza M2 transmembrane (M2TM) peptide selectively la-

beled at 5 residues, and an 18-residue β-hairpin antimicrobial peptide protegrin-1 (PG-1)

selectively labeled at 3 residues. These two model peptides were investigated in a range

of synthetic lipids with different cryoprotectants, tracking changes in linewidth from am-
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bient temperature down to 203 K.220 To investigate sample preparation protocols ideal for

membrane proteins, Liao et al. used the same M2TM peptide as above, and ROCKER,

a designed Zn2+ transmembrane transporter. In this extensive work, the effects of lipid

composition, lipid deuteration, the method of radical-mixing, and the type of cryoprotec-

tant, were some of the factors investigated. Very similar absolute sensitivity were found for

protonated and deuterated lipids, even though larger apparent εon/off were obtained with

deuterated lipids (69–100, against 56–78 for protonated lipids). The radical distribution

in lipid membranes was investigated quantitatively via the paramagnetic relaxation effect

(PRE), demonstrating that glycerol can facilitate radical mixing with the membrane even

at ambient temperature via partitioning to the membrane-water interface, and also suggest-

ing that radical distribution is bimodal, with different surface- versus lipid core-associated

proportions for TOTAPOL and AMUPol.134 Long and coworkers carried out MAS-DNP

methodological developments on KL4, a 21-residue synthetic peptide that mimics lung sur-

factant protein in its ratio of positively charged and hydrophobic residues, and is currently

used in clinical trials for treating respiratory distress. Due to its amphipathic properties,

KL4 partitions to the the hydrophobic interior of membranes and adopts a helical confor-

mation. Using KL4 embedded in membranes, the authors demonstrated that spin-labeled

lipids deliver higher and more consistent DNP enhancements compared to TOTAPOL.117,148

Recently, the same group carried out further optimization of sample preparation using KL4

in multilamellar lipid vesicles, using AMUPol, 10% DMSO, and freeze/thaw equilibration

to achieve improved enhancements.112 Section 2.7.4 also provides an overview of matrix-free

sample preparation approaches using covalent spin-labeling of membrane proteins or lipids.

The following sections focus on MAS-DNP applications on membrane proteins grouped

by functional similarities, such as receptors for specific molecules, enzymatic activity, and

channels or transporters across the membrane. Due to a large number of studies on light-

sensitive proteins, work on these are categorized together in a separated subsection even

though the proteins involved may also have transporter or receptor functions.
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3.4.1 Membrane enzymes

In a study using conventional ssNMR as well as MAS-DNP, Möbius et al. investigated an E.

coli inner membrane protein, diacylglycerol kinase (DGK). DGK is an α-helical homotrimeric

integral membrane protein that catalyzes the ATP-dependent phosphorylation of diacyl-

glycerol to phosphatidic acid, an important step in the biosynthesis of membrane-derived

oligosaccharides, which is part of the bacterial stress response. In this study, MAS-DNP

was used to enable TEDOR experiments and probe specific salt-bridges at the interface be-

tween the protomers of the trimeric protein. Conventional ssNMR was not able to detect

such cross-protomer contacts, possibly because of the sparseness of these contacts and their

relatively long range, which weakens the dipolar interaction. Using MAS-DNP on a mixed

labeled sample consisting of U-13C-DGK and 15N(Arg,Lys)-DGK, the occurrence of one or

more salt bridges involving Arg residues could be observed (Figure 16). Using mutagenesis,

R9, R81, and R91 were identified to contribute to these interactions out of the 6 possible

Arg residues in DGK.221

The ability of MAS-DNP to contribute to the study of membrane-bound enzymes was

reported by Yamamoto et al., who investigated a complex of two full-length mammalian

cytochrome proteins (total 72 kDa), which are important for carrying out redox reactions in

the liver and can play a role in drug metabolism. At full length, these membrane proteins

are bitopic, consisting of a transmembrane α-helix linked to a hydrophilic heme-containing

N-terminal domain with cytosolic catalytic activity. Frequently, the transmembrane helices

are truncated in structural studies of cytochrome proteins to overcome difficulties in sample

preparation for crystallography, but their presence is important for full enzymatic function

of the catalytic domains. To mimic physiological conditions, a relatively large amount of

lipids (1:250 protein:lipid molar ratio) was used, exacerbating the sensitivity challenge of

detecting the full-length cytochrome P450–cytochrome b5 complex in the membrane. Using

MAS-DNP 2D 13C−13C correlation spectra of the complex could be obtained, while spectral

crowding issues were addressed by highly selective isotope labeling. Protein-lipid interac-
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Figure 16: MAS-DNP spectra of DGK, showing (a) εon/off of 45 using 13C-CP and 20
mM AMUPol. (b) Activity of DGK with (+) and without (-) AMUPol, demonstrating that
the presence of the biradical has no influence on the activity. (d) DNP-enhanced 15N−13C
TEDOR spectra (6.25 ms mixing time) of a U-13C-labeled control sample of ([CC]-DGK)
(left), and mixed-labeled [CN(Arg)]-DGK trimers (right). Both spectra show natural abun-
dance crosspeaks (grey box): intra-protomer N-C’ (peak 1), intra-protomer N-Cα (peak 2),
intra-residue Arg-Nε,η-Arg-Cζ (peak 3). An additional crosspeak (green box) is observed in
[CN(Arg)]-DGK (peak 4). It can be assigned to an interprotomer contact, representing a
through-space correlation between Arg and Asn/Asp/Glu. (c) This cross-peak demonstrates
that salt bridges or H-bonds between Asp/Glu/Asn and Arg must exist at the protomer
interfaces. Mutations R9A, R81A and R92A cause a reduction in intensity of peak (4)
demonstrating their involvement in these cross-protomer contacts. Reprinted in part from
ref. 221 under a Creative Commons (CC-BY 4.0) license.
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tions could be identified between specific residues in cytochrome b5 and the DMPC lipids,

providing structural restraints to extract a 15° tilt of the transmembrane alpha-helix relative

to the bilayer normal, in agreement with previous experiments carried out in oriented bicelles

with conventional ssNMR.222 The interaction between transmembrane helices of the protein

complex was investigated with an ambitious 2D 13C−13C REDOR-filtered correlation exper-

iment, with magnetisation passing via 15N-enriched cytochrome P450 to natural abundance

13C in the same protein, followed by spin diffusion to 13C-enriched cytochrome b5. Although

cross-peaks were detected with sufficient sensitivity, their interpretation remained difficult

due to signal overlap in this crowded region of the spectrum.223

3.4.2 Channels and transporters

EmrE exporter The efflux-multidrug resistance E (EmrE) is a 12 kDa E. coli inner mem-

brane protein that is capable of exporting a variety of toxic polyaromatic cationic species

while importing protons. It consists of four transmembrane helices and functions as a ho-

modimer. The highly conserved glutamic acid E14 of helix 1 is essential for the transport

function of EmrE, but direct evidence of an interaction between E14 and the substrate had

not been obtained thus far. Using MAS-DNP, Ong, Lakatos et al. were able to detect an

interaction between the sidechain carboxylate Cδ of E14 and the Cmeta of tetraphenylphos-

phonium (TPP+) in a 2D 13C−13C correlation experiment. For that, they used sparsely

13C-labeled EmrE obtained with 2-13C-glycerol as the sole carbon source and TPP+ 13C-

labeled at one phenyl ring. An additional advantage of MAS-DNP in this application was

the reduction of the phenyl ring-flip motion, which interfered with the detection of this key

interaction at ambient conditions.224

KcsA potassium channel The K+ channel of streptomyces A (KcsA) is an extensively-

characterized membrane protein that is frequently used as a model system in NMR studies,

which consists of a tetrameric arrangement with two transmembrane α-helices per protomer.
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An early MAS-DNP study at 18.8 T (800 MHz 1H/527 GHz electron spin frequency) inves-

tigated U-13C,15N-KcsA prepared in liposomes. Besides some methodological investigation

about polarizing agents, deuteration of the sample, paramagnetic relaxation and intrinsic

linewidth effects, and despite low enhancements (8.3 and 13.2 for protonated, respectively

deuterated KcsA, both with AMUPol), the authors were able to probe specific residues in

the closed-conductive and open-inactivated states of KcsA. DNP data of the latter confor-

mation showed peak doubling that was not observed at ambient temperature, suggesting the

presence of two conformations with different degrees of channel opening.225 A further study

of KcsA in native bacterial membranes226 is covered in section 3.5.1.

M2 proton channel The M2 protein of the influenza A virus forms a homotetrameric

proton channel, which plays essential roles in the infection process; during initial steps of

infection, the acidification of the virion leads to release of the viral genome in the host cell;

during replication, M2 generates membrane curvature, which leads to budding and release of

the mature virus. The full-length protein is 97 amino acids, but various shorter constructs

retain the ability to form the membrane channel for proton conductivity, the shortest being

the M2 transmembrane (M2TM) peptide consisting only of the residues 22–46 which was

used for methodological developments (see section 2.7.3).134

The binding of the adamantane-based antivral drug rimatadine (Rmt) to M218–60 has been

investigated in an early MAS-DNP study. Using 13C-labeled M2 proteins and 15N-labeled

Rmt, conventional ssNMR gave only two correlations after 23 days of signal acquisition,

while DNP-enhanced TEDOR gave additional crosspeaks after only 2 days of experimental

time. One of the key signals obtained in both conventional and DNP-enhanced ssNMR is

the correlation to glycine G34Cα, providing the first direct structural evidence of a drug

interaction observed at the protein pore within a construct of this size.227

The budding and membrane scission role of M2 requires the presence of cholesterol, which

is found in eukaryotic but not in prokaryotic membranes. However, the known structures of
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M2 were solved without using cholesterol as a membrane component, thus the binding site of

M2 to cholesterol is still unknown. Using a combination of conventional ssNMR and MAS-

DNP, the cholesterol-M2 interaction was probed. To enable distance measurements, Elkins

et al. used a 13C-labeled construct of M222–61 and cholesterol 13C-labeled at the isopropyl

chain end (C25, C26, C27). In a 2D 13C−13C correlation experiment acquired with a long

mixing time of 1.0 s and a DNP enhancement of 38-fold, the authors were able to observe

correlations between I39 of M2 to cholesterol, corresponding to a 9.0 Å distance. This

result was consistent with 13C{19F} REDOR-based distance measurements carried out under

conventional ssNMR with cholesterol fluorinated at the isopropyl chain end.228

A further, more detailed study of the cholesterol-binding interface of M2 was reported

by the same authors in the following year. To overcome spectral crowding issues, cholesterol

was produced from 1-13C glucose by a genetically engineered strain of yeast, leading to

cholesterol that is skip-labeled at alternate carbons with only few adjacent 13C-13C pairs.

The construct used was M222–61 with specific 13C labeling on only two residues, G34 and I39.

Even with these highly selective labeling schemes, spectral congestion in DNP-enhanced 2D

13C−13C correlation experiments was such that the authors had to implement a DQ filter

to further simplify them, thus removing 75% of cholesterol intramolecular crosspeaks. The

resulting DQ-filtered 2D correlation spectra enabled detailed intermolecular assignments in

synthetic (POPC/POPG) and virus-mimetic membranes, and provided distance restraints

for molecular docking to create a model of the cholesterol-binding interface (Figure 17).229

The bound water at a key histidine (H37) of M218–60 was very recently investigated

using 1H-detection under fast MAS, MAS-DNP, and DFT calculations. In this study, MAS-

DNP was carried out with TEMTriPol-1 in standard DNP matrix at 600 MHz (14.1 T)

using a 2.5 mm Phoenix HFXY probe. DNP-enhanced 1H-detected spectra were acquired at

24 kHz MAS. While the bound water signal was already detectable in ssNMR experiments at

ambient conditions, DNP-enhanced 15N−1H correlation spectra at cryogenic temperatures

(90–100 K) helped to confirm that the observed water signal is not involved in chemical
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Figure 17: M2 protein–cholesterol correlations (red labels) obtained from DNP-enhanced
2D DQ-filtered-13C−13C spectra, with two types of lipid membranes: (a) synthetic
POPC/POPG, and (b) virus-mimetic membranes. (c) Cholesterol molecules (green) dock-
ing onto M2 (PDB 2L0J) using HADDOCK, with distance restraints obtained from DNP-
enhanced 2D 13C−13C spectra. (d) Close-up view of the cholesterol binding interface, show-
ing key Ile and Phe residues. The cholesterol carbons that show crosspeaks with M2 protein
are shown as spheres. Adapted from ref. 229. Copyright 2018 American Chemical Society.
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exchange, thus really corresponding to a bound species.230

ABC transporter ATP-binding cassette (ABC) transporters are a family of membrane

proteins that are capable of transporting many types of substrates across membranes, us-

ing ATP to power the translocation against the concentration gradient. The structure of

ABC transporters generally consists of two nucleotide binding domains (NBDs) and two

transmembrane domains (TMDs); the former are highly conserved and bind ATP to drive

the transport, while the latter are responsible for substrate specificity and show more se-

quence and structural diversity. The multiple structural states involved in the complex,

multi-step, and highly dynamic transport mechanism often defy structural characterization

by conventional NMR and crystallography approaches.

