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Abstract
Solution NMR is typically applied to biological systems with molecular weights < 40 kDa whereas magic-angle-spinning 
(MAS) solid-state NMR traditionally targets very large, oligomeric proteins and complexes exceeding 500 kDa in mass, 
including fibrils and crystalline protein preparations. Here, we propose that the gap between these size regimes can be 
filled by the approach presented that enables investigation of large, soluble and fully protonated proteins in the range of 
40–140 kDa. As a key step, ultracentrifugation produces a highly concentrated, gel-like state, resembling a dense phase 
in spontaneous liquid-liquid phase separation (LLPS). By means of three examples, a Sulfolobus acidocaldarius bifurcat-
ing electron transfer flavoprotein (SaETF), tryptophan synthases from Salmonella typhimurium (StTS) and their dimeric 
β-subunits from Pyrococcus furiosus (PfTrpB), we show that such samples yield well-resolved proton-detected 2D and 
3D NMR spectra at 100  kHz MAS without heterogeneous broadening, similar to diluted liquids. Herein, we provide 
practical guidance on centrifugation conditions and tools, sample behavior, and line widths expected. We demonstrate that 
the observed chemical shifts correspond to those obtained from µM/low mM solutions or crystalline samples, indicating 
structural integrity. Nitrogen line widths as low as 20–30 Hz are observed. The presented approach is advantageous for 
proteins or nucleic acids that cannot be deuterated due to the expression system used, or where relevant protons cannot 
be re-incorporated after expression in deuterated medium, and it circumvents crystallization. Importantly, it allows the use 
of low-glycerol buffers in dynamic nuclear polarization (DNP) NMR of proteins as demonstrated with the cyanobacterial 
phytochrome Cph1.
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Introduction

The majority of soluble proteins, nucleic acids and 
their complexes targeted in biomedical research exceed 
40 kDa in mass, which is larger than what solution NMR 
can readily undertake whilst still be considered too small 
for MAS NMR that delivers three-dimensional struc-
tures of much larger entities (Jehle et al. 2010; Loquet 
et al. 2012). Yet, the internal dynamics and molecular 
associations of these biological macromolecules are as 
important as their static structures, so it is critical to have 
robust, generally applicable NMR tools that address all 
three aspects — independently of sample nature and 
size. This is especially relevant when drug targets are an 
urgent focus of the investigation. There are many obsta-
cles when investigating proteins in the 40–110 kDa size 
range such as spectral complexity, fast transverse relax-
ation of signals from atoms that are key in assignment 
procedures and – most importantly – the difficulties in 
reestablishing protons at exchangeable sites after expres-
sion in D2O-dissolved medium. Most current solution 
NMR approaches to large proteins include sparse label-
ing, often of selected residues, that can yield non-over-
lapping spectra even if samples are composed of so many 

residues that a full spectrum would be uninterpretable. In 
other approaches, signals in large proteins are kept nar-
row via exploitation of TROSY effects for methyl group 
spin systems (Tugarinov et al. 2003; Bolik-Coulon et al. 
2023). Furthermore, the incorporation of fluorinated aro-
matic amino acids provides selectivity and exploits the 
enlarged dispersion of 19F chemical shifts (Huestis and 
Raftery 1975; Luck and Falke 1991; Gronenborn 2022). 
However, these approaches are restrictive regarding ame-
nable residues and provide only local information. For 
interaction studies and potentially also structural stud-
ies, of subunits or in conjunction with the application of 
AlphaFold (Jumper et al. 2021), methodologies that allow 
use of the resonances of all amino acids are more desir-
able. Concepts for achieving at least partial sequence-
specific resonance assignments in large proteins by MAS 
NMR exist (Retel et al. 2017), and the prospects of recent 
automated assignment software (Klukowski et al. 2023) 
promise solutions for the large combinatory problem 
that occurs when assigning the NMR signals of a 60 kDa 
protein.

A suitable experimental perspective towards the col-
lection of NMR data for this class of biomolecules is 
given by MAS of soluble proteins after sedimentation, 
first applied to obtain resolved NMR spectra of very large 
oligomeric systems (> 300  kDa) such as αB-crystallin 
(Mainz et al. 2009) and α-Ferritin (Bertini et al. 2011, 
2012, 2013). Subsequent experiments with concentrated 
human superoxide dismutase showed that this approach 
works also for smaller proteins (Fragai et al. 2013). 
Later, Stöppler et al. demonstrated the potential of the 
approach for structural investigations of small proteins 
by sedimenting the fully protonated, 42 kDa extracellular 
domain of the neonatal Fc receptor (FcRnECD) which can-
not be produced in deuterated form (Stöppler et al. 2018). 
Without deuteration at the non-exchangeable sites, well-
resolved 1H-15 N correlations (Bodenhausen and Ruben 
1980) were obtained via cross polarization (CP) (Paulson 
et al. 2003; Zhou and Rienstra 2008) after sedimenting 
the protein into the MAS NMR rotor by ultracentrifuga-
tion. Sets of 3D NMR spectra suitable for achieving reso-
nance assignments could be obtained at 100 kHz MAS. 
The protein’s structural integrity and thus the validity 
of the approach were demonstrated by the similarity of 
the 1H-15 N INEPT-based HSQC recorded on a µM/low 
mM solution, henceforth called ‘dilute’, with the corre-
sponding MAS NMR spectrum recorded with a CP-based 
sequence (Fig.  1). The character of the CP spectrum is 
similar to that of the solution NMR spectrum through the 
absence of heterogeneous broadening that is characteris-
tic for amorphous samples.

Fig. 1  1H-15 N NMR correlations of the 13C, 15N-labelled extracellu-
lar domain of human neonatal Fc receptor recorded in solution (blue 
spectrum) using an HSQC pulse sequence and at 100 kHz MAS (black 
spectrum) by cross polarization. Examples of resonance assignments 
(BMRB entry 27,437 (Stöppler and Oschkinat 2018) based on triple-
resonance NMR experiments are indicated for the α-chain (α) and 
the β2-microglubulin (β) subunits of the heterodimeric extracellular 
domain of the receptor (Stöppler et al. 2018)
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In a study on the longevity of MAS NMR samples con-
taining sedimented protein together with small ligands 
and oligonucleotides, Wiegand et al. applied this concept 
to a set of larger proteins or their large subunits compris-
ing a bacterial helicase, a polymerase, a primase and an 
ABC transporter, by employing 13C-detection in 3.2 mm 
rotors (Wiegand et al. 2020). In all these cases, the com-
plexes remained intact, as no signs of sample heterogene-
ity were detected after several years of storage in rotors 
and repeated MAS NMR experiments. Yet, a layer of gel-
like sample was found at the rotor walls, indicating that 
the gel-like solution present in the rotor prior to experi-
ments had changed to an even denser phase.

