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ABSTRACT   

In recent years, MAS solid-state NMR has emerged as a technique for the investigation of 
soluble protein complexes. It was found that high molecular weight complexes do not need to 
be crystallized in order to obtain an immobilized sample for solid-state NMR investigations. 
Sedimentation induced by sample rotation impairs rotational diffusion of the protein and 
enables efficient dipolar coupling based cross polarization transfers. In addition, viscosity 
contributes to the immobilization of the molecules in the sample. Natural Deep Eutectic 
Solvents (NADES) have very high viscosities, and can replace water in living organisms. We 
observe a considerable amount of cross polarization transfers for NADES solvents, even 
though their molecular weight is too low to yield significant sedimentation. We discuss how 
viscosity and sedimentation both affect the quality of the obtained experimental spectra. The 
FROSTY/sedNMR approach holds the potential to study large protein complexes, which are 
otherwise not amenable for a structural characterization using NMR. We show that using this 
method, backbone assignments of the symmetric proteasome activator complex (1.1 MDa), 
and high quality correlation spectra of non-symmetric protein complexes such as the 
prokaryotic ribosome 50S large subunit binding to trigger factor (1.4 MDa) are obtained. 

 

GRAPHICAL ABSTRACT  

 
 

HIGHLIGHTS 

• Large protein complexes in solution can be investigated by MAS NMR  
• Rotor spinning induces sedimentation to immobilize the sample 
• Viscosity contributes to the impairment of rotational diffusion   
• Sensitivity increases beyond quantitative sedimentation 
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INTRODUCTION  

In the last years, magic-angle spinning (MAS) solid-state NMR has emerged as a powerful 
analytical technique to study the structural properties of non-soluble biomolecules, such as 
amyloid fibrils [1, 2] and membrane proteins [3, 4]. In addition, however, also techniques are 
needed that allow for characterization of heterogeneous systems in structural biology. In this 
context, large soluble protein complexes that are too dynamic for crystallographic studies are 
of particular interest. For example, hetero-complexes formed between misfolding peptides or 
proteins and molecular chaperones which prevent aggregation are very difficult to study with 
conventional techniques. These heterogeneous complexes have molecular weights which 
are in the range of several megadaltons. In traditional solid-state NMR approaches, 
chaperone and amyloid substrate need to be co-crystallized/co-precipitated to study the 
interaction. This co-precipitation is often difficult when the chaperone is very soluble, and the 
amyloid substrate very hydrophobic. The FROSTY/sedNMR approach which is reviewed in 
this article, presents an alternative to characterize these systems by NMR spectroscopy. 
  
In MAS solid-state NMR, immobilized samples are spun rapidly in a cylindrical rotor, which is 
inclined at an angle ΘMA of 54.74° relative to the magnetic field of the NMR spectrometer [5]. 
Line narrowing by MAS is achieved if the rotational/tumbling correlation time of the 
investigated molecules is much larger than the rotor period. This is obviously the case for an 
immobilized solid sample. However, this also holds true for a solution of a high molecular 
weight protein at low temperature and high viscosity [6, 7]. To account for this, we introduced 
the acronym "FROSTY" (Freezing Rotational diffusion Of protein Solutions at low 
Temperature and high viscositY). Bertini et al. have suggested that strong centrifugal forces 
during MAS lead to reversible protein sedimentation [8] which effectively induces 
immobilization of the protein. Therefore, the acronym "sedNMR" was coined for these kind of 
experiments. In fact, the tumbling correlation time of protein complexes such as αB-crystallin 
that have a molecular weight of ca. 600 kDa amounts to only a few µs in the absence of MAS 
[9]. It is remarkable that this approach allows to overcome the molecular weight limit imposed 
by molecular tumbling in classical solution-state NMR. Megadalton protein complexes are 
now accessible which previously could only be investigated in selectively methyl labeled 
samples in solution-state NMR [10]. The FROSTY/sedNMR approach allows to circumvent 
sample preparation issues. Selection of the proper precipitation conditions is not anymore 
necessary. For ligand binding studies, crystallization with and without ligand can yield 
different crystal forms that result in differential spectral patterns. This complicates the 
analysis of chemical shift perturbations. In particular for weakly interacting systems, such as 
misfolding peptides and proteins binding to molecular chaperones, this approach might be an 
interesting alternative to crystallization, as the two components are very much different in 
terms of their solubility and co-precipitates are thus difficult to obtain. In addition, 
inhomogeneous line broadening due to chemical shift disorders and anisotropic magnetic 
susceptibility present in solid samples can be minimized by this approach.  
One might argue that biological solid-state samples such as fibrils or membrane proteins are 
always prepared by sedimentation [11]. In that sense, the FROSTY/sedNMR approach is not 
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novel. The transitions are obviously seamless and the discussion might appear to be 
semantic. We would like to emphasize here, however, that FROSTY/sedNMR allows to study 
and access much smaller protein complexes which were so far a domain of classical 
solution-state NMR.  
 