The transporter associated with antigen processing (TAP) is a 150-kDa human ABC ex-

porter involved in the adaptive immune response against virally- or malignantly-transformed

cells. It has a high affinity for the 9-residue antigentic peptide RRYQKSTEL, derived from

human histone H3.3. Using MAS-DNP as well as carefully-designed biochemical assays,

Lehnert, Mao et al. characterized the substrate-bound state of human TAP, which had not

been successfully elucidated by crystallography so far. To ease assignment, the peptide se-

quence was modified to KRYQNSTVY for better signal dispersion under DNP conditions,

while keeping an identical affinity to TAP as the native peptide. Achieving a high concen-

tration of peptide–TAP complex in the limited rotor volume was challenging because TAP

tended to aggregate and lose activity at higher protein-to-lipid ratios. Thus, the authors de-

veloped a specific DNP sample preparation method: isolated peptide–TAP complexes were

prepared in a detergent solution containing 1% initial glycerol; after flash freezing, the ex-

cess water was gradually removed by freeze-drying. Careful controls were carried out to

ensure that the complex was intact within the optimized condensed glycerol matrix. Using

DNP-enhanced 2D DQ–SQ 13C−13C and TEDOR correlation experiments, chemical shift

perturbation was observed for peptide resonances upon binding to TAP. This information
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allowed the backbone conformation of the peptide to be determined in the bound state.141

The ABC exporter MsbA is a homodimeric (2 × 65 kDa) ABC exporter from E. coli

that translocates lipopolysaccharides (LPS) to the outer membrane of gram-negative bac-

teria. The nucleotide binding modes of MsbA were investigated using a combination of

conventional ssNMR, MAS-DNP, pulsed EPR, and MD simulations. Apart from the two

canonical nucleotide binding sites, it was known that MsbA has an additional ATP-binding

site (AK-site), which shows reverse adenylate kinase activity.231 Four of the five states that

are involved in the coupled ATPase–rAK catalytic cycle were trapped, and the binding of

AMP/ADP in the AK-site was investigated with DNP-enhanced TEDOR experiments. The

investigation was carried out with U-13C-MsbA and 15N-AMP/ADP. The interaction ob-

served was assigned to the Q-loop, a conserved structural motif featured in other NBD of

ABC transporters.232 A separate study on MsbA, also by the Glaubitz group, focused on

the use of ssNMR and MAS-DNP to investigate the TMD. The authors designed a pair-

labeling approach to probe specific sites of the transmembrane helices 4 and 6 in the apo-

and vanadate-trapped states, as well as observe conformational changes in the presence of

substrates.233

Bam complex The β-barrel assembly machinery (Bam) is a large pentameric protein com-

plex that is associated to the outer membrane of gram negative bacteria such as E. coli. It is

essential for catalyzing the formation and insertion of β-barrel proteins into the outer mem-

brane. Of this large complex, the key protein BamA consists of a transmembrane β-barrel

domain and a long periplasmic domain. BamA has a ‘lateral gate’ or a weak point between

the first and last strands of the β-barrel, which is important for allowing protein substrates

to insert, fold, and be released into the bilayer. Pinto et al. investigated the structure of the

lateral gate and its relationship to other parts of BamA, such as two globular subdomains of

the periplasmic domain (P4P5) and an extracellular loop (EL6). This work was carried out

within the context of DLPC liposomes, using high sensitivity ssNMR techniques including
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MAS-DNP and highly specific labeling of 13C-Ile, 13C-Phe and 15N-Gly residues. The large

protein construct size (130 kDa) and the use of 15N-filtered 13C−13C experiments lead to

sensitivity challenges that were overcome with DNP enhancement (εon/off of 110 at 9.4 T),

with key differences observed in spectra where the lateral gate was open versus closed.234

3.4.3 Receptors

In humans, G-protein-coupled receptors (GPCRs) are a family of over 800 cell surface mem-

brane proteins. GPCRs are activated by the presence of a wide range of stimuli outside the

cell (hormones, neurotransmitters, ions, odorants, photons of light); in response they initiate

a range of intracellular signaling cascades, and thus mediate signal transmission across the

cell membrane. GPCRs share a common architecture consisting of a bundle of seven trans-

membrane α-helices, joined by three extracellular and three intracellular loops. GPCRs are

important pharmacological targets, but frequently exhibit a high degree of conformation flex-

ibility, making investigations of various functional conformational states for structure-based

drug design challenging.

The human bradykinin receptors are GPCRs which are activated by peptide hormones

derived from blood proteins. They lead to vasodilation and play a role in blood pressure

regulation and inflammation responses. Of the two subtypes of bradykinin receptors, B1R

and B2R, the binding mode of the B2R peptide ligand was elucidated previously by solid-

state NMR.235 On the other hand, B1R suffer from low expression levels and poor stability,

making a similar study quite challenging. The NMR sensitivity limitation resulting from the

very small amount of protein to which the 13C-labeled peptide ligand can bind, was overcome

by the use of MAS-DNP, with the associated cryogenic temperature helping to extend the

sample lifetime for structural characterization. Due to issues with sample stability, B1R was

characterized in mixed detergent micelles, in which the peptide binding affinity was close

to that found in native membranes, yielding an unusually high MAS-DNP εon/off of 169.

To reduce signal overlap, six different 13C,15N labeling scheme of the peptide were utilized.
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By comparing chemical shifts of B1R-bound and free peptides, the residues involved in the

protein–ligand interaction could be identified. Structural data obtained from MAS-DNP was

then used in docking to provide a model of the interaction of the peptide ligand with B1R.
236

The neuropeptide Y2 receptor (Y2R) is a 44 kDa GPCR that is considered as an im-

portant drug target to fight against obesity and anxiety, but structural data for drug de-

velopment is still lacking. A site-specific structural analysis of Y2R in various functional

states in bilayer membranes has been conducted by following the chemical shift modifica-

tions of the six native Trp residues present in Y2R. In order to assign the six Trp residues,

mutagenesis was first attempted but failed due to unpredictable changes in chemical shift.

Instead, each separate 13C-Trp was combined with 15N labeling of the following residue, lead-

ing fortuitously to unambiguous labeled pairs of residues for the 6 Trp in the Y2R sequence.

MAS-DNP was used to improve the sensitivity of the 1D NCOCX spectra acquired for each

of the six samples, using the glycerol signals as internal reference. Somewhat unusually,

the assignments obtained under MAS-DNP were then transferred back to ssNMR spectra

recorded at 243 K (-30°C) to investigate the conformational changes upon neuropeptide- and

arrestin-3 binding.237

3.4.4 Light-sensitive proteins

An important area of application for MAS-DNP is the investigation of light-sensitive proteins.

Light-sensitive proteins play diverse and important biological roles such as energy conversion,

intra- or intercellular signaling in bacteria, and they are key for enabling vision in animals.

A deeper structural understanding of such proteins can enable bioengineering applications

such as optogenetics.

MAS-DNP investigations have focused predominately on retinal-containing rhodopsins,

which are embedded in membranes, whereas other light-sensitive proteins such as phy-

tochromes may not be embedded in or associated to membranes. In rhodopsins and phy-

tochromes, a small chromophore molecule undergoes conformational change while absorbing
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light energy via a process known as photoisomerization. The conformational change of the

chromophore is transmitted to the covalently-linked protein, leading to signal transduction

to other cellular processes. After light-activation, the protein-chromophore complex need to

return to its ground state before another photon of light can be detected.

Rhodopsins, the main topic of this section, share a common architecture of seven trans-

membrane helices, one of which contains a key lysine residue that binds the retinal chro-

mophore via a Schiff base. There are several key differences between microbial and animal

rhodopsins: the arrangement of the transmembrane helices, different retinal bonds involved

in the photoisomerization step, the way that retinal returns to its initial ground state via

a photocycle involving K-, L-, M-, N-, O-states, and the immediate protein function(s)

triggered by photoactivation.238 The cryogenic conditions required for MAS-DNP are very

convenient to stabilize and trap intermediates involved in the photocycle, the structures of

which are important for understanding the function of rhodopsins. The use of very spe-

cific labeling (e.g. specific types of amino acid) can be implemented to overcome spectral

crowding issues encountered with MAS-DNP. Another important methodological aspect is

the reconstitution of the rhodopsin protein with retinal 13C-labeled at specific sites.239 In

2018, Becker-Baldus et al. have reviewed MAS-DNP methodology and applications on retinal

proteins with a specific focus on microbial rhodopsins.11

bR Bacteriorhodopsin (bR) is a light-driven proton pump that occurs at very high density

in the native purple membrane of the archaeon Halobacterium salinarum, and thus was

extensively studied and serve as a paradigm for other light-driven retinal-binding ion pumps.

Early on, the Griffin group used bR as a model system to demonstrate the feasibility of DNP-

enhanced ssNMR for biomolecular applications, specifically for membrane proteins.97,173,240

Subsequently, investigations with a focus on biological functionality were also carried out as

detailed below.

On light illumination, the retinal of bR undergoes conformational change and is then
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regenerated in-place through a multi-step cyclic reaction scheme known as the photocycle,

involving changes in hydrogen bonding, protonation, and double bond rotation. Using a

custom-built DNP probehead equipped with an optical fiber, a number of early intermediate

states of the bR photocycle were generated by light illumination at specific wavelengths

and cryo-trapped for observation. Some of the generated states had never been detected by

NMR, though were known via other techniques. Using [ζ-15N]lysine-labeled bR and MAS-

DNP, different intermediates could be characterized thanks to the distinctive and highly-

dispersed 15N chemical shift of the Schiff base (165-318 ppm).241 In a subsequent study, the

same group further characterized photocycle intermediates using U-13C, 15N bR, based on

the observation of correlations between the lysine-bound Schiff base and C15 of retinal in

DNP-enhanced 2D 15N−13C correlation spectra. In this way, all photocycle states of bR,

including some with unexpected heterogeneity, were detected and assigned.242

To understand the proton pumping mechanism of bR, an extensive investigation was

enabled by MAS-DNP with an enhancement factor εon/off of 75. By cryo-trapping key inter-

mediates of the photocycle, the authors were able to confirm one proton pathway out of three

possible routes that were proposed by QM/MM calculations. More specifically, the Schiff

base (SB) N–H bond distance was measured in various intermediates. The elongated bond

found in the protonated L-state indicates that the SB is poised to deprotonate at this step.