There was an early debate regarding the mechanisms 
that lead to resolved MAS spectra of large dissolved pro-
teins, summarized in Sarkar et al. 2016. One hypothesis 
states the importance of buffer viscosity and hence tem-
perature as originally outlined in the seminal FROSTY 
paper (Mainz et al. 2009), whilst another hypothesis 
attributes the protein immobilization to ‘sedimentation’ 
processes, as demonstrated by a MAS-dependent CP-
transfer in experiments on an apoferritin solution (Bertini 
et al. 2011). Based on experiments with deep eutectic sol-
vents, Sarkar argues that viscosity and sedimentation can 
work in tandem (Sarkar et al. 2016). Such deep eutectic 
solvents consist of small molecules that form networks of 
interchanging hydrogen bonds or other interactions as is 
also expected between protein molecules in dense protein 
phases.

In the current work, we provide a synthesis of these 
two seemingly different explanations by showing that 
ultracentrifugation of the protein into the rotor produces 
a dense protein phase with very high viscosity. Due to the 
higher g-values during MAS, further sedimentation takes 
place in the rotor. In this manner, samples of proteins in 
the 40–140  kDa range that are suitable for MAS NMR 
can be generated in a systematic manner by an ultracen-
trifugation procedure.

This approach is widely applicable and even for non-
deuterated proteins, resolved 1H-15  N correlations and 
3D spectra are obtained at 100–110 kHz MAS from the 
produced dense phase. With the example of the SaETF 
we demonstrate that nitrogen line widths in the 20–30 Hz 
range can be achieved, and sample lifetimes extend over 
many weeks. By means of the two tryptophan synthase 
samples (tetrameric and β-subunit dimers) we demon-
strate sample stability and sensitivity, enabling the acqui-
sition of data sets for resonance assignments and distance 
restraints. In all cases, we provide evidence of close simi-
larity of the 1H-15 N correlations recorded on sedimented 
samples with those obtained from dilute solutions or from 
crystals as a proof of sample integrity. Importantly, more 

complete spectra are obtained than by solution NMR of 
deuterated proteins, in which signals are often missing 
due to insufficient back-exchange of amide protons. Fur-
thermore, we demonstrate by means of the example of 
the phytochrome Cph1 that useful 1D 13C NMR spectra 
may be obtained and that this approach is suitable for 
minimizing freezing-associated formation of ice crystals 
in MAS DNP NMR (Hall et al. 1997; Barnes et al. 2008) 
samples with very low levels of glycerol. In such DNP 
NMR experiments, freeze concentration of the polar-
izing agent must be avoided to ensure long lifetimes of 
electron spin states and thus NMR signal enhancements. 
Usually, this is achieved by adding significant amounts of 
glycerol to induce a glass-like state upon freezing (Hall 
et al. 1997). In the case of the phytochrome Cph1 we 
demonstrate that the glycerol content of the sample could 
be reduced to about 10%. The procedure ensures substan-
tial signal enhancements attainable via DNP at 800 MHz 
1H NMR frequency.

Materials and methods

Neonatal Fc receptor

The procedure of sample preparation and NMR data acqui-
sition for the extracellular domain of the neonatal Fc recep-
tor (FcRnECD) is described in Stöppler et al. 2018. In brief, 
a FcRnECD-stable mammalian cell line (HEK293 cells) was 
generated by transfection and subsequent culture expansion. 
Cultures with positive FcRnECD expression were selected 
based on analysis by Western Blotting. The highest express-
ing pool was expanded to 10 L in a bioreactor, and expres-
sion was performed for 10 days in Bioexpress 6000 media 
(Cambridge Isotope Laboratories) for isotopic labeling. The 
protein purification protocol is based on affinity chromatog-
raphy using a KappaSelect (GE Healthcare) column, which 
had been preloaded with an IgG4 monoclonal antibody to 
bind FcRnECD, followed by gel filtration with a Superdex 
200 (GE Healthcare) column. Elution and peak fractions 
were analyzed by SDS-PAGE before pooling. The 1H-15 N 
NMR correlation experiment of sedimented FcRnECD was 
performed on a Bruker AVANCE III 850  MHz spectrom-
eter at 100 kHz MAS with a triple-resonance 0.7 mm MAS 
probe (Bruker) using cross polarization. Tangential shapes 
of 40–60% on the 1H channel and RF-fields of 93 kHz and 
17 kHz were used for 1H and 15N, respectively, to achieve 
magnetization transfers. Hard pulses of 150 kHz (1H) and 
62.5  kHz (15N) were applied. Acquisition times of 70 ms 
at a spectral width of 46.68 kHz in F1 and of 16.4 ms at 
110 kHz spectral width in F2 were chosen. 1H-decoupling 
was achieved by 10  kHz fslp-TPPM. 32 scans with an 
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mM imidazole. The purification for the deuterated sample 
occurred in fully protonated buffers. The yield for the 15N, 
1H sample was 16 mg/L; the yield for the 15N, 2H sample 
was 33 mg/L. Oligomers were removed by a Superdex200 
size exclusion chromatography column mounted on an Äkta 
FPLC system (GE Healthcare). The protein was subse-
quently stored in buffer comprising 20 mM TRIS/HCl, 100 
mM KCl at pH 7.8. The same buffer was used for the solu-
tion NMR measurements after adding 10% D2O. For solid-
state NMR measurements, the 15N-labelled protein was 
sedimented into a 0.7 mm ZrO2 rotor as specified in Table 1. 
All measurements were conducted on a Bruker Avance 
NEO spectrometer operating at 900 MHz 1H Larmor fre-
quency. Water suppression was achieved with the MISSIS-
SIPPI sequence for solid-state NMR and the WATERGATE 
sequence in solution. Decoupling was always achieved by 
WALTZ16 (1H, 13C, 15N). All solid-state NMR spectra were 
acquired at 100 kHz MAS. A detailed listing of experimen-
tal parameters can be found in Tables S1, S2, and S3.