Figure 1A shows 13C detected cross polarization (CP) buildup curves for a 13C, 15N labeled 
solution-state sample of the small heat-shock protein αB-crystallin spinning with a MAS 
rotation frequency of 12 kHz. The MAS frequency dependent 13C CP signal intensity at 
constant temperature is represented in Figure 1B. Cross polarization builds up within 100 µs 
indicating an order parameter which is close to 1. The CP signal can only be observed in 
case the MAS rotation frequency is high enough, suggesting that above a rotation frequency 
of 8 kHz most of the protein is immobilized at the inner walls of the solid-state NMR rotor.  

 
A) B) 

  

Figure 1. (A) 1H, 13C CP build up curves for carbonyl (blue), Cα (red) and methyl resonances (black) of a 4 mM 
(monomer) solution of 13C,15N αB-crystallin rotating at a MAS frequency of 10 kHz and at an effective temperature 
of 10 °C. The inset focusses on the first 180 µs of the cross polarization build up. Reproduced with permission of 
the American Chemical Society from Mainz et al. [6]. (B) 1H, 13C CP intensities for 13C,15N αB-crystallin as a 
function of the MAS rotation frequency in a 3.2mm MAS rotor.  
 
 
Applications  
After the first experimental demonstration [6, 8], the FROSTY/SedNMR approach has found 
wide spread application in the investigation of high-molecular weight biological systems.  
 
The approach was successfully implemented to determine the metal binding sites in the 
small heat-shock protein (sHSP) αB-crystallin [7]. The human sHSP αB-crystallin (αB) is a 
175-residue protein (20 kDa), which assembles into polydisperse and highly dynamic protein 
complexes of molecular weights ranging between 200–1000 kDa [12, 13]. It is known that 
elementary Cu(II) binds with picomolar affinity to αB-crystallin [14] and increases the 
chaperone activity of αB [15]. It was demonstrated that the α-crystallin domain is specifically 
coordinating one Cu(II) ion involving the amino acids His-83, His-104, His-111 and Asp-109 
near the dimer interface. The involvement of Asp-109 has direct implications for dimer 
stability as this residue forms a salt-bridge with the disease-related Arg-120 of the 
neighboring monomer. Furthermore, we observe structural reorganization of strands β2-β3 
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triggered by Cu(II)-binding. This N-terminal region is known to mediate both the 
intermolecular arrangement in αB oligomers and the binding of client proteins. In the 
presence of Cu(II), the size and the heterogeneity of αB multimers are increased. We 
therefore suggested that Cu(II)-binding unblocks potential client binding sites and alters 
quaternary dynamics of both the dimeric building block as well as the higher-order 
assemblies of αB. 
 