The 1H chemical shift obtained from the subsequent deprotonated Mo-state points towards

Thr89 being the stabilizing counterion. 2D 13C−13C correlation spectra revealed the prox-

imity to Thr89 of the Asp85 residue located on the extracellular side of bR. Taken together,

these different findings provided clear evidence of the primary proton transfer pathway, which

is a key irreversible step in the bR photocycle.243

GPR Green proteorhodopsin (GPR) is the first retinal-based photoreceptor discovered in

bacteria. It is a light-driven proton pump initially identified in γ-proteobacteria, a type

of marine bacteria. Though proteorhodopsin-like sequences were subsequently found to be
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widespread, GPR is the prototype that has been most often investigated. Compared to

bR, proteorhodopsins (pRs) can be optimized for absorbing different wavelengths of light, a

behavior termed spectral tuning, which is advantageous for engineering optogenetic applica-

tions. While GPR shares the heptahelical architecture of other rhodopsins, it is also known

to oligomerize in lipid bilayer membranes, forming donut-like complexes of hexamers and

pentamers. GPR has been extensively studied by Glaubitz and coworkers using MAS-DNP

as well as conventional ssNMR.244

The optimum light absorbance of pRs can be modulated through the L105 and A178

residues.245 The former is close to the chromophore, but the latter occurs further away from

the chromophore, on the cytoplasmic EF loop. It was therefore surprising that the mutation

A178R induces a large redshift of 20 nm. To understand this aspect, retinal specifically

labeled at C14 and C15 was incorporated into WT GPR and the A178R mutant. MAS-

DNP was required to enable detection of the specifically labeled chromophore. In particular,

clear chemical shift changes of C14 could be observed in DQ-filtered experiments, which

were found to result from mutation-induced changes in the photo-intermediate states.245

The L105Q mutation, which tunes the sensitivity of pR from green light to blue light, was

investigated as well by MAS-DNP. Again, 14,15-13C2-all-trans-retinal bound to WT and

L105Q GPR were compared. Here, the larger chemical shift change was found on C15 of

the mutant, and more detailed conformation of retinal at C14–C15 was probed via DQ

spectroscopy.246 In a more methodological aspect, retinal detection by MAS-DNP showed

that GPR produced via split intein trans-splicing yielded the same retinal chemical shifts as

classically-expressed WT GPR, demonstrating the potential of protein trans-splicing tech-

nology to produce segmentally-labeled membrane proteins in a robust manner.66

The conformational changes of retinal and the surrounding residues in the binding pocket

were investigated in further detail with 10,11,12,13,14,15-13C6-retinal incorporated into 15N-

Lys-labeled GPR. In situ sample illumination in the DNP probe in conjunction with cryo-

trapping enabled detection of signals arising from the K- and M-state photointermediates.
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The very low population of the deprotonated M-state in the WT protein was enhanced by

an E108Q mutation, which slows down reprotonation; the mutation was shown to not have

any detectable effect to the rest of the chromophore and protein structure. Two different

M-states were observed and large chemical shift changes in the K- to M-state transition

indicated correspondingly large structural distortions of the chromophore in this step of the

photocycle.247

The oligomeric states of GPR affect the dynamics of the photocycle. The protomer

interfaces were investigated through 2D 15N−13C TEDOR experiments using mixed 13C,

15N labeling. Since the number of interfaces with the correct labeling is only of the order of

1.25 per pentamer, MAS-DNP was necessary to achieve sufficient sensitivity. To prepare the

sample, a careful choice of detergents was required to disrupt the initial complexes formed

with only one type of labeling and achieve well-mixed oligomeric states with a statistical

distribution. Key residues for salt bridge formation at the interfaces were identified to

modulate the oligomerization, leading to monomers or hexamers instead of pentamers that

are typically assembled by the WT protein in proteoliposomes and micelles. Despite 13C-

depletion, natural abundance correlations were still observed in the DNP-enhanced TEDOR

data (50% reduced); careful control experiments were required to differentiate from bona

fide cross-protomer correlations.248

In another MAS-DNP study on the protomer interface of GPR using amino acid-specific

13C or 15N labeling, the conserved H75 residue was shown to form a cross-protomer hydrogen

bonding network in a triad involving W34 and D97. Using AMUPol, an εon/off of 40–60 was

obtained on all samples. This sensitivity enhancement made possible the acquisition of insen-

sitive 2D 15N−15N PDSD experiments on GPR that was specifically 13C,15N-labeled at the

single H75 histidine residue (Figure 18). These experiments unambiguously demonstrated

the tautomerization and ring reorientation of H75 from the dark- to the M-state.249 Sen-

sitivity enhancement delivered by MAS-DNP in conjunction with cryo-trapping of specific

states in the photocycle were essential for the above studies.
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Figure 18: Left: photocycle of GPR. Right: (A) DNP-enhanced 15N−15N PDSD spectra
of (13C6-

15N3-His,
15Nε-Lys)-GPRE108Q in the dark state (left, black) and the illuminated

M-state (right, orange) showing the change in H75 tautomer and ring conformation (B).
Spectra were recorded with a mixing time of 1 s. Adapted from ref. 249, 2019 National
Academy of Sciences.
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ChR2 Channelrhodopsins (ChRs) are ion channels from the single-cell green algae Chlamy-

domonas reinhardtii which conduct (but do not pump) cations in a light-dependent manner.

Of the two forms of the protein, ChR1 and ChR2, the former has a faster photocycle and re-

duced inactivation, but the latter shows higher cation selectivity and different dark-adapted

states; the former is the dominant photoreceptor in the algae, but the latter is more fre-

quently studied due to higher expression levels and potential for optogenetic applications.250

The C1C2 chimera of ChR is about half the length of full-length WT ChR2 (342 instead

of 737 amino acids) and was used for solving the first crystal structure of a ChR-like pro-

tein.251 Bruun, Stoeppler et al. combined solution-state NMR, solid-state NMR, and optical

spectroscopy to investigate C1C2, and showed the presence of two photocycles corresponding

to different ion conducting states with different selectivity. MAS-DNP was mainly used in

this study to confirm the all-trans chromophore conformation in fully dark-adapted (ground

state) ChR, as derived from the detection of crosspeaks between C12, C15 and C20 of retinal,

which was selectively labeled at these three positions252

In another report on ChR in the same year, Becker-Baldus et al. used a truncated ChR2

construct (residues 1–315) which contained all the transmembrane domains of ChR2 and

demonstrated its ability to conduct ions upon light illumination. Again, the presence of two

coupled photocycles was proposed, each with its own opened and closed state of the channel.

The authors deduced the all-trans conformation of retinal in the ChR2 ground state on the

basis of its characteristic C14 chemical shift. Furthermore, cryo-trapping by illumination

of the sample within the DNP probe at various temperatures led to the observation of

retinal conformations corresponding to three different states of the photocycle, including

accumulation of the long-lived desensitized P480
4 state (a closed state that results in reduce

photocurrents).253

In a further study, Becker-Baldus et al. followed up on the desensitized P480
4 state of

ChR2, a state formed during continuous light illumination (either at ambient temperature

or 245 K). In the desensitized state, the channel is closed and in contrast to the ground
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state, does not reopen on light illumination. The position of the desensitized state in the

photocycle was so far unclear. Again, by using the light-illuminating DNP probehead, the

conformation of the chromophore was followed via [12,15-13C2]-retinal by determining the

distance between C12 and C15 through DQ buildup curves. The retinal was determined to be

in the 13-cis conformation for the P480
4 state. The cryo-trapping procedure involves cycling

the temperature for the system to undergo some thermal relaxation before lowering the

temperature again to trap a new desired state. By modifying the cryo-trapping procedure,

it was possible to determine that the P480
4 state occurs at a late stage of the photocycle and

to propose an overall photocycle for ChR2254 (Figure 19).

Figure 19: Top: DQ buildup curves obtained with DNP enhancement, showing the clear
difference between cis and trans conformations. Bottom: the photocycles of ChR2, showing
branching at a late stage of the photocycle. Adapted from ref. 254 under a Creative Commons
(CC-BY 4.0) license.
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Mammalian rhodopsin While only microbial rhodopsins were covered thus far in this

section, an elegant study has been carried out on a mammalian rhodopsin by Kubatova,

Mao et al. using a combination of liquid-state NMR, DNP-enhanced ssNMR, and time-

resolved optical spectroscopy. The bovine G90D mutant of rhodopsin is associated with an

impaired visual cycle and leads to congenital stationary night blindness. A crystal structure

is only available for one of the multiple states of this mutant. After carefully establishing the

relevance of disulfide bond-stabilized constructs of rhodopsin, investigation of the protein-

bound retinal conformation was carried out by MAS-DNP using 15N-Lys labeled rhodopsin

and specifically 13C-labeled retinal. The characteristic 15N signal of bound retinal confirmed

the protonated Schiff base form in the G90D mutant in three states: the dark state, the

cryo-trapped early photointermediate bathorhodopsin state, and the light-activated Meta

II state (Figure 20). This finding was in contrast with WT rhodopsin where the Meta II

state involves deprotonation of the Schiff base. The impact of the G90D mutation on the

protonation of the Schiff base is likely due to changes in the stabilization and counter ion

effect, suggesting a mechanism of how this mutation leads to night blindness disease.255

Figure 20: DNP-enhanced MAS-NMR spectra of the G90DS-S mutant under three states: :
the dark state (black), bathorhodopsin state (blue), and protonated Meta II state (red). (A)
15N-Lys labeling of the protein showed the characteristic chemical shift for the retinal-bound
protonated Schiff base (pSB) in all states, with the two intermediates having a broader
linewidth than the dark state, suggesting conformational heterogeneity. (B) DNP-enhanced
DQ-filtered spectra, showing multiple C14 signals in the 13C-labeled retinal of the Meta II
state, indicating conformational heterogeneity that corresponds to a mix of the other states.
(C) Photocycle of rhodopsin. Reprinted from ref. 255 under a Creative Commons (CC-BY
4.0) license.
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Non-membrane associated light-sensitive proteins While many light-sensitive pro-

teins are membrane-bound or associated, there are exceptions such as phytochromes, which

are light-sensitive proteins of plants cells. Phytochromes are localized in the cytoplasm

before activation, or in the nucleus after activation, and play an important role in gene regu-

lation. The phytochrome chromophore is not retinal, but phycocyanobilin (PCB), a molecule

consisting of an open chain of four pyrrole rings. MAS-DNP has been used to investigate

U-13C, 15N-PCB in natural abundance Cph1Δ2, the sensory module of a cyanobacterial phy-

tochrome. 2D 15N−13C spectra contained all expected crosspeaks of PCB (Figure 21) and

the assigned chemical shifts suggested partial localization of a positive charge on ring B. The

functionally-relevant water molecules associated with PCB were investigated as well.256

3.5 Biomolecules in the cellular context

The native environment of many biomolecules is the cell, which can impact on many struc-

tural, dynamical and functional features of the system of interest, but is very challenging to

incorporate into NMR structural studies. Cells contain many types of molecules and present

an environment with strong molecular crowding, which leads to many potential interactions

on different time scales; such interactions may be key for correct folding and functioning of

certain proteins. However, it adds to the heterogeneity of the overall sample and reduces

sensitivity for NMR experiments. The molecular complexity of native cellular membranes

can influence the conformation and clustering of embedded proteins. Moreover, the low en-

dogenous level of many biomolecules can add to the sensitivity challenges. MAS-DNP offers

the opportunity to overcome some of these challenges for investigation of biomolecules in an

environment that is as relevant as possible to their native state.

In the applications reviewed in this section, the main focus is often on observing and

interpreting signals arising from proteins within their cellular context. For clarity, this

section is further subdivided into three areas: proteins embedded or strongly associated

to cell membranes, biomolecules investigated in cell lysates, and studies of intracellular
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Figure 21: a) Structure of Cph1Δ2 (PDB 2VEA). b) The bilin chromophore, which is
covalently bound via a thioether link to Cys 259. c) The chromophore is coordinated with
six H2O molecules (blue spheres) in the binding pocket. Nitrogen atoms are depicted in
blue, carbon in cyan, and oxygen in red. (d) 2D DNP-enhanced 15N−13C−13C spectrum of
U-[13C, 15N]-PCB in Cph1Δ2 in the red light-absorbing Pr state. The blue lines indicate
the sequential connection of the 15N resonances via methine carbon atoms C5, C10, and
C15. The cross peaks in solid circles correspond to natural abundance signals of the protein
background. Adapted with permission from ref. 256. Copyright 2016 John Wiley and Sons.
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biomolecules in bacterial cells and human cell lines. Further on in this review (sections 3.6

and 3.7), we cover applications where samples containing other types of whole cells can be

found, but the work in those sections are more often focusing on a non-protein or extracellular

aspect.