The water content of the sample was roughly estimated 
on the basis of the integrated 1D 1H NMR spectra shown 
in Fig. S1. The integral of the region between 4.2 and 6 
ppm was considered to reflect largely water, and the areas 
to the right and left protons of the protein. Protein signals 
under the water lead to an error, yet the water line had a 
hump extending towards 3 ppm, leading to an error in the 
opposite direction. We assumed a compensation of both. For 
the fresh sample, the integral of the water area is 3.8 times 
larger than the sum of the other two that are reflecting the 
protein. Since we are interested in the water/protein ratio, 
it is fair to assume that the protein integral reflects 4862 
protons (for one molecule), and the water signal contains 2 
protons times x molecules. With an integral ratio of 3.8 and 
molecular weights of 66,843 g/mol for the protein and 18 g/
mol for water a 2.5-fold excess of water (w/w) is obtained.

interscan delay of 1.0 s were recorded, resulting in a total 
acquisition time of about 3 h. The solution-state 2D 15N-1H 
spectrum was acquired from a 0.35 mL sample of 300 µM 
[13C,15N]-labeled FcRnECD at 35 °C on a Bruker AVANCE 
III HD 600 MHz spectrometer equipped with a cryogeni-
cally cooled probe. The spectrum was acquired for 40 min 
with acquisition times of 40 ms for 15N and 60 ms for 1H. 
Both spectra were processed using Topspin 3.5 (Bruker 
Biospin). Chemical shift assignments are deposited at the 
BMRB (Hoch et al. 2023) under the code 27,437 (Stöppler 
and Oschkinat 2018).

SaETF

SaETF was expressed from a codon-optimized version of 
the gene AHC50813.1 (GenBank) synthesized by GenArt 
Germany and cloned into a pET-derived vector, by using 
a modular cloning kit (similar to golden gate assembly). 
The plasmid was transformed into E. coli BL21(DE3) cells 
selected with kanamycin. Expression was induced using 
isopropyl β-D-thiogalactopyranoside (IPTG) at OD600 
0.8. After 18 further hours at 18 °C, cells were harvested, 
washed and frozen at -80  °C until needed. For uniformly 
labeled 15N-SaETF, the construct was expressed in M9 
medium, including 2 g/L 15NH4Cl culture. Protein purifica-
tion employed Ni-NTA affinity chromatography. The steps 
for producing deuterated 15N-SaETF are the same as above 
except all chemicals and additives were prepared in 100% 
D2O and 2.5 g/L 2H-labelled glucose as sole carbon source 
was employed. Purification of SaETF began by resuspend-
ing cell pellets in lysis buffer (20 mM TRIS/HCl, 500 mM 
KCl, 10 mM imidazole at pH 7.8) and five cycles in a 
microfluidizer (LM10, Microfluidics, Newton, MA, USA). 
The lysate was centrifuged (30 min, 48,384 g) and super-
natant was pushed through a 0.45  μm syringe filter. The 
remaining solution was loaded onto a column of an Äkta 
Purifier (GE Healthcare), containing Ni-NTA beads (Sigma-
Aldrich 70666-4), pre-equilibrated with the lysis buffer. 
After washing the column, the protein was eluted with 150 

Table 1  Parameters relevant for the sedimentation procedure
Sample Mol. weight (kDa) Rotor (mm) Conc. (µM) Force (x1000g) Temp. (K) Centrifugation Time (h)
Cph1-WIRV 59 1.9 1700 71 278 67
Cph1-PCB 59 1.9 1000 71 278 68
FcRnECD 42 0.7 100 100 277 40
StTS 144 0.7 140 71 281 42
SaETF 67 0.7 n.d. 82 278 70
PfTrpB 85 0.7 340 71 298 94
PfTrpB 85 1.3 450 210 298 72
For each sample, the molecular weight, the outer diameter of the rotor that was filled and the concentration prior to the ultracentrifugation step 
are given in the first three columns, respectively. The centrifugation itself is characterized by the maximum relative gravitational force and tem-
perature during the centrifugation together with the total centrifugation time. n.d.: not determined; Cph1-WIRV: Cph1 solely 13C, 15N-labeled 
in Trp, Ile, Arg and Val; Cph1-PCB: only the cofactor is 13C, 15N-labeled. PfTrpB bears the mutations I16V, E17G, I68V, F95L, F274S, T292S, 
T321A, V384A as compared to the wildtype
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by incubation for 4 h in shaker; (2) 500 µL of composite 
culture was inoculated in 50 mL of 50% M9/D2O, 50% 
M9/H2O; (3) 500 µL of culture was inoculated in 50 mL of 
90% M9/D2O, 10% M9/H2O. The final culture was trans-
ferred to 1 L of M9/D2O media supplemented with 2H, 13C, 
15N-labeled ISOGRO algal extract (2 g/L culture), carbeni-
cillin (100 mg/L) and incubated at 180 rpm and 37 °C until 
OD600 reached 1. Induction of protein expression and cell 
harvest were performed identically to the iFD sample.

Frozen cell pellets were thawed at room temperature 
and resuspended in buffer A (50 mM phosphate buffer, 
pH 8.0, with 20 mM imidazole and 100 mM NaCl) sup-
plemented with 200 µM PLP, 1 mM PMSF, 1mM TCEP, 
1  mg/mL hen egg white lysozyme, and 0.02  mg/mL 
DNAse. After vortexing, cells were lysed with an Emul-
siflex C3 (Avestin Europe, Mannheim, Germany, three 
runs for each culture). Lysates were aliquoted into 45 mL 
tubes and centrifuged at 100,000 g and 4 °C for 20 min, 
then incubated at 75 °C for 10 min and spun again. The 
clarified, heat-treated lysate was applied to a 5 mL Ni-
NTA column (Macherey-Nagel, Düren, Germany). The 
protein was eluted by gravity with buffer B (50 mM phos-
phate buffer pH 8.0, 500 mM Imidazole, 100 mM NaCl). 
Appropriate fractions were combined and exchanged into 
NMR buffer (50 mM phosphate buffer pH 8.0, 1 mM 
TCEP) using a PD10 column (Cytiva Europe, Freiburg, 
Germany), frozen in liquid N2, and stored at -80 °C until 
further use. The final yield of PfTrpB from 1 L of triple-
labeled M9 media was 3.9 mg, and the yield of the iFD 
sample was around 6 mg. Sedimentation of the iFD sam-
ple into a 0.7 mm rotor was achieved by centrifugation for 
94 h using a Beckmann SW 40 Ti rotor at 71,100 g and 
20 °C. Sedimentation of the DCN sample into a 1.3 mm 
rotor was achieved by centrifugation for 72 h at 210,000 g 
and 20 °C.