Solutions of the Alzheimer's disease peptides Aβ40 and Aβ42 have been employed to study 
oligomer formation [16]. Simultaneous observation of INEPT and CP signal intensities 
allowed to quantify low and high oligomer Aβ aggregation states. As the oligomerization 
kinetics are significantly slower in comparison to the sedimentation process, it is followed that 
the increase in CP NMR signal intensities as a function of time actually reports on the 
kinetics of oligomerization. A pre-sedimented oligomeric Aβ sample with a specific molecular 
weight allowed to yield a partial resonance assignment of the Aβ oligomeric state. Ex-situ 
sedimentation using a commercial preparative ultracentrifuge [11, 17, 18] turned out to be an 
excellent tool to pack MAS solid-state NMR rotors in general. This tool did not only become 
indispensable for packing any amyloid fibril and membrane protein sample, but turned out to 
be also beneficial for Dynamic Nuclear Polarization (DNP) sample preparation. Cryo-
protectants such as glycerol are not needed to prevent ice crystal formation. The protein 
sediment can form a glass with the DNP free radical at the wall of the rotor, whereas the bulk 
water in the sample forms ice upon freezing in the centre of the rotor [19]. For the 480 kDa 
24-mer apoferritin, sedimentation yielded a 20-fold increase in sensitivity compared to DNP 
with conventional sample preparation.  
 
In case the molecular weight of a phospholipid nanodisc reconstituted membrane protein 
exceeds the molecular weight limit imposed by solution-state NMR, ex-situ sedimentation in 
combination with FROSTY/sedNMR provides an alternative way for a structural analysis of 
the system [20]. Marassi and co-worker have shown that the membrane protein Ail 
reconstituted in MSP1D1Δh5 nanodiscs [21] yields high-quality 13C,13C correlation spectra. 
Solution-state NMR 1H, 15N TROSY spectra obtained after dilution of the sediment are very 
similar to the spectra obtained before sedimentation, suggesting that sedimentation does not 
interfere with the conformational properties of the samples.  
 
FROSTY/sedNMR has further been used to characterize chaperone-amyloid interactions [22]. 
In αB-crystallin, the monomeric subunit is organized in three regions: the central α-crystallin 
domain (ACD) comprising residues 60–150, as well as the flanking N-terminal domain (NTD) 
and C-terminal domain (CTD). The CTD harbors a highly conserved IXI-motif (residues I159, 
P160 and I161 in αB), which has been reported to interact with adjacent subunits [23-26]. 
Structural insights into oligomer architecture came from magic-angle spinning (MAS) solid-
state NMR spectroscopy employing precipitated full-length αB [23, 27, 28]. In combination 
with small-angle X-ray scattering (SAXS) and cryo-electron microscopy (cryo-EM), two 
structural models for 24-mers have been suggested [23, 29]. Although differing in their 
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details, both 24-mer models propose a tetrahedral symmetric arrangement of four hexameric 
rings, each consisting of three dimeric subunits. The hexameric sub-structure is stabilized by 
anchoring the C-terminal IPI-motif to the hydrophobic β4–β8 groove (dimer interface II) of a 
neighboring protomer [23, 29]. In both models, the dimer consists of structurally different 
protomers and thus appears asymmetric. In the pseudo-atomic model derived from cryo-EM, 
the two protomers have been designated as the extended and bent conformers, which differ 
in the orientation of their NTDs and CTDs with respect to their ACDs (Figure 2). For example, 
the two CTDs of a dimer reside in different positions: the CTD of the bent conformer 
(CTDbent) is fairly solvent-exposed (only restricted by its interactions with neighboring β4–β8 
grooves), whereas the CTD of the extended conformer (CTDext) is oriented towards the 
interior of the complex. A doubling of peaks was only observable due to the favorable 
resolution of the additional proton dimension in the experiments. Experiments that 
exclusively rely on heteronuclear detection fail to detect the second set of peaks (Figure 2B). 
αB-crystallin is an efficient holdase. In case, a substrate such as reduced lysozyme is added 
to αB-crystallin, lysozyme is not precipitating any longer, but stays soluble in solution (Figure 
2C). As a consequence of binding of lysozyme to αB-crystallin, defined chemical shift 
changes are observed for residues in the hydrophobic β4–β8 groove (Figure 2C, bottom). 
 