In-cell NMR is a topic of great interest since many years. Efforts in methodological

developments were first reported for solution-state NMR, and later for solid-state NMR

including DNP.17–19 MAS-DNP studies were also part of several broader in-cell NMR reviews

that cover techniques in both solution- and solid-state NMR.257–259

3.5.1 Proteins in native cell membranes

While lipid bilayers can be formed from a single type of lipids due to entropic-driven hy-

drophobic interactions, the typical membranes found in cells (for both prokaryotes and eu-

karyotes) are far more complex. Within native cellular membranes, multiple types of lipids

and proteins are found together with cholesterol and polysaccharides, often with covalent

modifications that lead to species such as lipoproteins and glycolipids. Many cellular mem-

branes are asymmetrical, with different components on each side. The molecular composition

is specific to the organism and the cellular compartment, and can be highly heterogeneous,

with microdomains that vary spatially across the membrane surface. Membrane proteins

placed within the context of a cellular membrane may show affinity to certain components,

have different clustering patterns, and adopt different conformations compared to when re-

constituted in a simplified model membrane. From the perspective of NMR, proteins are

found typically at lower concentrations in cellular membranes compared to model mem-

branes, which reduces sensitivity; MAS-DNP can be a strategy in these cases to overcome

the sensitivity challenge. In principle, as the protein of interest is localized at the membrane,

the membrane fraction extracted from cells is sufficient to provide a native environment, with-

out the need to use intact cells. Many biological applications in this area rely on bacterial

membranes due to the relative ease of culturing, though a few studies were performed on
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membranes extracted from higher organisms such as fish260 and human cell lines.261 Wein-

garth, Baldus, and coworkers have published detailed experimental protocols for preparing

membrane protein samples in native bacterial membranes for MAS-DNP studies.262,263

One of the earliest MAS-DNP work on proteins embedded in cellular membrane was

carried out by Linden et al. They investigated a snake neurotoxin protein which targets the

nicotinic acetylcholine receptor. This ligand-gated ion channel is found at neuromuscular

junctions and in the central nervous system. As this receptor occurs at a high concentration

in the electric organ of the pacific electric ray, it was used to extract receptor-rich ‘mem-

brane patches’, which were incubated with labeled neurotoxin proteins and subsequently

investigated by MAS-DNP. While the initial DNP enhancement was 26, the resolution in 2D

13C−13C spectra was very poor. After storing the sample for 4 weeks in a -20°C freezer, the

spectra showed a decreased DNP enhancement to 12, but an improved resolution. This ef-

fect was attributed to the partial quenching of TOTAPOL radicals associated to membranes

components.260 This first preliminary study highlights the potential of the technique for the

investigation of complex cellular systems, but at the same time, the difficulties associated

with such complex samples.

In a study on the Sec translocon (SecYEG), a protein which can transport other proteins

across biological membranes, Reggie, Lopez et al. used MAS-DNP to overcome the significant

sensitivity challenge of observing the 25-residue LamB signal peptide in E. coli SecYEG (over

600 residues). Only four residues of the signal peptide were 13C-labeled to provide sufficient

resolution at DNP experimental conditions. With an εon/off of 32, 2D 13C−13C correlation

spectra were obtained on the bound signal peptide in 20 hours, instead of weeks or even

months which would have been necessary for a similar experiment by conventional ssNMR.

The observed chemical shifts suggested an α-helical conformation of the signal peptide.264

In a preliminary study, Yamamoto et al. explored the capacity of MAS-DNP for the study

of cytochrome b5, a single-pass membrane protein consisting of a transmembrane α-helix with

an extended cytosolic catalytic domain. The protein was overexpressed in E. coli and the
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whole cell pellet (with membrane embedded cytochrome b) was directly used for MAS-DNP

measurements. Selective labeling enabled a relatively resolved 2D 13C−13C spectrum to be

obtained with a DNP enhancement of 16.265

Jacso et al. investigated Mistic, a bacterial protein that can autonomously fold into the

cell membrane without involving other intracellular transport proteins. In this study, E.

coli cells expressing Mistic were lysed, and the lipid membrane fraction separated by many

low-speed centrifugation steps to yield a 25 mg wet cell membrane pellet that contained

approximately 0.28 mg of Mistic. The authors demonstrated that 2D and 3D correlation

experiments involving 13C and 15N dimensions (NCACX and NCOCX) can be obtained

successfully on labeled Mistic protein in native cellular membrane. Analysis of the data

confirmed the α-helical secondary structure at specifically labeled residues.266

While Mistic is a relatively small (13 kDa) model protein, the same approach is also

successful in much larger membrane complexes. Kaplan et al. reported on the study of the

bacterial type IV secretion system core complex (1 MDa) in extracted E. coli cell envelope

fractions. Using protein prepared either uniformly 13C, 15N or very selectively labeled in

specific amino acids to obtain maximal spectral dispersion, the authors were able to obtain

expected sequential correlations using 3D NMR data obtained at 9.4 T (DNP εon/off ≈ 60).

The data validated the structural model previously generated via in vitro crystals in a more

native-like context.267

The epidermal growth factor receptor (EGFR) is a transmembrane protein associated

with cell division and survival, and thus is one of the most commonly targeted protein in

anti-cancer therapy. In a multidisciplinary and comprehensive study, Kaplan et al. cultured

human epidermoid carcinoma cell line (A431) that is known to have a high EGFR expression

level, from which vesicles/liposomes with a large amount of EGFR proteins in native cell

membrane (5.5 fold enrichment relative to whole cells) were derived. MAS-DNP was com-

bined with very specific labeling of 13C-Met and -Phe, as well as 15N-Thr and -Leu residues, a

strategy that allowed the authors to provide tentative assignments to sequential residue pairs

86



of EGFR. The MAS-DNP data suggested a ligand-induced protein stabilization revealed by

reduced linewidths upon EGF binding.261

Following a fist MAS-DNP study of the bacterial K+ channel KcsA in liposomes, Visscher

et al. reconstituted KcsA in E. coli polar lipids using a low protein/lipid molar ratio of 1/400

for MAS-DNP, while 1/100 is usually the minimum required to obtain enough sensitivity by

conventional ssNMR. A low protein/lipid ratio was required here to avoid spurious contacts

between channels and be able to study the relationship between the channel-gating and

-clustering behavior without biasing the results by random contacts. By mixing channels

labeled in either only 13C or 15N, heteronuclear intermolecular correlations could be observed

in NHHC experiments. Variation of the pH to alter the state of the channel between opened

and closed revealed the reversible and dynamic nature of KcsA clustering, as well as potential

concerted channel opening in clusters.226

Nisin is a 34-residue antimicrobial peptide able to target bacterial membranes by forming

pores and at the same time interacting with lipid II, a precursor used in cell wall synthesis

(see section 3.6.1 for further background). Medeiros-Silva et al. showed that the nisin:lipid II

complex can only form pores when placed in membranes liposomes but not when solubilized

in DMSO. Two types of membrane liposomes were investigated: reconstituted from model

phospholipids and derived from bacterial cells. The 15–20 fold sensitivity reduction of the

nisin:lipid II complex in cellular membranes compared to model phospholipids was overcome

by two methods: conventional ssNMR 1H-detection at 60 kHz MAS and MAS-DNP. The

experiments confirmed that the structure of the complex in model phospholipid liposomes

recapitulates the main features of the likely functional conformation of nisin in Micrococcus

flavus cellular membranes (Figure 22). MAS-DNP spectra showed significant line broadening

of S29 in both DOPC and cellular membranes at 100 K, indicating high levels of dynamics.

The dynamics of S29 can be influenced by extremely flexible hinge residues nearby. Mutation

of S29 and nearby hinge residues may potentially lead to nisin derivatives with enhanced

antimicrobial activity for pharmaceutical development.268
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Figure 22: (a) 2D 13C−13C spin diffusion ssNMR spectra on the lipid II-bound state of
nisin pores within membrane liposomes reconstituted from DOPC, a neutral phospholipid,
at 280 K (blue) and at 100 K with DNP enhancement (orange). (b) Overlay of DNP-
enhanced 2D 13C−13C spectra acquired in DOPC (orange) and in liposomes derived from
the cellular membrane of M. flavus (magenta), a nisin-sensitive bacterium species. Red
arrows highlight strong chemical shift perturbations. (c) Proposed structure of nisin:lipid II
pores from ssNMR and MAS-DNP data. Dynamic residues identified in the current study
are indicated with dashed rings. Adapted from ref. 268 under a Creative Commons (CC-BY
4.0) license.

Another antimicrobial peptide, teixobactin, has been investigated by MAS-DNP. It tar-

gets lipid II and lipid III in the bacterial cell membrane, with the putative binding mode

involving the pyrophosphate functionality that is found specifically in these bacterial lipids.

This feature is crucial for antimicrobial activity against a broad spectrum of bacteria, but

with low toxicity to human cells. However, production of teixobactin is highly challeng-

ing as a natural product of an unculturable bacterium and development of analogues is

hampered by the lack of information about its binding mode. As in the nisin study, MAS-

DNP highlighted that the binding complex of teixobactin in model phospholipid liposomes

is structurally similar to that found in cellular membranes extracted from M. flavus .269

3.5.2 Cell lysates

Considering the complexity of working with intact cells, cell lysates provide a useful middle

ground where the heterogeneity in terms of types of biomolecules and variety of interactions

is present, without the additional issue of compartmentalization by cellular membranes.

One of the key issue when working with low concentration of the targeted biomolecule
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in a cellular environment is the removal of the signal arising from the cellular background,

which may be partially isotopically labeled as well. Viennet et al. addressed this problem by

a targeted DNP approach, and is one of the first to propose developments in this direction.

The authors attached a TOTAPOL moiety to the ligand of the target protein Bcl-XL, a

20 kDa apoptosis inhibitor, which was present in the crude lysate after overexpression at

50 µM, but not further purified or concentrated. When a fully deuterated buffer was used,

the MAS-DNP enhancement provided by the modified ligand attached to the labeled protein

was shown to be selective for the protein, reducing the influence of signals from the lysate

background. The chemical shift range of the detected resonances were indicative of a high

degree of α-helix structure, consistent with that of Bcl-XL.
125

In an elegant study, Frederick et al. used deuterated cell lysates with added 13C,15N-

labeled yeast prion domain Sup35NM to study the mechanism by which Sup35NM mediates

non-standard inheritance (see section 3.1.1 for further background). One of the key MAS-

DNP experiment in this study was carried out at 16.4 T (1H Larmor frequency of 700 MHz),

which can improve resolution, but gave only a moderate enhancement of -8 to -10 with

TOTAPOL (∼80% of maximum enhancement on standard proline on the same instrumental

configuration). Interestingly, the 2D spectra showed that Sup35NM fibrils adopts less α-

helical and more β-sheet conformations in lysates (Figure 23) compared to purified fibers at

similar cryogenic temperature. In particular large chemical shift changes were observed for

the lysine and proline residues of the M domain, which is unstructured in purified fibrils.