Solid-state experiments for determining 1H bulk sen-
sitivities were recorded on a Bruker Avance NEO 700 
MHz (1H Larmor frequency) spectrometer either using a 
1.3 mm rotor at an MAS frequency of 55.5 kHz or using 
an 0.7  mm rotor at 100  kHz MAS. Experiments were 
recorded using 256 scans to obtain an adequate signal-to-
noise ratio (S/N) with a recycle delay 1.3-fold the mea-
sured T1 times (1HN bulk). The intensities represent the 
first FID of each nD experiment, i.e. using a 200 ns delay 
for each tn/2 period and including all necessary pulses for 
(selective) decoupling. The S/N was determined in Top-
spin using the same signal and noise region for a given 
sample. A detailed listing experimental parameters can be 
found in SI Tables S6-S9.

StTS

Protein expression was as described in (Caulkins et al. 
2016). The 13C, 15N-labeled protein was kept in 50 mM Cae-
sium bicine buffer, pH 7.8, in the presence of 3 mM N-(4′-
trifluoromethoxybenzenesulfonyl)-2-aminoethyl phosphate 
(usually termed F9; a high affinity alpha site ligand). 50 µL 
of 20 mg/mL protein were sedimented into a 0.7 mm ZrO2 
rotor with the conditions specified in Table  1. The NMR 
measurements were conducted on a Bruker Avance NEO 
spectrometer operating at 900 MHz 1H Larmor frequency 
and at 100 kHz MAS. Water suppression was achieved with 
the MISSISSIPPI sequence and decoupling by slTPPM (1H) 
and WALTZ16 (13C, 15N). A detailed overview of experi-
mental NMR parameters can be found in Tables S4 and S5.

PfTrpB

P. furiosus tryptophan synthase b-subunit (PfTrpB) was 
used as the 2B9 variant, containing the mutations I16V, 
E17G, I68V, F95L, F274S, T292S, T321A, V384A (Buller 
et al. 2015), which was previously codon-optimized for E. 
coli and cloned into a pET22(b) + vector with an uncleav-
able C-terminal 6xHis tag. Two different samples were pro-
duced, one being protonated according to the iFD procedure 
(Medeiros-Silva et al. 2016) and one being 2H, 13C, 15N-tri-
ple-labeled and proton back-exchanged (called DCN in the 
following). Accordingly, two different protocols of expres-
sion were used.

Expression procedures for the iFD sample: A single 
colony of E.coli BL21 (DE3) carrying the vector encoding 
PfTrpB was used to inoculate a 5 mL culture of LB media 
with 100  µg/mL carbenicillin and incubated overnight at 
37 °C at 180 rpm. A 500 µl aliquot was used to inoculate 
1 L of M9 media supplemented with 13C-Glucose, 1, 2, 3, 4, 
5, 6, 7-d7, (2 g/L), 15NH4Cl (0.5 g/L), 2H, 13C, 15N-labeled 
ISOGRO (Sigma-Aldrich) algal extract (2  g/L), and car-
benicillin (100 mg/L) and incubated at 180 rpm and 37 °C 
until the OD600 reached 1. Cultures were chilled on ice for 
20–30 min and expression was induced by the addition of 
IPTG to a final concentration of 1 mM. Cells continued to 
grow at 180 rpm and 20 °C for another 20 h. Cells were har-
vested by centrifugation at 4 °C and 4,000 g for 20 min; the 
pellets were frozen at -80 °C until further use.

Expression procedures for the DCN sample: A single 
colony of E.coli BL21 (DE3) was used to inoculate a 5 mL 
culture of LB media with 100 µg/mL carbenicillin (LBcarb) 
and incubated overnight at 37 °C at 180 rpm. A 500 µL ali-
quot was used to inoculate 50 mL M9 media in H2O. Three 
steps of adaptation to D2O were performed as followed: (1) 
500 µL of M9/H2O culture was used to inoculate 50 mL of 
a composite media 10% M9/D2O, 90% M9/H2O followed 
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sedimented. Very likely, many larger proteins can be spun 
down in a shorter period. Calculation of an appropriate cen-
trifugation time is difficult since important factors are the 
strength and number of the weak interactions between the 
molecules that become relevant at these very high concen-
trations and determine the tendency of protein network for-
mation, but which vary depending on the particular protein 
investigated.

The protein is either directly spun into the rotor (Fig. 2a), 
or centrifuged into a rotor after concentration of the protein 
in a separate centrifugation step from which only the con-
centrated phase is retained. In both cases, a residual dilute 
‘buffer’ phase and the dense phase remain separate and can 
be clearly distinguished from each other. When using small 
rotors (e.g., 0.7  mm), a filling tool is required for which 
the engineering drawings are shown in Figs. S2 and S3. A 
0.7 mm rotor can contain up to 600 nL of material, whereas 
the funnel of the filling tool accommodates 250 µL (Fig. S2 
and S3), so loading the funnel with an initial concentration 
of 1–4 mg/mL protein yields sufficient amounts of protein 
in the rotor after centrifugation. Table 1 lists the conditions 
applied to prepare the samples mentioned in this work. The 
conditions may also be applied to fill rotors with other diam-
eters, using an adapted filling tool.

In case of SaETF (Fig. 2a) the ratio of protein-to-water 
approached 1:2.5 (w/w) (Fig. S1). At that point, the sample 
is gel-like, often not amenable to transfer by pipetting and 
does not redissolve into the supernatant. It strongly resem-
bles a dense phase observed in LLPS (Alberti and Hyman 
2021). During NMR experiments under MAS, the protein 
is centrifuged further to the rotor wall (Fig. 2b) due to the 
much higher g-force experienced than in the ultracentrifuge. 
After the measurements, we opened a rotor containing StTS 
to assess the condition of the sample. A notable amount of 
gel was apparent on the rotor walls, as shown in Fig. S4. 
Nevertheless, the spectra obtained from this rotor did not 
change over a period of months, indicating that this state 
forms quickly at the start of the measurements through the 
effects of centrifugation. The fact that the protein gel is 
located at the rotor walls raises the question whether it is 
detected with slightly lower or higher sensitivity than sam-
ple in the center. In fact, the radial B1 distribution appears 
very homogeneous for 0.7 mm rotors, with advantages for 
material at the rotor walls (Fig. S5).