To yield high resolution proton spectra in the solid-state, 1H, 1H dipolar couplings can be 
chemically suppressed by perdeuteration of the sample. If the respective perdeuterated 
protein is recrystallized from a buffer containing 90% D2O, ultra-high resolution 1H detected 
MAS solid-state NMR spectra are obtained at intermediate rotation frequencies (10-20 kHz) 
[30, 31]. Similarly, high-resolution spectra can be recorded for methyl protons in 
perdeuterated peptides and proteins by using specifically protonated amino acid precursors 
[32, 33]. Alternatively, bacteria are grown in a deuterated medium which is doped with 
defined amounts of H2O, resulting in stochastic incorporation of protons in all (non-
exchangeable) sites [34-37]. Use of protonated amino acids in an otherwise deuterated 
matrix represents another possibility to achieve high resolution in a direct proton evolution 
period [38]. At faster spinning (60 kHz), recrystallization of the sample from a buffer 
containing 100% H2O yields comparably high resolution [39]. In addition to the above 
mentioned experiments involving soluble protein complexes, the deuteration approach has 
been applied to amyloid fibrils [40-42] and membrane proteins [4, 43], virus nucleocapsids 
[44], bacterial secretion needles [45]. Recent developments in MAS probe technology allows 
now to increase rotation frequencies up to 110 kHz [46-48]. At the same time, the sample 
volume is reduced to 0.8 µL. The smaller rotor diameter results in a greater acceleration of 
the protein complexes in solution which facilitates FROSTY / sedNMR applications.  
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Figure 2. (A) Structural representation of the small heat shock protein αB-crystallin focussing on the hexameric 
ring formed by three asymmetric dimers (top, PDB: 2YGD). The C-terminus of the extended conformer CTDext 
(orange) is involved in interactions with the N-terminal domain NTDext, whereas CTDbent (purple) is fairly solvent-
accessible. 1H,15N correlation spectrum of u-[2H,13C,15N]-αB-crystallin. Exchangeable sites were back-substituted 
with 20% protons to yield efficient suppression of proton, proton dipolar interactions. Two sets of resonances are 
observed which are tentatively assigned to the two conformers in the basic dimeric building block. (B) Section of 
the 1H-15N correlation MAS NMR spectrum of perdeuterated αB (black) showing the two cross-peaks for I133 (A 
and B). The corresponding 2D strips of the 3D hCXhNH spectra (red) show that the chemical shifts are 
degenerate in the 13C dimension for both states. The introduction of a 1H dimension allows to resolve the two 
structural states. A 3D 1H-1H RFDR experiment (2D strips extracted at the same 15N frequency, in green) yield 
spatial connectivities between the backbone amides of I133-A and -B and the neighboring loop residues 
(including side-chain hydroxyl groups). The asterisks denote diagonal peaks. (C) SDS-PAGE of samples 
containing varying molar ratios of αB and lysozyme (Lyso) (top). Threonine (left) and isoleucine spectral region 
(right) of 13C-13C correlation MAS NMR spectra of αB in the absence (red), in the presence of sub-stoichiometric 
(blue) and stoichiometric (black) amounts of unlabeled lysozyme unfolded by the addition of TCEP. Upon titration 
of lysozyme, additional isoleucine signals become observable (dashed box) (bottom). Reproduced with 
permission of Nature Publishing Group from Mainz et al. [22]. 