This observation suggests that the M domain interacts with other cell components such

as chaperones when in the cell lysate. In contrast, the core of the fibril does not seem to

be affected by the cellular milieu. This study evidences that the cellular environment can

significantly impact protein secondary structure. Incidentally, the study of Sup35NM fibrils

in lysates required 1 week of signal averaging time even with DNP enhancement due to the

very low amounts (10 µg) of labeled protein within the rotor.127

A recent study investigated polyphosphate (polyP) granules in Xanthobacter autotrophi-
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Figure 23: The secondary structure of Sup35NM (NM) fibers in cellular lysates differs from
the secondary structure of in vitro-templated fibers. (A–C) Carbonyl carbon (C’) region of
13C−13C correlation spectra at 700 MHz of (A) 30 mg of purified NM fibers in protonated
buffer at 283 K acquired in 24 hr, (B) 1 mg of purified cryoprotected NM fibers at 83 K
acquired in 6 hr and (C) cryoprotected NM fibers assembled in the presence of cellular lysates
acquired in 1 week. (A) was acquired with ssNMR while (B–C) were acquired with MAS-
DNP. (D–F) Line-fitting of (A–C) to find the distribution of secondary structures present
in each sample, using three Gaussian distributions that describe the expected chemical shifts
for the possible secondary structural motifs: α-helices (black), random coils and turns (light
blue), and β-sheets (magenta). (G–I) Residuals of the fits in (D–F). (J) Relative secondary
structure distributions (in percent) as determined by intensity of each Gaussian distribution
for the protein backbone in each fiber sample, using the same color code as in (D–F). At
room temperature, nearly half of the NM molecule is not observable by NMR (gray bar),
while another third of the protein is undergoing unrestricted motions on the ps-ns timescale
and is random coil in character (light blue bar). Comparison of spectra from frozen samples
with the room temperature data is complicated by the interplay of experimental temperature
and dynamic motions. Reprinted with permission from ref. 127. Copyright 2015 Elsevier.
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cus, a bacterium involved in biotechnological applications and known to sequester phosphate

from its growth medium. The polyP granules can modify proteins covalently and play a role

in regulating protein folding. For their study, a cell-like environment with minimum extrac-

tion was preferred to avoid modification of the structure and distribution of native phosphate

species. While conventional ssNMR and solution-state NMR were used for whole cell inves-

tigations, MAS-DNP was applied on the insoluble cell fraction that was enriched in polyP

granules. The cryogenic temperatures of MAS-DNP were expected to immobilize all polyP

granules present, and 31P CSA measurements demonstrated that the predominant phos-

phate linkage present in the granules is cyclic Q2 (Figure 24), in contradiction with previous

assumptions that linear polyP chains would dominate.270

3.5.3 Whole cells

As discussed at the beginning of this section, the investigation of biomolecules within whole

cells with MAS-DNP is challenging. There are a number of methodological issues to be

addressed in relation with the compartmentalization and localization of the molecular species

concerned. Many experimental choices have to be made regarding the protein/biomolecule,

the cell type, the synthesis or delivery of proteins and polarizing agents into cells, and

how the cellular background signals can be removed or reduced. The reducing intracellular

environment can introduce additional challenges by quenching binitroxide-based polarizing

agents. A specific sample preparation procedure for in-cell systems has to be developed for

each cell type and biomolecule to be observed, and is especially important for achieving

sufficient DNP enhancement of the intracellular species of interest.

After considering the methodological challenges specific to MAS-DNP, we must also con-

sider the challenges from a biological perspective. All of the work described in this section

have been carried out on bacterial cells or human-derived cell lines. It is important to

consider the effect of various experimental features on the biological system, such as the

centrifugal forces experienced by the sample during MAS, the low temperatures, and the
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Figure 24: 31P chemical shift anisotropy (CSA) of X. autotrophicus granules compared to
model phosphate compounds. (a) 31P DNP CP spectrum (black) of the granule-enriched
fraction measured at 110 K under 17 kHz MAS on a 600 MHz spectrometer. CSA spinning
sidebands are marked by an asterisk (*) and denoted as +2 to -2. Single-component best fit
(red) gives a CSA that agrees well with the CSA of the dried sample. (b) Compilation of
isotropic and anisotropic chemical shifts of phosphate model compounds (black, green, blue,
orange) and X. autotrophicus granules (red). Data obtained in this study are shown as filled
circles, while data reported previously are shown as open squares. Q1–3 illustrate different
types of phosphate sites with some typical model compounds shown on the left of (b). (c)
Schematic of the proposed polyP structures in X. autotrophicus granules. Linear and cyclic
polyphosphates are packed together and chelated by metal cations (Mn+) such as nickel
and calcium. Similar size of linear phosphates and metaphosphates is only for illustration.
Reprinted from ref. 270. Copyright 2020 American Chemical Society.
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presence of polarizing agents and cryoprotectants.

Faced with the methodological challenges involved in preparing suitable samples, several

teams have published detailed protocols for the purpose of enabling MAS-DNP in bacte-

rial and human cell lines. For bacterial cells, Narasimhan et al. has published a detailed

protocol for studying proteins in membrane extracts and delivering cytoplasmic-soluble pro-

teins (e.g. ubiquitin) into whole cells.263 For human cell lines, which can be more sensitive

to the low temperatures used in MAS-DNP, Ghosh, Kragelj, Xiao et al. proposed a proto-

col, demonstrated with the HEK293 cell line, to transfer and load the cell sample in the

NMR probehead at cryogenic conditions that preserve cell viability.271 Another recent work

by Ghosh et al. addresses further issues on maintaining viability of HEK293 cells during

MAS-DNP and describes the delivery of AMUPol into cells by electroporation.113 Further-

more, radical delivery to bacterial cell membranes may be improved by using spin-labeled

antimicrobial peptides.150,151 In this section, we will first review studies within bacterial cells,

followed by investigations on human cell lines.

Bacterial cells A better understanding of biomolecules within bacterial cells can con-

tribute to diverse applications, from the development of novel antibiotics to biocatalysis.

Moreover, bacterial cells are relatively easy and economical to culture, a reason why first

in-cell applications of MAS-DNP were attempted on bacterial cells. However, they also bring

challenges such as a highly reductive cellular environment, as demonstrated by tracking the

EPR signal of TOTAPOL in the presence of E. coli cells or cell lysates. While the EPR signal

of TOTAPOL was completely lost within 10–15 minutes in the presence of cells, the radical

quenching process was slowed down in certain conditions such as in lysates, at 4°C (38%

remaining after 10 minutes), or by pre-treatment with N-ethylmaleimide to block cysteine

thiol groups; radical reduction could as well be partly reversed by potassium ferricyanide.272

One of the earliest applications of MAS-DNP to investigate intact cells was carried out by

Renault et al. The 150-residue integral membrane protein PagL was studied in three contexts:
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E. coli whole cells, cell envelopes (cell surface membranes and peptidoglycan), and model

proteoliposomes. For the whole cell samples, 15–40% glycerol was used for cryoprotection,

balancing sample stability and viability. While no specific aspect of this study tracked

the fate of biradicals in the presence of E. coli cells, sample were precooled to -20°C prior

to MAS-DNP experiments. U-13C, 15N labeling and moderate enhancements (εon/off = 10

for whole cells) enabled the acquisition of 2D NCA correlation spectra, which selectively

detected signals from the protein-based components of the sample. Interestingly, apart from

protein and other signals arising from components of the cell envelope, spectra on whole

cell samples contained signals from RNA, which was likely to be present in the intracellular

cytoplasmic space. As the cells were collected after 4 h of induction prior to the MAS-

DNP experiment, RNA accounted for about 21 wt% of E. coli macromolecules. This finding

suggests either a certain degree of cell lysis during sample preparation, or that the potential

compartmentalizing effect of the cell membrane did not stop the entry of the radical into

the cell, or that spin diffusion was highly efficient in delivering DNP hyperpolarization even

to cytoplasmic components.273 Similar RNA signals were also observed in a study on the

bacterial cell wall of B. subtilis 143 (section 3.6.1).

Bacterial cells play an important role in many aspects of biotechnology, including the

development of artificial metalloenzymes (ArMs) for the catalysis of unnatural chemical re-

actions. ArMs are designed protein scaffolds that can be expressed in a microbial host, and

in which a catalytic transition metal complex can be incorporated through a self-assembly

process. Chordia et al. demonstrated the catalytic ability of an ArM, which was both ex-

pressed and assembled in E. coli cells. The ArM complex was characterized by conventional

and DNP-enhanced NMR. The bulk of the assignment was obtained under in vitro condi-

tions with solution- and solid-state NMR. The intracellular self-assembly of the protein and

the metal complex was then investigated by molecular biology techniques and MAS-DNP.

Using deuteration to suppress background cellular signals, an excellent DNP enhancement

of 100 was obtained. 3D 13C DQ-SQ-SQ experiment (Figure 25) of ArM in the cell could be
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carried out with sufficient resolution to allow unambiguous assignment of a selected number

of residues. The very good agreement with the in vitro assignment is a strong indication of

structural similarity and correct self-assembling of the ArM in the cell.128

Figure 25: (a) Structure of the artificial metalloenzyme complex LmrR A92E/CuII-Phen
(PDB: 3F8F), with green residues assigned in E. coli cells using a (b) 3D 13C DQ-SQ-SQ
experiment carried out with MAS-DNP. Other colors indicate residues assigned via solution-
state NMR and conventional ssNMR. Adapted with permission from ref. 128. Copyright
2021 John Wiley and Sons.

Human cell lines Compared to bacteria, the culture of mammalian cells is more demand-

ing and labor-intensive. While studying biomolecules in native human cells may eventually

be possible by MAS-DNP, the methodological developments required are currently proceed-

ing with immortalized human cell lines such as HeLa, HEK293, Jukrat, which are often (but

not always) derived from human cancers. Such cell lines are easier to grow and maintain

indefinitely in culture than primary cell cultures derived from native tissues. As an estab-

lished technology, it is often possible to transfect and express a desired protein within these

cell lines in a reliable and reproducible manner.274

The first demonstration of MAS-DNP in human cells was reported by Albert et al. with

HEK293F cells. In this work, a customized trimodal molecule (TotaFAM) was designed,

which covalently linked both the polarizing agent TOTAPOL and the fluorophore 6-FAM
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for cell localization to the intracellular targeting Tat peptide (47–57). This way, the uptake

of TotaFAM by cells could be followed via confocal microscopy, making it possible to observe

its intracellular localization. Fluorescence was observed across the whole cell but especially

located at the nucleoli. The radical lifetime in the presence of cells was followed by EPR

spectroscopy, which showed an approximately 40% drop of signal after 30 minutes. MAS-

DNP was carried out at 6 K and 90 K. Reduction of the biradical was minimized by freeze-

quenching the sample in under 3 minutes after addition of TotaFAM. At a concentration

of 2.7 mM, TotaFAM outperformed AMUPol for obtaining a 13C CP-MAS spectrum of

HEK293F cells, presumably due to more effective targeting of the biradical into cells.275

In order to develop correlative studies using MAS-DNP as well as other biochemical and

biophysical techniques, Narasimhan et al. developed a procedure for the delivery of ubiqui-

tin protein into HeLa cells by electroporation. To track the diffusion of the polarizing agent

through the cell membrane into the cytoplasm, the authors used a water-soluble bimodal

molecule PyPol-TMR composed of PyPol, an AMUPol-like biradical, covalently bound to

the fluorophore TMR/TAMRA. After 10–15 minutes of incubation and despite the fact that

PyPol-TMR is not known to have intracellular targeting properties, fluorescence could be

observed in both the nuclear and cytoplasmic cell compartments, thus demonstrating that

AMUPol is likely capable of simply diffusing through the cell membrane. The authors ob-

tained a DNP enhancement of 130 at 9.4 T (400 MHz 1H-frequency) and 35 at 18.8 T

(800 MHz) using a sample preparation protocol that involes: electroporation of ubiquitin,

resuspension of cells in AMUPol-containing glycerol-based standard DNP matrix, mild cen-

trifugation of cells into the rotor, and rapid freezing of the DNP rotor by liquid nitrogen.

To improve spectral resolution, 3D DQ-SQ-SQ 13C correlation spectra of ubiquitin were

acquired, which confirmed that the protein remains similarly folded in-cell as in vitro.276

A study with relevance to antitumour drugs currently in clinical trials has been con-

ducted by Schlagnitweit et al. in collaboration with AstraZeneca. They used HEK293T and

HeLa cells to investigate danvatirsen, an antisense oligonucleotide (ASO) that downregu-
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lates the transcription factor STAT3, which plays a key role in cell growth and apoptosis.

It is especially attractive to characterize this 16-mer ASO in-cell by NMR, as other small

fluorescent or biotin tags were shown to alter activity and localization, with tagged versions

of ASO significantly less efficient than untagged ASO. However, the sensitivity challenge of

clearly observing the unlabeled ASO in-cell had to be overcome with MAS-DNP and 31P

spectroscopy. ASO was delivered by electroporation into HEK293T cells, while AMUPol

in DMSO, D2O, H2O was used as a buffer to provide the polarizing agent for MAS-DNP.