With the outlined procedure, CP-based 1H-15 N correla-
tion spectra with narrow lines are obtained (Fig. 2c). Impor-
tantly, no signs of an amorphous state or fibrils are observed, 
as could occur with desiccation of the sample. To avoid the 
latter, care must be taken to reduce water evaporation during 
spinning at the given temperature: rotor caps must either be 
tight enough, be glued into the rotor or be fitted with seal-
ing plugs. High-quality spectra can then be acquired for at 

Cyanobacterial phytochrome Cph1 from 
Synechocystis

The plasmid p926.5 encoding Cph1∆2 (the N-terminal 
NTS-PAS-GAF and PHY domains of Cph1 residues 0-514 
with a C-terminal 6xHis tag) was cotransformed with 
pSE111 encoding for lacIq and ArgU into E.coli BL21 DE3 
cells using a standard heat shock protocol. A 30 mL precul-
ture was grown for 1 h at 37 °C, 170 rpm on LB medium 
containing kanamycin (40 µg/mL) and carbenicillin (60 µg/
mL). Cells were spun down (RT, 10 min, 2000 g) and resus-
pended in 15 mL 2x M9 medium (D2O, Glucose, NH4Cl). 
Cells were grown overnight at 32 °C, 170 rpm. Glucose and 
NH4Cl were added and cells kept at 37 °C for 1 h. Then, 
after reaching an OD600 of 4.7 (after about 1  h at 18  °C, 
170  rpm), protein expression was induced with 100 µM 
IPTG. During expression, Glucose and NH4Cl were added 
when glucose and ammonium chloride levels approached 
zero. Quantities were measured by commercially avail-
able strip tests (Merck, Darmstadt, Germany; Glucose Test 
MQuant and Ammonium Test). A total amount of 8 g/L glu-
cose and 3 g/L ammonium chloride was used. After 48 h 
cells were harvested at 18 °C, 2000 g, washed in 150 mM 
NaCl and stored at -80 °C. For the final steps such as bind-
ing of PCB chromophore and photoconversion into the PR-
form standard protocols were applied (Essen et al. 2008; 
Hughes 2010). A non-protein labelled Cph1∆2 sample was 
assembled with 1H, 13C and 15N-labelled PCB. 15  mg of 
Cph1∆2 in 50 mM Na/PO4 buffer (pH 7.8, 20% D2O) were 
filled into a 1.9 mm rotor via ultracentrifugation for 68 h, 
4 °C, 71,000 g.

1D hC-CP spectra were recorded with 1536 complex 
points, 16,324 scans, an 13C acquisition time of 15 ms and 
a spectral width of 81.5 kHz. For CP, constant 1H rf-field 
of 80 kHz was applied while the 13C spin-lock pulse was 
ramped from 40 to 50 kHz. The CP contact time was set to 
2000 µs. During acquisition 100 kHz SPINAL-64 (Fung et 
al. 2000) proton decoupling was applied. The recycle delay 
was set to 2 s.

Results and discussion

The preparation procedure

The quality of the NMR measurements described below 
is critically dependent on the sample preparation protocol 
that produces a dense phase by ultracentrifugation (Table 1; 
Fig. 2). In the major step, the protein is concentrated by cen-
trifugation at 70 000–85 000  g for a time of 2–3 days at 
maximum. This time is considered appropriate for proteins 
in the 40–60 kDa range, ensuring that they are quantitatively 
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signals that are not evident in the 1H-15  N INEPT HSQC 
spectrum of the deuterated sample. This is most apparent 
from slices along F1 taken at 8.95 ppm 1H chemical shift 
as shown in Fig. S6. Most likely, these signals with chemi-
cal shifts characteristic of β-sheet structure are missing in 
the solution NMR spectrum owing to insufficient exchange 
of protons into backbone positions in SaETF expressed in 
100% D2O-containing medium.

Overall, the MAS NMR spectrum shows a large number 
of dispersed cross peaks that permit measurement of the line 
widths. In a CP-based 1H-15 N correlation recorded with a 
spectral resolution of 12.6 Hz in t1 (2048 t1 increments for 
142 ppm), we observe a width at half-height of 20–30 Hz for 
nitrogen signals when processed without weighting func-
tions (Fig. 2d, see also arrows in 2D spectrum, Fig. 2c). In 
the same spectrum, proton linewidths in the range of 150–
300 Hz are observed. Minimal water loss occurred during 
the initial measurement sessions, as indicated by a compari-
son of 1D 1H spectra (Fig. S1), recorded on the fresh sample 
and one year later. These spectra revealed that the initial 
protein-to-water ratio roughly estimated to be approxi-
mately 1:2.5 (w/w) (see Fig. S1 and Materials and methods) 
only changed marginally over this period. Furthermore, the 
state of the sample remained largely the same, as indicated 
by a CP correlation recorded after one year (Fig. S7).

There is a striking difference in peak pattern between the 
CP-based (Fig.  4a) and INEPT (Fig.  4b) 1H-15 N correla-
tions, which indicates a residual overall motion of the protein 
(Aebischer and Ernst 2024). In a nutshell, at room tempera-
ture very rigid systems like β-sheets in protein crystals show 

least two weeks, but usually much longer if water loss is 
prevented.

Sulfolobus acidocaldarius ETF

Many redox-active enzymes employ conformational 
changes to regulate electron transfer in accordance with 
substrate availability and access to partner proteins (Rees 
and Howard 1999; Huang et al. 2013). Moderately simple 
examples are electron transfer flavoproteins (ETFs), one of 
which mediates electron bifurcation in anaerobes, including 
archaea (Peters et al. 2016; Garcia Costas et al. 2017; Duan 
et al. 2018; Müller et al. 2018). SaETF has 609 amino acids 
and a molar mass of 67 kDa. It contains two flavin-adenine-
dinucleotide (FAD) molecules, one bound in each of the 
two domains: one 14 kDa domain, termed the ‘head’, and 
another 53 kDa ‘base’ domain. In an attempt to understand 
structural rearrangements associated with catalysis, which 
is expected to involve an 80° rotation of the head domain 
(Toogood et al. 2005; Demmer et al. 2017; Murray et al. 
2024), we plan to characterize structure and dynamics of 
this system by MAS NMR in further studies.