 
In addition to homo-oligomeric protein complexes, the FROSTY/sedNMR approach is also 
applicable for protein complexes that lack symmetry [49]. To estimate the expected 
sensitivity, we performed the following calculation: In the experiments involving the highly 
symmetric 11S14-α7β7β7α7 complex of the 20S proteasome (Thermoplasma acidophilum), the 
(initial) particle concentration amounted to ca. 200 µM [10]. In this case, the sample was 
directly pipetted into the MAS rotor without the help of an ultracentrifuge packing device. With 
this sample, we achieved a signal-to-noise ratio on the order of 30-90:1 in an overnight 
experiment (20% exchangeable protons in an otherwise perdeuterated environment, 3.2 mm 
rotor, 20 kHz). For a prokaryotic ribosome with a molecular weight on the order of 2.5 MDa 
(that is lacking the 14-fold symmetry of the 20S proteasome), a (theoretical) maximum 
concentration in the sediment of 400 µM can be obtained (climit = ca. 0.7 ρprotein/MW for tightest 
packing of spheres). To achieve this concentration, the sample was sedimented ex-situ using 
an ultracentrifuge. The expected signal-to-noise ratio for this kind of sample would be on the 
order of 4-13:1 for a 12 h experiment. This sensitivity can be further increased by making use 
of fast spinning (1.3 mm) rotors. It has been shown that the same proton line width and 
resolution is obtained for perdeuterated protein samples that are fully proton back-substituted 
and rotated at 60 kHz (1.3 mm) in comparison to perdeuterated samples that contain only 
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20% protons at exchangeable sites and which are spun at 20 kHz (3.2 mm) [31, 39]. A factor 
of 5 in sensitivity is thus obtained due to the increased proton enrichment of the sample. 
Another factor of 2.5 is obtained due to the increased quality factor of the smaller diameter 
coil. The increase in sensitivity is compensated in part by the smaller volume of a 1.3 mm 
rotor (4 µL in comparison to 20 µL). However, more efficient sedimentation at higher rotation 
frequencies induces a more than proportional increase in sensitivity (see below). Taken 
together, we expect a sensitivity of 10-30:1 in a 1H,15N correlation experiment for a 50S 
particle within 12 h. This is in fact observed experimentally (Figure 3)  
 
A) B) 

 

 

Figure 3: A) Superposition of a 2D solid-state 15N-1H correlation spectrum of E.coli [U-1HN,2H,13C,15N]-
labeled TF-RBD in complex with the E.coli 50S large ribosomal subunit (red) and a 2D solution-state 
15N-1H correlation spectrum of free monomeric [U-1HN,2H,13C,15N]-labeled TF-RBD (black). The solid-
state NMR spectrum was recorded using a 850 MHz spectrometer, setting the MAS rotation frequency 
to 60 kHz. The solution-state reference spectrum was recoded on a 500 MHz spectrometer. In the 
annotation, blue color indicates residues for which chemical shifts do not change due to binding of TF-
RBD to the ribosomes, and red color is employed to highlight resonances for which the peak either 
shifts or broadens beyond detection. B) Mapping of the NMR spectral changes onto the structure of 
TF-RBD. Alignment of the crystal structures of D. radiodurans TF-RBD in complex with the 50S 
ribosomal subunit (grey; pdb: 2d3o) with that of E.coli TF-RBD (light blue; pdb: 1w26). The ribosomal 
proteins L23, L29 and L24 at the tunnel exit and close to the binding site are shown in purple. The 
residues for which resonances are not affected by ribosome binding are shown in blue, those that 
exhibit chemical shift changes are shown in red, and those that could not be assigned due to spectral 
overlap are shown in grey. Reproduced with permission of Wiley from Barbet-Massin et al. [49]. 
 
 
Sedimentation fails to explain the intensities of differentially sized proteasome 
complexes  
The proteasome is an essential cellular machinery, which is responsible for protein 
degradation, and thus for cellular protein homeostasis and viability [50]. The 20S proteasome 
of Thermoplasma acidophilum is ideally suited to demonstrate the FROSTY concept 
because of its modular assembly. The α-subunit (26 kDa) alone forms a double heptameric 
ring structure α7α7 (360 kDa) in solution. The native full proteasome core particle α7β7β7α7 
(670 kDa) assembles upon addition of the β-subunit into a four ring barrel-like structure [51, 
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52]. The 1.1 MDa 11S14-α7β7β7α7 complex is formed through interaction with two heptameric 
11S activator lids from Trypanosoma brucei on both sides of the α7β7β7α7 barrel. In the NMR 
experiments [10], only the α-subunit was isotopically enriched with 13C and 15N. All 
components of the protein complex were perdeuterated. Exchangeable sites were 
protonated using a 1H:2H mixing ratio of 1:4. The molecular weight of the respective 
proteasome assembly was successively increased by adding the NMR-invisible β-subunit 
and 11S activator. Figure 4 shows 15N-filtered 1D spectra acquired for different 20S 
proteasome complexes from Thermoplasma acidophilum. Interestingly, the intensity of the 
respective spectra increases by more than a factor of 7 when the molecular weight of the 
complex is increased from 0.36 MDa to 1.1 MDa. Following Mainz et al. [10] and according to 
the theoretical work by Bertini et al. [8, 17], the fraction f of sedimented protein under MAS 
can be estimated as  