1H−31P 1D and 2D experiments were performed to detect the phosphorothioate backbone

of ASO (Figure 26). This study demonstrates the potential of MAS-DNP in contributing

to further development of this type towards the observation of pharmacological molecules in

their interactive environment.277

Combining flow cytometry and MAS-DNP, Overall et al. used the Jukrat cell line derived

from leukaemic human T-cells to develop methods for studying the reactivation of latent HIV

infection, a bottleneck in the current antiretroviral therapy where HIV infection can only be

controlled but not cured. The HIV genome is incorporated in the Jukrat T cell line variant

JLat, which are able to produce near complete virions on reactivation and thus provide an

adequate model system. The JLat cells were engineered to co-express HIV proteins and a

reporter green fluorescent protein (GFP) to enable cytometry, in addition to a mutation that

prevents the formation of infectious virions for biosafety reasons. The cells were cultured with

15N-labeled medium, and the reactivation of HIV was followed both by cytometry and MAS-

DNP, where the increase in 15N cross polarization signal was quantified. The evolution of

the 15N signal intensity was found to qualitatively but not quantitatively reproduce the flow

cytometry results. The correlation could be improved by flow cytometric sorting to reduce

reactivation inhomogeneity in the population of cultured cells, thus remove the contribution

of untransfected cells from the 15N signal. It was noted that AMUPol is unusually stable in

JLat cells, with EPR signal only reducing by 8% in 30 minutes,278 which is much less than

in previous work using HEK293 cells.275 .
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Figure 26: 31P NMR spectra of frozen HEK293T cells containing ASO delivered by electro-
poration. The signal at 0 ppm is the cell background, the sidebands of which are indicated by
triangles. The dotted line indicates the signal arising from the phosphorothioate backbone
of ASO. (a) 1D CP obtained using conventional ssNMR at 240 K, MAS 5.5 kHz, 600 MHz
spectrometer, signal averaged for 25 hours. (b) DNP-enhanced 1D CP obtained at 100 K,
MAS 12.5 kHz, 400 MHz spectrometer, signal averaged for 1.5 hours. (c) Sum of 16 slices of
a sheared DNP-enhanced 2D CP PASS spectrum to eliminate the spinning sidebands, signal
averaged for 2.8 hours. Reprinted with permission from ref. 277. Copyright 2019 John Wiley
and Sons.

98



While conventional mammalian cell cultures uses adherent cells that form a flat, 2D layer,

there has been development of 3D cell culture techniques to provide an environment with

mechanical properties and biological cues that are more similar to those found physiologically.

In this context, Damman et al. have published a protocol for conducting ssNMR on spheroids

of tumor cells, which can act as a model system for solid tumors. The spheroids formed were

600–700 µm in diameter, consisted of 70,000–100,000 cells, and remained intact up to an

MAS spinning frequency of 5 kHz. The spheroids were formed from the epidermal carcinoma

cell line A431, which expresses high levels of the membrane protein EGFR (introduced in

section 3.5.1). A 13C,15N-labeled nanobody (single domain antibody) known to bind with

high affinity to EGFR, was incorporated to the unlabeled spheroids. Despite the low amount

of bound nanobody in the spheroid (only about 50% of the EGFR amount), DNP-enhanced

2D 13C−13C DQ-SQ correlation experiments were obtained showing specific resonances from

the nanobody, illustrating the feasibility and potential of the approach.279

Most MAS-DNP studies carried out thus far did not thoroughly address the issue of bio-

logical viability of cells after undergoing the DNP procedure, aspects of which can be highly

stressful: low temperatures, addition of polarizing agents, and shearing forces during MAS.

This important aspect was investigated by Ghosh et al., who outlined the conditions that

favor efficient DNP while maintaining HEK293 cell viability. The membrane integrity was

tracked by Trypan dye exclusion to observe morphology and growth of the cells at multiple

time points of the MAS-DNP sample preparation procedure and experiment (Figure 27).

Conditions such as using 10% DMSO or 15% glycerol did not compromise viability, while a

higher concentration of glycerol at 60% was found to disrupt membranes in over half the cells.

The use of electroporation and slow freezing was found to give robust DNP-enhancement

of above 40 for 10 mM of AMUPol, while maintaining cell viability at approximately 60%.

The authors also demonstrated that good DNP enhancement can be achieved on all com-

partments and components of the cell, especially when aided by electroporation.113
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Figure 27: HEK293 cells are viable throughout the MAS-DNP process. (A) Experimental
scheme of the MAS-DNP sample preparation procedure and cell viability assays. Colored ar-
rows indicate points at which sample viability was assessed: after trypsinization and washing
(dark red), after suspension in AMUPol and cryoprotectants (orange), after being frozen at
1 °C/min (green), after manipulation to remove the drive tip from the frozen rotor (purple),
and after the entire MAS-DNP NMR experiment (blue). (B) Frozen cells best represent
the state of the sample during MAS-DNP data collection. Percentage of cells with trypan-
impermeable membranes at each sample assessment point, colored as in (A). Each point
represents an independent sample. (C) Addition of glycerol affects growth kinetics, but fur-
ther sample manipulations do not. Growth kinetics was assessed by confluency, colored as
in (A). (D, E) Fluorescence microscopy of HEK293 cells immediately before (D) and imme-
diately after freezing (E) by using phalloidin (green) and Hoechst 33342 (blue) to stain actin
cytoskeleton and nucleus (scale bar: 10 µm), showing the preservation of cellular ultrastruc-
ture at the freezing rate used. Reprinted from ref. 113. Copyright 2021 American Chemical
Society.
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3.6 Cell walls

The cell wall of plants, fungi, and bacteria is a diverse and fascinating area of investigation,

with applications in many fields including healthcare, agriculture, biotechnology, and new

materials. The cell wall of these organisms possesses essential glycan-based components,

which can exhibit incredible structural diversity in conformation and configuration, but

also unfortunately show dense NMR spectral crowding in 1D and even 2D spectra. Certain

essential components may be much less abundant and difficult to detect even with labeling of

the sample. The heterogeneity of these biomaterials means that purification and extraction

processes can be ineffective for some of their components. Some recent reviews of ssNMR

investigations on plant and fungal cell walls, including the use of DNP enhancement, were

carried out by the research teams of Stark280 and Wang.7,12,13

3.6.1 Bacteria

The cell wall of bacteria is essential for its survival, growth, and division. A key compo-

nent of the bacterial cell wall is the peptidoglycan (PG), a polymer of glycan chains with

alternating N -acetylglucosamine-N -acetylmuramic acid (GlcNAc-MurNAc) crosslinked with

short peptide bridges. The biochemical machinery for peptidoglycan biosynthesis does not

have counterparts in humans or mammals; thus, it is a common target for antibiotics, many

of which function by inhibiting peptidoglycan synthesis. Bacteria are relative easy to cul-

ture, with many well-characterized mutants presenting tuned cell wall characteristics; as

such, they can be a good system for developing whole cell or in-cell DNP procedures. In the

methodological context, Takahashi et al. have demonstrated that DNP enhancement can be

obtained on entire Bacillus subtilis cells, and found that TOTAPOL has specific affinity for

the peptidoglycan component of the cell wall.143
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3.6.2 Fungi

The fungal cell wall is an important organelle that enables the fungi to adapt and survive

environmental stresses. Unlike bacteria (gram positive/negative), there is not a simple clas-

sification of fungal cell wall architecture. While some components of the fungal cell wall are

commonly found, the exact architecture can vary greatly. The fungal cell wall frequently

consists of chitin (polymer of N -acetylglucosamine, GlcNAc) and glucans (polymers of glu-

cose with varying linkages). While the chitin layer is relatively thin and close to the fungal

membrane, the glucan layer is usually much thicker and further out from the fungal mem-

brane. The glucan layer is frequently heavily modified with covalent linkage to many types of

molecules, which vary depending on each fungal species and strain. Thus, the outer surface of

the fungal cell wall can contain glycoproteins, other polysaccharides, and melanin. All these

complex molecular species can mask the fungal cell from the native immune system.281,282

Interestingly, unlike the case of bacteria, only a subset of antifungal agents targets the fungal

cell wall, with traditional therapeutic modes aiming to perturb fungal membranes.281,283 To

gain insight on the fungal cell wall, Kang et al. used MAS-DNP to record 2D 13C−15N and

15N−15N correlation spectra, and identified three additional minor types of chitin on intact

cells of Aspergillus fumigatus. The polymorphism identified by the authors in the cell wall

of whole fungal cells partly explains the complexity of developing effective antifungal agents.

To overcome the problem of spectral crowding, the authors performed spectral editing con-

sisting of a 15N−13C dipolar filter to select the chitin amide, followed by polarization transfer

to nearby glucans using a spin diffusion step. By taking then the difference of two spectra

recorded with different spin diffusion times, the authors were able to obtain a well-resolved

spectrum containing only intermolecular long-range cross peaks from the interaction partners

of chitin284 (Figure 28). Considering the limited amount of chitin in the cell wall and the

requirement for a spectra difference, this informative spectral editing experiment was very

insensitive and only made possible with the sensitivity enhancement brought by MAS-DNP.

Melanin is a polyaromatic dark pigment found in certain fungal cell walls and associated
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Figure 28: (a) DNP-enhanced 15N−13C correlation spectra measured using 3 mg of A. fu-
migatus fungal cells. Labels of signals with a, b, c indicate the three major types of chitin
identified in this sample. (b) DNP-enhanced, chitin-edited 15N−13C correlation spectrum
with unambiguously detected signals from chitin itself (orange labels) or glucans that are
spatially proximal (light blue, green, and blue labels). The DNP experiments were conducted
on a 600 MHz/395 GHz spectrometer. (c) Illustration of chitin–glucan packing interactions
that were discovered by the chitin-edited spectrum in (b). (a, b) Reprinted in part from ref.
284 under a Creative Commons (CC-BY 4.0) license. (c) Reprinted in part with permission
from ref. 13. Copyright 2020 John Wiley and Sons.

with virulence. Its structure is difficult to investigate due to being insoluble, heterogeneous,

amorphous, and moreover, slightly paramagnetic. Using a cell-free method, Chatterjee et

al. obtained labeled fungal melanin samples that were studied with MAS-DNP. Even with a

modest enhancement, the authors were able to obtain 2D 13C−15N z-filtered transferred echo

double resonance (TEDOR) spectra on these challenging samples, bringing insight on the

precursor requirement and time course of the biosynthetic process of this protective fungal

pigment.285

A chemoenzymatic investigation of melanin derived from tyrosinase of Agaricus bisporus,

the most common species of edible mushrooms, was performed combining characterization

with MAS-DNP, ssNMR, and scanning electron microscopy. Starting with 13C, 15N-labeled

Tyr, the formation of melanin was found to not follow a strictly stepwise biosynthetic path-

way, but has a wider scope of reactants including many monomeric intermediates. MAS-DNP

was applied on labeled melanin obtained from the action of the fungal tyrosinase, and 2D

103

https://creativecommons.org/licenses/by/4.0/


13C−13C correlation spectra could be assigned to specific intermediates. Such a study can

shed light on the diversity of structures present in melanin and develop structure–function

correlations of this pigment.286

3.6.3 Plants

The main component of the plant cell wall is cellulose, which consists of β-1,4-linked glucose

chains and is the most abundant glycan-based biomaterial on Earth. During growth, the

plant cell produces primary cell wall which can accommodate cell expansion; after growth has

ceased and expansion is complete, secondary cell wall is produced to provide greater rigidity

and strength. Both types of cell wall contain cellulose and different types of hemicelluose.

Secondary cell walls also contain lignin, an heterogeneous polyaromatic polymer.287 The

composition, the amount, and interactions between these different plant cell-wall polymers

is species specific, and has implications for the chemicophysical material properties, as well

as for the extraction and purification of cellulose, which is obviously of significant industrial

importance.