The sedimented samples yielded a well-resolved 1H-15 N 
correlation (Fig. 2c, d) by a CP-based pulse sequence (Paul-
son et al. 2003; Zhou and Rienstra 2008) at 100 kHz MAS, 
whose dispersed cross peaks overlay well with those of an 
INEPT-based 1H-15 N HSQC spectrum (Bodenhausen and 
Ruben 1980) recorded on a deuterated sample in solution 
(Fig. 3a). The advantage of the CP-based approach is evident 
from the overlay (Fig.  3b), in that it visualizes numerous 

Fig. 2  Procedure for the prepara-
tion of sedimented samples. (a) 
Ultracentrifugation (UC) of the 
sample directly into the rotor 
using the tool shown in Fig. 
S2 and S3. The protein cartoon 
shown is a model of SaETF, with 
the two bound FAD molecules 
colored. (b) Development of the 
sample during measurements. 
(c) 1H-15 N NMR correlation of 
13C,15N-labelled SaETF recorded 
at 100 kHz MAS, 294 K, and a 
proton frequency of 900 MHz. 
(d) Slices from a similar spec-
trum as in (c) but recorded with 
2048 t1 increments for a spectral 
width of 142 ppm in the nitrogen 
dimension, taken at the indicated 
cross peak positions 1 and 2 
along F1 (15N)
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system were completely rigid, the T2 times of all proton and 
nitrogen signals would be long enough at fast MAS to show 
the same cross peak patterns in Fig. 4b than those observed 
in Fig. 4a. In this case, a complete 1H-15 N correlation would 
be expected via INEPT transfer. There is obviously consid-
erable residual motion, in line with the observed absence of 
heterogeneous line broadening.

Tryptophan synthase

StTS consists of two α (268 amino acids) and two β (397 
amino acids) subunits. They assemble into an αββα het-
erodimer with a total molecular weight of 144 kDa. While 
126 X-ray structures are available in the PDB at the time 
of writing, knowledge of local mobility and conformational 
transitions, as well as the protonation states (particularly 
within the active site) (Caulkins et al. 2016; Holmes et al. 
2022), is required to understand the catalytic cycle of the 
protein. Such factors are accessible by NMR after assigning 

signals with long T2 and hence with a narrow line width 
under MAS that appear in both, CP- and INEPT-based cor-
relations. Mobile moieties like flexible termini do not show 
up in CP-based but INEPT correlations. There is an inter-
mediate range where no INEPT transfers are observed, but 
where CP is already efficient. Most signals of folded protein 
moieties, even in a crystalline environment, fall into this lat-
ter category, reflecting some local motion. The quantitative 
aspects are nicely outlined in Aebischer and Ernst (Aebi-
scher and Ernst 2024). Along these lines, the INEPT spec-
trum of SaETF shows only a subset of peaks with mostly 
random-coil chemical shifts, while the CP-based correlation 
gives the impression of a large protein with the expected 
dispersion. CP signal intensities were stronger at lower tem-
peratures (see Fig. 4, blue 289 K and red 313 K). The high 
quality of the two spectra indicates that the protein mole-
cules do not show the isotropic tumbling behavior observed 
in dilute solution, where transfers mediated by dipolar cou-
plings are largely compromised. On the other hand, if the 

Fig. 4  Comparison of CP-based (a) and INEPT-based (b) 1H-15 N correlations of SaETF recorded at 289 and 313 K (blue and red, respectively), 
both under 100 kHz MAS and at 900 MHz proton Larmor frequency

 

Fig. 3  Comparison of the CP-based 1H-15 N NMR correlation of non-
deuterated SaETF shown in Fig.  2c with a corresponding solution 
NMR spectrum of a sample deuterated in the non-exchangeable sites. 
Both spectra were recorded at 900 MHz Larmor frequency. (a) 1H-15 N 

HSQC of a dilute solution of 2H, 15N-labelled SaETF (dark blue) (b) 
Overlay with the 1H-15 N NMR correlation (orange) shown in Fig. 2c. 
(c) Spectrum shown in Fig. 2c, for comparison
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assignment, we recorded 3D hCONH and hCANH spectra 
(Fig. S8a, b for three-dimensional view and Fig. S8c, d for 
1H-13 C projections) (Barbet-Massin et al. 2014). The 1H-
15 N projections of the hCONH and hCANH spectra (Fig. 
S8e, f) match the 2D 1H-15 N correlation. The two spectra 
each contain only one set of signals, indicating sample sta-
bility over the time of measurement. Altogether, this opens 
a different, more comprehensive avenue for sequence-
specific resonance assignments and collection of structural 
constraints. As an additional advantage of fully protonated 
samples investigated at 100 kHz MAS, the CP-based 1H-
13 C correlation (Fig. S9) provides access to 1H chemical 
shifts of the side chains.

The molecular weight of StTS is already large (144 kDa), 
making ultracentrifugation and MAS effective. To assess 
the prospects of sedimented samples for future studies, we 
used the PfTrpB sample comprising β-subunit dimers to 
compare the relative intensities of the first FID (i.e., their 
relative HN bulk intensities) of NMR data recorded with 
more complex pulse sequences that are useful for back-
bone resonance assignment. First, we used uniformly 13C, 
15N-labeled sediment, spun at 100  kHz MAS, with the 
protonation content tuned according to the iFD protocol 
(H2O-based medium with deuterated glucose) to assure full 
protonation at amide sites while introducing a high degree 
of side chain deuteration (Medeiros-Silva et al. 2016). For 
comparison, a perdeuterated and back-exchanged sediment 
of PfTrpB was prepared. Again, a well-resolved spectrum 
is obtained at 100 kHz MAS, with additional cross peaks 
observed for the iFD sample in comparison to the spec-
trum of the perdeuterated sample recorded at 55 kHz MAS 
(Fig. 6a). We then recorded for both β-subunit samples 1D 
bulk amide proton signals from hNH, hCANH, hCONH, 
hCOCANH, hCACONH, and HNcoCANH experiments 
(Klein et al. 2022b), and compared bulk intensities within 
the sets (Fig. 6b and c). Relative to the hNH experiment, we 
obtained more intense signals for the 3D sequences in case 
of the iFD sample in the 0.7 mm rotor at 100 kHz MAS, 
which can be ascribed to higher start magnetization from 
the more abundant proton bath, rather than better transfer 
efficiencies compared to the triple labelled sample in the 
1.3 mm rotor. However, the advantage of the iFD sample 
decreases for the most complex sequence employed (Fig. 6b 
and c, HNcoCANH), probably due to less efficient CP trans-
fers at high MAS frequencies. For separate plots with per-
centages see Fig. S10.