 f =
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In the equation, r refers to the inner radius of the rotor (i.e. 1.2 mm for a 3.2 mm MAS rotor). 
c0 represents the initially employed protein oligomer concentration. Experimentally, we 
employed a concentration of 0.24*10–3 mol L–1 (α7α7), 0.14*10–3 mol L–1 (α7β7β7α7) and 
0.21*10–3 mol L–1 (11S14-α7β7β7α7), respectively. climit refers to the maximum protein 
concentration in the sediment calculated from the protein density ρprot (1,430 kg m–3) and the 
molecular weight Mw of the protein complex (360 kDa for α7α7, 670 kDa for α7β7β7α7 and 
1.1 MDa for 11S14-α7β7β7α7). Assuming a packing coefficient of 0.74 for spherical particles, 
the maximum oligomer concentration climit can thus be estimated as 2.91*10–3 mol L–1 (α7α7), 
1.58*10–3 mol L–1 (α7β7β7α7) and 1.04*10–3 mol L–1 (11S14-α7β7β7α7), respectively. The 
parameter a corresponds to the distance from the rotor axis at which the maximum protein 
concentration climit is reached. ωr denotes the MAS rotation frequency (22 kHz), ρsolv the 
density of the solvent (1,085 kg·m-3 for a 30% glycerol/water mixture at 273 K), T the 
temperature (273 K) and R the universal gas constant (8.314 J mol–1 K–1). Using these values, 
the fraction f of MAS-sedimented protein can be estimated to be on the order of 97.7 % 
(α7α7), 98.8 % (α7β7β7α7) and 99.7 % (11S14-α7β7β7α7), respectively. These calculations 
contradict the observed differences in signal intensities and indicate that there is still residual 
mobility in the sediment, which presumably induces exchange broadening.  
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Figure 4. Proton-detected MAS experiments and the effect of increasing molecular weight for different 
assemblies of the 20S proteasome of Thermoplasma acidophilum. CP-based 2D 1H-15N correlation spectra are 
shown on the bottom, the corresponding 1D versions are represented on the top for the 360 kDa α7α7 (A), the 
670 kDa α7β7β7α7 (B) and the 1.1 MDa 11S-α7β7β7α7-11S complex (C). The spectra were recorded at 0 °C and 
with 22 kHz MAS. Acquisition and processing parameters were identical. The signal intensities of 15N-filtered 1H-
1D spectra are normalized to account for the different concentrations of the α-subunit. The calculated fraction of 
sedimented protein amounts to 97.7%, 98.8% and 99.7% for α7α7, α7β7β7α7 and 11S-α7β7β7α7-11S, respectively.	  
Figure reproduced with permission from Wiley [10].  
 
 
Molecular crowding impacts both translational and rotational diffusion of a protein. Whereas 
translational diffusion is largely determined by viscosity, intermolecular protein-protein 
interactions have a much smaller effect on rotational diffusion [53]. At very high 
concentrations globular proteins typically retain a high degree of rotational mobility as they 
can rotate rather freely within a cage. It is found that the correlation time of rotational 
diffusion τR is proportional to the molecular weight MW following the relation τR (µs) ~ MW