Early MAS-DNP methodological work on cellulose was carried out using a matrix-free

sample preparation method.41 The sensitivity enhancement achieved via DNP enhancement

enabled 2D DQ-SQ 13C−13C correlation spectra to be acquired on natural abundance cellu-

lose, in 20 minutes at 9.4 T with TOTAPOL41 and in 16 hours at 18.8 T with TEMTriPol-1.50

Meanwhile, in an early biological application of MAS-DNP, Wang et al. investigated

expansin, a protein which loosen the assemblies of cellulose and other glycans in the cell wall

during plant growth. DNP signal enhancement was required as the amount of expansin is

only 0.1% by weight of the cell wall. In order to characterize the binding interaction of this

protein, highly selective experiments were devised to detect signals of glycans that are in

close proximity to the expansin protein.288

Subsequently, the Wang group has developed protocols for preparing fungal and plant

materials for ssNMR analysis, both with and without DNP signal enhancement,122 and often
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without isotopic enrichment.289 Using these methodologies, they investigated the impact of

ball milling on the crystallinity of commercial cotton cellulose at natural abundance using

MAS-DNP.119 The crystalline to amorphous conversion upon that specific treatment was

corroborated to observations made using over ten other techniques.290

In an interdisciplinary effort to understand the role of acetylation in the correct formation

of native cell wall architecture, Zhang et al. obtained DNP-enhanced 2D 13C−13C correlation

spectra on natural abundance samples of wild type and mutant rice to investigate their

differences in the acetylation of arabinoxylan, the major hemicellulose species.291

Using a series of labeled samples from herbaceous plants, including maize, Arabidopsis,

switchgrass, and rice, Kang et al. designed NMR experiments that specifically excite hemicel-

lulose signals (mainly xylan) that are bound to the lignin aromatic groups (Figure 29). DNP

signal enhancement was key for the acquisition of such lignin-edited spectra, since the signal

selection is based on the combination of an aromatic-selective dipolar gating sequence292

and a frequency filter, as well as a short recycle delay, all of which significantly reduces the

sensitivity and increase the challenge of obtaining 2D spectra.293 The excellent selectivity

achieved in this study was partly enabled by customization of the gyrotron microwave source,

which was equipped with a shutter to turn off the microwave after the initial CP excitation

step, thus avoiding repolarization of the dominant bulk signals.294

There are also a number of MAS-DNP studies in the broad context of material science,

aiming to observe the effect of various extraction processes and covalent modifications for

industrial applications, such as the effect of lignin removal treatments on wood295,296 or the

characterization of chemically modified cellulose-based materials.297,298 Such work is carried

out in the great majority at natural abundance, where DNP signal enhancement is required

for a detailed analysis based on 2D NMR spectroscopy.
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Figure 29: MAS-DNP reveals the conformational selectivity of xylan for lignin-binding using
experiments on maize stem samples. (a) 1D lignin-selective (top) and non-selective (bottom)
13C DNP-enhanced CP-MAS spectra. In the lignin-selective spectrum, the aromatic signal
is clearly far more prominent than the carbohydrate signals. (b) Lignin-edited (top) and
control (bottom) 13C−13C correlation spectra obtained with MAS-DNP. The lignin-edited
spectrum only shows polysaccharides spatially proximal to lignin, including three-fold xylan
(blue labels, Xn3f), a subset of two-fold xylan (purple labels, Xn2f, types b and c), and surface
cellulose (s). The interior cellulose (i) signal was absent in the lignin-edited spectrum, as
expected. Adapted with permission from ref. 13. Copyright 2020 John Wiley and Sons.
Reprinted in part from ref. 293 under a Creative Commons (CC-BY 4.0) license.

3.7 Biomolecules in the extracellular context

Biological activity in all organisms, whether unicellular or multicellular, is not limited to

within the cell. The extracellular space, or more correctly the extracellular matrix, can often

demonstrate as much complexity as the in-cell environment. In bacteria and yeast, a biofilm

is often secreted in many growth conditions, providing an external environment that can

encourage robust adherence and colonization of the surface. For multicellular organisms, the

extracellular matrix is much more than a passive scaffold, but a key player with signaling

functions that can determine cell behavior and fate.299

The extracellular matrix can comprise of inorganic minerals and organic components.

The inorganic phase can be crystalline or amorphous, depending on the biological state of

the organism(s) involved. For the organic components, it is possible to find a full repertoire

of biomolecule types as those found in-cell, including proteins, glycans, lipids, and nucleic

acids, albeit at different proportions. Frequently, the extracellular matrix is composed of in-

soluble, heterogeneous, heavily modified, and cross-linked components, making it challenging
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to characterize, quantify, and observe biomolecular interactions. Moreover, the components

can be highly dynamic and undergo significant turnover. The species of interest may occur as

a minor component, thus requiring DNP signal enhancement for detection and investigation.

Here we outline some emerging applications of MAS-DNP on this type of systems.

3.7.1 Calcified biominerals

A review by Gervais, Bonhomme, and Laurencin highlights the possibilities by which state-of-

the-art NMR techniques, including MAS-DNP, can be applied to the study of synthetic and

natural calcium phosphates, the most well-known examples of which is found in bones and

teeth.20 Two DNP studies were reported on carbonated substituted hydroxyapatite (CHAp)

phase of calcium phosphate, a synthetic model for the mineral phase of bone tissue. The

first one reports the feasibility of efficiently detecting 1H−43Ca NMR correlation signals on

natural abundance synthetic nanoparticles and mice teeth. While this type of experiment

is highly useful for structural investigation of such materials, it would be impossible to

access it without the sensitivity enhancement provided by DNP.300 In the second study,

MAS-DNP on 13C-labeled CHAp enabled the detection of substitutions in the bulk of the

material. The CHAp domains could be characterized according to the type of carbonate

substitution by using 31P−13C and 13C−13C correlation experiments. Even with 13C labeling,

such experiments are challenging due to the relatively low amount of carbonate substitution

present within the mineral.121

Using DNP signal enhancement, Sinha and co-workers carried out a number of proof-

of-concept investigations on natural abundance collagen-containing tissues. Singh et al.

demonstrated that correlations between imino acids and aromatic residues can be obtained

via 1H−13C HETCOR experiments on natural abundance bone samples;301 while imino acids

are relatively abundant (>20%) in collagen type I in bone, aromatic residues are rare (2%),

rendering interchain correlations between these two types of residues on a natural abundance

sample highly challenging to detect. More recently, Tiwari et al. demonstrated 2D 13C−13C
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correlation spectra on natural abundance bone and cartilage samples.302 Using the signal en-

hancement provided by DNP, the authors confirmed previously observed signals arising from

citrate in bone303,304 and from glycosaminoglycans in cartilage, and attempted to identify

their interaction with collagen proteins. Although tryptophan was identified as one of the

possible interaction partners, collagen type I and II, the predominant types of collagen found

in these tissues, lack tryptophan. It is possible that this observation involves tryptophan

residues from other proteins found in these native tissues.

Azäıs et al. have demonstrated the capability of DNP combined with CP to provide

surface-specific enhancement (DNP SENS140) in biominerals, with two main examples on

sheep bone tissue and European abalone shell nacre.305 Both of these are calcified organic

matrices; bone is predominately a collagen matrix that is mineralized with calcium phos-

phate (hydroxyapatite-like), and European abalone nacre is an organic matrix of glycans and

proteins that is mineralized with calcium carbonate (aragonite). On the bone sample, DNP

signal enhancement enabled a long series of 13C {31P} REDOR spectra to be obtained, which

confirmed the fraction of surface-bound citrate present in the mineral phase of bone in line

with previously published studies.304 For shell nacre, a 2D 1H−13C HETCOR experiment

recorded in 16 minutes allowed the easy identification of many exposed carbonate sites as

protonated bicarbonate ions, and provided insight into the disordered phase in this material.

3.7.2 Mammalian ECM

In studies on collagen-based extracellular matrices, a glycerol-containing DNP matrix is

often not used, and does not appear to deliver additional DNP enhancement.120 Reasonable

enhancement factors (εon/off ≈ 15–60) were obtained by a D2O/H2O mixture or simply using

D2O and relying on the protonated sample to provide the necessary 1H spin diffusion to

spread hyperpolarization.306

Duer and coworkers designed MAS-DNP studies to investigate low level species in the

extracellular matrix (ECM), using mammalian primary cell cultures supplemented with
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isotopically-labeled precursors. The use of cells that are extracted from a tissue of inter-

est and underwent a limited number of subcultures, rather than immortalized cell lines

which are usually easier to culture, is important for obtaining ECM that is faithful to a

physiological rather than a pathological state. This approach was successful for probing

hydroxylysines in two types of samples: mouse skin tissue, and ECM obtained from bovine

vascular muscle cell culture. Hydroxylysine is a post-translational modification that is spe-

cific to collagen and occur at less than 2% of the collagen sequence. These residues are

essential sites for crosslinking and glycosylation, which modify the mechanical and surface

properties of collagen fibrils; their loss can lead to certain forms of osteogenesis imperfecta.

MAS-DNP enabled the detection of hydroxylysines in these native and native-like samples,

and was able to detect subpopulations of different types of covalent modifications at these

sites.120

The molecular mechanisms linking intracellular DNA-damage response to extracellular

matrix calcification has been investigated by Müller et al. in a highly interdisciplinary study.

The authors cultivated cell culture models of vascular ECM with labeled glucose, which was

converted by vascular cells into poly-(ADP ribose) (PAR); thereafter, the cells were lysed

and the sugar species detected. DNP signal enhancement was required to unambiguously

assign PAR that remained associated with the vascular ECM after cell lysis, and to confirm

that any DNA released during the lysis procedure was removed and no longer associated

with the ECM.307

By labeling the ECM of fetal sheep osteoblasts with specific amino acids such as histidine

and lysine, Goldberga et al. discovered by MAS-DNP the presence of low levels of nucleic

acid within the ECM. The presence of these nucleic acid at this non-canonical location is

suggested to be due to matrix vesicles that are involved in biomineralization and cell signaling

in the extracellular space.308

One of the potential applications of MAS-DNP is the study of natural abundance au-

topsy samples obtained from humans. In this direction, Chow et al. investigated changes
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in cartilage structure of patients suffering from alkaptonuria and osteoarthritis using MAS-

DNP. Alkaptonuria (AKU) is a rare disease where patients often suffer from osteoarthritis

that progresses rapidly at an early age. The joint degeneration is strongly linked to dark

pigmentation that accumulates in weight-bearing joints, though the mechanism of disease

progression has not yet been conclusively demonstrated. A series of 2D 1H−13C HETCOR

experiments were carried out with DNP enhancement on natural abundance samples of hu-

man cartilage tissue obtained as surgical waste (Figure 30). Using MAS-DNP and EPR,

the authors conclusively linked the chemical structure of the pigment to the metabolite (ho-

mogentisic acid) that is elevated in these patients, gained insight into the disease mechanism,

and proposed a novel degeneration pathway for collagen proteins in cartilage that may be

common to patients of both AKU and osteoarthritis.309

3.7.3 Silk

Although spiders can be fed a diet with isotopically-enriched amino acids, the exposure to

relatively high concentrations of specific amino acids is known to affect the spiders and their

silk, which makes this biomaterial difficult to enrich. A fascinating study was carried out

by Craig et al., who used MAS-DNP to obtain 2D 1H−13C HETCOR spectra on natural

abundance spider silk in only 10 minutes rather than 8 hours as per conventional NMR.