A special opportunity for studying protein function 
is offered by the presence of arginine head group signals 
in a characteristic region of the 1H-15 N NMR correlation 
(Fig.  5a). In the case of StTS, R141 of the β-subunits is 
critically important for activity. It plays an essential role in 
stabilizing the closed form of the subunit by forming a salt 

chemical shifts. In addition to the four-subunit StTS, we 
also investigated isolated β-subunit dimers (PfTrpB, with a 
total molecular weight of 85 kDa). To estimate the prospects 
of obtaining resonance assignments on sedimented samples 
in each case, we recorded a set of representative 3D data 
sets for StTS as well as the first scans of a series of different 
triple-resonance experiments for PfTrpB.

We first sedimented 13C, 15N-labeled StTS into a 0.7 mm 
rotor as described above and measured a CP-based 1H-15 N 
correlation of which the NH region of the arginine residues 
is shown in Fig. 5a and the amide signal region in Fig. 5b. 
The resonance assignments (BMRB code 51,166 (Klein et 
al. 2022a) previously obtained from a crystalline sample 
(Klein et al. 2022b) are indicated by dots. Those assign-
ments match for cross peaks with chemical shifts separate 
from the bulk signal conglomerate, which are the ones most 
affected by changes in local environment (δ 1H > 9.7 ppm; 
δ 15N > 130 ppm). Thus, the sedimented protein very likely 
retains the same structure as revealed by X-ray crystallogra-
phy (Niks et al. 2013) and by NMR on a crystalline sample 
(Klein et al. 2022b).

As in the example before, we note more signals in the 
spectral region characteristic of β-sheets, between chemical 
shifts of 9.5 and 10.5 ppm 1H, than there are assignments 
indicated. The additional signals’ most likely origins are the 
regions of the TIM barrel (Wu et al. 2007) buried inside the 
α subunit that were previously unassigned. In order to test 
the feasibility of acquiring data sets suitable for resonance 

Fig. 5  2D CP-based 1H-15 N NMR correlation recorded on fully pro-
tonated and 13C, 15N-labelled StTS in a 0.7 mm rotor at 100 kHz MAS. 
The black dots indicate the positions of assigned cross peaks (Klein 
et al. 2022a) (a) Arginine NεH region of the spectrum. (b) Amide NH 
region
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of a gel-like phase by ultracentrifugation, following ear-
lier work by Ravera et al. (Ravera et al. 2013, 2014), was 
seen as an opportunity to reduce the amount of glycerol in 
DNP NMR samples that was added in a small amount after 
sedimentation.

A 1.0 mM Cph1 sample, with 13C, 15N labelling exclu-
sively in the phycocyanobilin chromophore, was sedi-
mented into a 1.9  mm rotor. The 1D 13C NMR spectrum 
showed well-resolved signals for methine carbons C5, C10, 
and C15 (inset of Fig.  7), at the expected chemical shift 
positions, and similar linewidths for all signals. Exchange 
broadening due to ring reorientation or other alterations in 
the double-bond network due to protonation/deprotonation 
events were not apparent (Fig. 7). In those measurements, 
the signal-to-noise ratio (S/N) was low necessitating several 
hours of acquisition, presumably due to low protein con-
centration. In fact, after centrifugation, the sample remained 
oily, less gel-like, indicating a more dilute aqueous phase 
loaded into the rotor from which a gel, containing less pro-
tein, is formed upon MAS.

bridge with D305 upon substate binding. Furthermore, it is 
part of the larger COMM domain (β102-β189) involved in 
the allosteric regulation of the catalytic activities of the α- 
and β-subunits (Schneider et al. 1998; Ghosh et al. 2022). 
The corresponding side chain signals may be resolved in 
this less crowded area of the spectrum and assigned by 
mutation.

Phytochrome Cph1 and a path to low-glycerol DNP 
samples

DNP NMR samples of the sensory module of the cyanobac-
terial phytochrome Cph1 (Rockwell et al. 2006; Essen et 
al. 2008; Hughes 2010) were prepared for two purposes: (i) 
to investigate potential exchange broadening of its chromo-
phore carbon signals in measurements at room temperature 
that could occur analogously to previously detected amide 
15N signal broadening (Hahn et al. 2008) and (ii) to assess 
the quality of DNP NMR samples prepared with minimal 
glycerol content. In both cases, the light-sensitive protein 
was investigated in 1.9  mm rotors. Here, the preparation 

Fig. 6  Comparison of spectra recorded 
on sedimented PfTrpB (~ 85 kDa) at 700 
MHz 1H Larmor frequency. (a) Superpo-
sition of 2D 1H-15 N NMR correlations 
of iFD-labeled PfTrpB in a 0.7 mm rotor 
(orange) and of 2H, 13C, 15N-labeled 
PfTrpB in a 1.3 mm rotor (blue), both 
sedimented under comparable condi-
tions. (b) Ratios of bulk intensities 
obtained from the first increment of the 
indicated 2D, 3D or higher-dimension-
ality experiments recorded at 100 kHz. 
The colors of the spectra refer to the 
indicated 2D and 3D NMR experiments 
indicated to the left. (c) The same ratios 
for the deuterated sediment in a 1.3 mm 
rotor spinning at 55 kHz. Sequences and 
parameters used are similar to Klein et 
al. (Klein et al. 2022b). For parameters 
used see SI. Color code as in (c)
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solution 1H-15  N HSQC spectra or CP-based correlations 
obtained from crystalline samples. Although the much nar-
rower line width in the CP-based 2D-spectra of the crystal-
line TS sample nurture the expectation of a better signal to 
noise as compared to the spectra of the sedimented sample, 
the S/N in spectra of the iFD labeled sample of PfTrpB is 
sufficient to enable assignment procedures.