3/d 
(kDa), with d being approximately d=2.5 [53]. Depending on temperature, a rotational 
correlation time τR on the order of 1.2-5.7 µs was found for αB-crystallin [9, 53]. An increase 
in the protein concentration from 35 mg/mL to 180 mg/mL results in an increase of rotational 
diffusion by a factor of approximately 1.5 [53]. The protein concentration in a sediment is 
approximately ρprot Ŋ 0.74 = 1050 mg/mL. This concentration is obviously much higher than 
what is accessible with an analytical technique. Rotational diffusion might increase more than 
linear in this concentration regime.  
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High Viscosity Solutions yield CP transfers  
Ionic liquids (IL) and Deep Eutectic Solvents (DES) are obtained by mixing certain solid 
chemicals in a defined molar ratio [54, 55]. IL and DES play an important role for biological 
function in living cells. They allow to solubilize and transport metabolites that are not soluble 
in water. Biological DES are called Natural Deep Eutectic Solvents (NADES) [56, 57]. 
NADES are characterized by very high viscosities and low melting temperatures. For several 
NADES, intermolecular NOEs have been observed between solvent molecules, suggesting 
intermolecular hydrogen bonding [57]. NADES show glass transition temperatures of around 
–50°C without having a melting point. They form a stable liquid over a wide range of 
temperatures, indicating that NADES might play an important role in plants for cold 
resistance. We employed the NADES GCh (a mixture of glucose, choline chloride and water 
in a molar ratio of 1:1:4) to carry out the experiments described below. To prepare the 
sample, the solid chemicals (glucose and choline chloride) were mixed first in the respective 
molar ratio in an extra dry beaker. Subsequently, water was added to this mixture, which was 
heated up to 70°C under constant stirring for about 20 hours until all material was dissolved. 
The temperature was then lowered to room temperature to obtain a clear and transparent 
solution. Subsequently, the highly viscous solution was transferred into a 3.2 mm MAS rotor. 
In the NMR experiment, we found that proton polarization can be transferred to the glucose 
carbons using cross-polarization. CP transfer works particularly well at low temperatures and 
low (3 kHz) MAS frequencies (Figure 5A). Under these conditions, GCh cannot sediment on 
the wall of the rotor. The CP transfer efficiency increases with a decrease in temperature. 
The viscosity of this NADES is strongly temperature dependent and changes from 349 cP at 
23°C to 2569 cP at -3°C, and 5019 cP at -10°C. These experiments suggest that CP might 
be due to a rotational immobilization of the solvent molecules due to their high viscosity. To 
estimate the fraction of the sample that behaves solid-like, we analyzed the intensity ratio 
obtained from 1H,13C CP and 13C direct excitation experiments. As expected, the CP intensity 
of the GCh sample increases as the temperature decreases. At a temperature of 250 K, 
14 % of the GCh sample behaves solid-like (normalizing the CP transfer efficiency to 100 %). 
Figure 5B represents the relative CP versus direct 13C signal intensity (ICP/Idirect) as a function 
of the MAS rotation frequency. We observe a slight increase of the CP signal at slower 
frequencies, indicating that CP transfer is not originating from a sedimentation induced 
immobilization.  
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A) B) 

 
 

Figure 5. A) 1H,13C CP build up for the NADES GCh (glucose : choline chloride : water = 1:1:4) as a function of 
temperature (red: 270 K, blue: 260 K and green: 250 K). Experiments were carried out at 9.4 T (corresponding to 
a 1H Larmor frequency of 400 MHz) and a MAS frequency of 3 kHz. The y-axis represents the relative intensity 
obtained in a CP experiment in comparison to the intensity that was measured in a direct 13C excitation 
experiment. B) Relative CP versus direct signal intensity as a function of the MAS rotation frequency for different 
sample temperatures. Care was taken to correct the actual sample temperature with respect to sample spinning. 
The sample employed to record the MAS frequency dependence is distinct to the sample that was used to record 
the MAS buildup curve represented in A). Deviations are due to slightly different sample conditions.  
 
 
CONCLUSION 

Taken together, we have shown how solutions of high molecular weight protein complexes 
can be studied using MAS solid-state NMR methodology. The approach is ideally suited to 
study heterogeneous systems such as weakly interacting chaperone-amyloid complexes that 
are not suitable for crystallography and have too high molecular weight for traditional 
solution-state NMR approaches. Titration experiments that are routinely performed in 
solution-state NMR can now also be envisaged for "solid-state" NMR applications. We 
expect that smaller diameter rotors that allow to achieve higher MAS rotation frequencies 
and a larger centrifugal acceleration in combination with proton detection allow the 
investigation of even smaller amounts of sample with high sensitivity. It will be interesting to 
see how the remaining discrepancies in the explanation of the FROSTY/sedNMR approach 
can be reconciled in the future. 
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