With this experiment, the authors probed the hydrogen bonding in the silk from three

different spider species, which was found to correlate with the stiffness (Figure 31). Moreover,

hydroxyproline residues were detected for the first time by NMR in one of these spider silks,

and different conformations of arginine were observed in the silks from the different species.310

3.7.4 Biosilica

MAS-DNP has been used in several investigations on diatoms. Diatoms are single-cell algae

whose cell wall is mineralized with silica. The intact biosilica is a hybrid organic-inorganic

material, which has been characterized by solid-state NMR.311 The organic phase is complex,
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Figure 30: Left: 2D DNP-enhanced 1H−13C HETCOR spectra obtained from pigmented
(red) and non-pigmented (green) human AKU cartilage at 50 µs contact time. Spectral
differences in the aromatic region indicated pigmentation species; in the glycine Cα region,
differences suggested collagen degradation in the pigmented cartilage. Right: Human car-
tilage samples used in the DNP experiment, showing the dark pigmentation due to AKU.
Adapted from ref. 309 under a Creative Commons (CC-BY 4.0) license.
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Figure 31: 2D 1H−13C HETCOR MAS-DNP experiments on natural abundance spider silks
with a contact time of 150 µs. The silks are taken from L. hasselti (top), A. keyserlingi
(middle), and N. plumipes (bottom). Full spectrum (A), with expanded carbonyl (B) and
glycine Cα (C) sections. Reproduced from ref. 310 with permission from the Royal Society
of Chemistry.
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containing mineral-associated proteins, long chain polyamines, and carbohydrates. Combin-

ing 13C, 15N, and 29Si labeling with DNP enhancement, Jantschke et al. were able to identify

all components of the organic phase of the diatom Stephanopyxis turris, even for the low

abundance polyamine and lysine components. For the protein fraction, mainly β-strand and

random-coil conformations were observed, in agreement with molecular dynamics results. A

model was proposed, which consists of a 3 nm surface organic layer covering the 40–80 nm

thick silica phase substituted with the polyamines.312 Two further species of diatoms, Cy-

clotella cryptica and Thalassiosira pseudonana were analyzed with MAS-DNP in a more

recent publication. These diatoms are producing chitin fibrils, both external to the cell wall

as well as attached to the silica mineral phase. By comparing the DNP signal enhancement

of the various organic components, including chitin, in different species of labeled diatoms,

the authors suggest different arrangements and thickness of the chitin layer relative to the

silica phase, which is low in 1H and shows reduced spin diffusion.104

It is known that specific long chain polyamines and proteins assist in the biomineral-

ization of diatoms, which is much faster than abiotic silica formation. One such protein is

silaffin, with lysine-rich repeat segments. To accelerate the synthesis of biomimetic silica for

biotechnological applications, a 12-mer peptide derived from silaffin and containing 5 lysines

was proposed. The peptide as well as the resultant silica were analyzed by a range of tech-

niques, including MAS-DNP. The experimental time required to detect the silica-embedded

peptide in 1D 13C CPMAS spectra was reduced from 17 hours with conventional ssNMR to

only 16 scans (64 seconds) with MAS-DNP. This enhancement in sensitivity enabled addi-

tional 2D experiments to probe the peptide backbone conformation.313 Biomimetic silica can

be used to immobilize enzymes in the context of a wider range of technological applications.

While various proteins can be successfully embedded in silica and analyzed by ssNMR, such

samples suffer from low sensitivity. A preliminary study of several silica-entrapped enzymes

by Ravera, Michaelis et al. demonstrated promising DNP enhancements (εon/off of 20 and

55) on this type of systems at 5 T, and still reasonable enhancements (εon/off of 16 and 15)
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at 16.4 T, though the authors note that the spectral resolution was fairly low.314

4 Outlook

MAS-DNP is a versatile technique that has recently been applied on various biological prob-

lems found in all domains of life. While the first DNP report on a biological system was

nearly 25 years ago, the technique became more widely available commercially over the last

decade. The enhancement in sensitivity provided by MAS-DNP undoubtedly expanded the

scope of solid-state NMR spectroscopy and many methodologies currently in development

will certainly maintain and even accelerate this momentum. These on-going developments

include ultra-low temperature DNP with sustainable helium spinning for even higher sensi-

tivities and MAS spinning frequencies,49,52–55 high temperature DNP that will perhaps rely

predominantly on the Overhauser DNP mechanism,48,315 sterically-shielded radicals with

enhanced stability against reduction for in-cell applications,81,275 pulsed excitation of elec-

tron spins,316,317 electron decoupling,318 improved targeting strategies to focus on specific

molecules or regions of the biological system,8 and so on.

A key challenge yet to be fully overcome is the resolution of spectra at cryogenic temper-

ature, which must be addressed in order to further broaden the biological application scope

of MAS-DNP. Nevertheless, insightful information could already be obtained on well-defined

questions, mainly using specific labeling, as evidenced by the number and variety of work

published so far. It is clear that MAS-DNP and even solid-state NMR are only one part

of the solution towards understanding the complex function and mechanism of biomolecu-

lar systems and assemblies. Often, it is best to consider an integrative approach, using all

available structural and biophysical tools, including MAS-DNP.

While new biological applications will always be enabled by developments in methodology,

it is also interesting to consider new applications on specific types of samples. For example,

MAS-DNP using a stable and naturally-occurring radical in a protein was demonstrated
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nearly ten years ago.319 With the recent interest in using endogenous radicals in material

investigations,320,321 this approach can perhaps be revisited for investigating these types of

systems via MAS-DNP in addition to photo-CIDNP. Another potentially important trend is

the demonstrated feasibility of obtaining useful 2D spectra with natural abundance samples.

While some of this line of work has been mentioned above and was already reviewed by

Smith et al.,322 the ability to robustly carry out 2D spectra on natural abundance biological

samples will open up many areas for investigation.

The diversity of biology is such that MAS-DNP has most certainly not yet exhausted

all fruitful routes of investigation. Many imaginative and bold applications await us still,

both with current technology and new methodologies being developed. Almost all current

MAS-DNP facilities worldwide are hosted in publicly-funded and national institutions. The

significant cost of investing in the instrumentation, consumables, and maintenance required

for MAS-DNP, often borne by citizens, should motivate us to continually seek out fresh

insights that can justify the privilege of being able to access this technology.
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Abbreviations

α-LP α-lytic protease

αS α-synuclein

A431 a human epidermoid carcinoma cell line

ABC transporter ATP-binding cassette transporter (membrane protein)

ADP adenosine 5’-diphosphate

AIDS acquired immunodeficiency syndrome

AKU alkaptonuria, a rare human disease

AMP adenosine monophosphate

AMP-PNP adenylyl-imidodiphosphate

AP205 bacteriophage that infects Acinetobacter bacteria

ASO antisense oligonucleotide

ASR absolute sensitivity ratio

ATP adenosine 5’-triphosphate

ApoF apoferritin

ArM artificial metalloenzyme

B1R, B2R subtypes of bradykinin receptors which are also GCPRs

Bam β-barrel assembly machinery, a pentameric complex (A–E)

Bcl-XL B-cell lymphoma-extra large protein

BMRB biological magnetic resonance bank

bR bacteriorhodopsin

CIDNP chemically induced dynamic nuclear polarization

CORD combined R2νn-Driven

CP cross polarization

cryoEM cryogenic electron microscopy

CSA chemical shift anisotropy

CSP chemical shift perturbation

117



CW continuous wave

CA capsid domain of the Gag protein of HIV-1

CaM calmodulin

ChR channelrhodopsin

CsgA curli, a bacterial amylogenic protein

CypA cyclophilin A

DARR dipolar assisted rotational resonance

DFT density functional theory

DGK diacylglycerol kinase

DLPC 1,2-dilauroyl-sn-glycero-3-phosphocholine

DMPA 1,2-dimyristoyl-sn-glycero-3-phosphate (sodium salt)

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine

DMPE 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

DNP dynamic nuclear polarization

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine

DOTA dodecane tetraacetic acid

DP direct polarization

DQ, DQF double quantum, double quantum filtered

DRAWS dipolar recoupling with a windowless sequence

DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine

DnaB bacterial helicase

εB Boltzmann polarization

εon/off enhancement value

ECM extracellular matrix

EGFR epidermal growth factor receptor
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EmrE efflux-multidrug resistance E

EPR electron paramagnetic (spin) resonance spectroscopy

FAM fluorescein fluorophore

GBC γB-crystallin

GFP green fluorescent protein

GPCR G-protein-coupled receptor

GPR green proteorhodopsin

GlcNAc N-acetylglucosamine

HADDOCK ‘high ambiguity driven biomolecular docking’ software

HEK293 human embryonic kidney cell line

HETCOR heteronuclear correlation

HIV human immunodeficiency virus

HP35 villin headpiece subdomain,

HPLC high-performance liquid chromatography

HSQC heteronuclear single quantum coherence experiment

HeLa a human cervical cancer cell line

HttEx1 first exon of mutant huntingtin protein

IAPP islet amyloid polypeptide, also known as amylin

IDP intrinsically disordered protein

IF1 prokaryotic translation initiation factor

INEPT insensitive nuclei enhancement by polarization transfer experiment

ITC isothermal titration calorimetry

KL4 peptide that mimics lung surfactant protein

KcsA K+ channel of streptomyces A

LAH influenza virus hemagglutinin stalk long α-helix

LPS lipopolysaccharides

LamB signal peptide in E. coli
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LecA a galactose-binding lectin from Pseudomonas aeruginosa.

M2 proton channel of influenza virus

MAS magic-angle spinning

MD molecular dynamics

MF matrix-free

MTS diamagnetic version of MTSSL

MTSSL 1-oxyl-2,2,5,5-tetramethyl methanethiosulfonate spin label

MsbA ABC exporter from E. coli that translocates lipopolysaccharides to

the outer membrane of gram-negative bacteria

MurNAc N-acetylmuramic acid

NBD nucleotide binding domain

NMR nuclear magnetic resonance

NOE nuclear Overhauser effect

NOVEL nuclear orientation via electron spin locking

PA polarizing agent

PagL lipid A deacylase of E. coli

PAR (NMR) proton assisted recoupling experiment

PAR (biopolymer) poly-(ADP ribose)

PASS phase-adjusted spinning sidebands experiment

PCB phycocyanobilin

PDB protein data bank

PDSD proton-driven spin diffusion

PG peptidoglycan of the bacterial cell wall

PG-1 antimicrobial peptide protegrin-1

PI3 phosphatidylinositol 3-kinase

POPC 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine

POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt)
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pR proteorhodopsin

PRE paramagnetic relaxation enhancement

pSB retinal-bound protonated Schiff base

QM/MM quantum mechanics/molecular mechanics molecular simulations

rAK reverse adenylate kinase site of MsbA

REAPDOR rotational echo adiabatic passage double resonance experiment

REDOR rotational echo double resonance experiment

RF radiofrequency

RFDR radiofrequency driven recoupling experiment

RNA ribonucleic acid

RNC ribosome–nascent chain complex

RT room temperature

SCREAM specific cross relaxation enhancement by active motions under DNP

SENS surface enhanced NMR spectroscopy

SH3 α-spectrin Src-homology 3 domain

SIMPLE selective detection of internuclear contacts by methyl poLarization

enhancement

SP1 spacer peptide 1 of the Gag protein of HIV-1

SPECIFIC CP spectrally induced filtering in combination with cross polarization

SQ single quantum

STAT3 signal transducer and activator of transcription 3

SecM secretion monitor protein that can stall protein translation on the

ribosome

SecYEG channel protein responsible for secretion/translocation of proteins

across the cytosolic membrane

SelDNP selective DNP

ssNMR solid-state NMR
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TAMRA carboxytetramethylrhodamine

TAP ABC transporter associated with antigen processing

TB hyperpolarization buildup time constant

TEDOR transferred echo double resonance experiment

TMD transmembrane (domain)

TMR tetramethylrhodamine

TOAC 2,2,6,6-tetramethyl-piperidine-1-oxyl-4-amino-4-carboxylic acid

TPP tetraphenylphosphonium

TTR transthyretin

VLP virus-like particle

VM/VMS virus-mimetic membrane

WT wild-type

Y2R neuropeptide Y2 receptor, a GPCR
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(48) Berruyer, P.; Björgvinsdóttir, S.; Bertarello, A.; Stevanato, G.; Rao, Y.;

Karthikeyan, G.; Casano, G.; Ouari, O.; Lelli, M.; Reiter, C. et al. Dynamic Nu-

clear Polarization Enhancement of 200 at 21.15 T Enabled by 65 KHz Magic Angle

Spinning. J. Phys. Chem. Lett. 2020, 11, 8386–8391.

(49) Bouleau, E.; Saint-Bonnet, P.; Mentink-Vigier, F.; Takahashi, H.; Jacquot, J.-F.;

Bardet, M.; Aussenac, F.; Purea, A.; Engelke, F.; Hediger, S. et al. Pushing NMR

Sensitivity Limits using Dynamic Nuclear Polarization with Closed-Loop Cryogenic

Helium Sample Spinning. Chem. Sci. 2015, 6, 6806–6812.

(50) Mentink-Vigier, F.; Mathies, G.; Liu, Y.; Barra, A.-L.; Caporini, M. A.; Lee, D.;
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Tampé, R. Antigenic Peptide Recognition on the Human ABC Transporter TAP Re-

solved by DNP-Enhanced Solid-State NMR Spectroscopy. J. Am. Chem. Soc. 2016,

138, 13967–13974.
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