Here, dense phases of folded proteins are generated by 
ultracentrifugation. In LLPS, similar dense phases occur, 
yet of mostly unstructured proteins, following suitable 
changes of buffer conditions. Those dense phases form 
spontaneously after induction of LLPS and tend to develop 
rapidly towards fibrillar states, often involving short repeats 
in their amino acid sequence (Alberti and Hyman 2021). In 
principle, one could expect such tendency to form fibrils to 
be a problem of our approach. However, the dense phases of 
well-folded, globular proteins produced by ultracentrifuga-
tion did not show signs of fibrils even after weeks, as dem-
onstrated by the set of clean 3D spectra obtained on StTS 
(Fig. S8) or by the long-term SaETF spectrum shown in Fig. 
S7, all being consistent with previous observations (Wie-
gand et al. 2020).

Among the factors influencing sensitivity, lower tem-
perature helps to increase S/N in CP-based experiments. 
1H-15  N correlation spectra obtained after sedimentation 
show overall good resolution in the proton dimension (150–
300 Hz at 100 kHz MAS), and excellent resolution in the 
nitrogen dimension. The nitrogen line widths of 20–30 Hz 
observed in spectra of SaETF already indicates that the use 
of TROP-like sequences that exploit both, dipolar and scalar 

A similar sample of Cph1 but with amino-acid selective 
13C, 15N labelling of Ile, Arg, Val and Trp was prepared 
for DNP measurements from a 1.7 mM solution, to which 
the radical bcTolM dissolved in d8-glycerol was added, so 
that the final glycerol concentration in the buffer was low 
(11% d8-glycerol/22% D2O/67% H2O; v/v). This sample 
showed substantial 20-fold Boltzmann enhancements (Fig. 
S11), enabling collection of complex 3D hCANcoCA spec-
tra (Chevelkov et al. 2013) with sufficiently good S/N in 
4.5 days at a 1H NMR frequency of 800  MHz. Here, the 
substantial Boltzmann enhancement at 105 K indicates that 
freeze concentration of polarizing agent was suppressed 
despite the low glycerol concentration.

Concluding remarks

Here, we report parameters, procedures and tools for sedi-
menting proteins in a molecular weight range between 
40 and 140 kDa into MAS rotors in order to record well-
resolved 1H-15  N correlations and sets of 3D spectra. By 
means of the outlined procedure, a dense phase is produced 
whose NMR spectra do not show noticeable heterogeneous 
broadening, thus exhibiting a liquid-like appearance apart 
from the larger line width. Yet, CP provides an efficient 
magnetization transfer mechanism. In the case of SaETF we 
showed that the water-to-protein-ratio is 1:2.5 (w/w) and 
remains stable over time, with very similar spectra obtained 
after one year. Structural integrity of the sedimented pro-
teins was demonstrated by comparison of the CP-based 1H-
15 N correlation spectra recorded on the dense phases with 

Fig. 7  1D 13C NMR spectrum 
of the sedimented phytochrome 
Cph1 solely labeled in its chro-
mophore (PCB, inset), recorded 
at 261 K and 20 kHz MAS at a 
field of 18.8 T
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consequences regarding the current paradigm of NMR. Sol-
uble proteins of 40–110 kDa in size that were currently not 
easily tractable by solution NMR are now accessible with 
the help of MAS NMR methods. Proteins and their com-
plexes in this size range are also not easy to tackle by cryo-
electron microscopy at the current state of technology, so 
that MAS NMR on sedimented samples may play a special 
role in structural biology. As a bonus, proton signals may 
be detected and 1H-chemical shifts may help to disperse 
spectra and to collect structural restraints. The possibility 
to detect exchangeable protons enables mechanistic studies.
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couplings for C-N transfer may be advantageous (Blahut et 
al. 2022).

The approach presented here contrasts the originally pro-
posed FROSTY technique (Mainz et al. 2009). There, it was 
proposed that it is beneficial to use buffers containing 20% 
glycerol with the argument that this could reduce molecular 
tumbling due to the higher viscosity of the solvent mixture. 
From our perspective it needs to be considered that glycerol 
is more dense than pure water, as are glycerol/water mix-
tures, which may potentially interfere with the formation 
of a dense phase by centrifugation. The density of an 80% 
water / 20% glycerol mixture (w/w) is 1.048 at 15 °C. As 
an example for a dense protein phase we may consider egg 
white whose density ranges between 1.02 and 1.1. In such 
a situation it may happen that the sedimentation process is 
disturbed by glycerol.

The investigation of protein sediments instead of crystal-
line preparations may be advantageous when additives are 
required for crystallization that cannot easily be deuterated 
or carbon-depleted. Furthermore, there is larger freedom in 
the choice of pH and other buffer conditions than typically 
required for crystallization. In particular, this may facili-
tate NMR studies on complexes of drug targets with small 
molecule inhibitors or activators at appropriate conditions. 
The slightly larger line width observed in spectra of dense 
phases than in spectra of crystalline samples will be a case-
specific tradeoff vs.  the larger experimental freedom. Our 
approach also has advantages compared to solution NMR in 
that no deuteration of the protein is required when spinning 
the sample at 100 kHz MAS and above. A complete set of 
signals can thus be obtained. It has further value when cells 
of higher organisms than bacteria or yeast are employed 
as expression hosts, since complete deuteration cannot be 
achieved in this case.

It was demonstrated by Wiegand et al. that protein-DNA 
and protein-RNA complexes remain stable under fast MAS 
conditions (Wiegand et al. 2020). Considering the special 
advantage that deuteration can be avoided and that non-
exchangeable protons can aid assignment procedures and 
enrich functional studies, we expect a particularly high 
impact of the presented approach on the investigation of 
RNA and their complexes. Those complexes are difficult 
to crystallize, there is yet no possibility to predict satisfy-
ing three-dimensional structures of them, and deuteration of 
RNA is costly. Additionally, the dispersion of the chemi-
cal shifts of nucleic acid aromatic protons and of sugar 
anomeric protons is high and may aid in assignment pro-
cedures. Furthermore, desired sections of the RNA may be 
selectively  13C, 15N-labelled so that spectra become less 
crowded.

The possibility of obtaining extended data sets with well-
resolved spectra of sedimented proteins has far-reaching 
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