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Abstract Great theoretical and methodological advances

are pushing the limits of resolution and sensitivity in solid

state NMR (SSNMR). However, sample preparation

remains a critical issue for the success of an experiment.

The factors affecting spectral quality in SSNMR samples

are discussed, examining cases encountered in the literature

and presenting new experimental data. A discussion on

resolution and sensitivity in sedimented solutes is framed

in this context.
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Introduction

Solid state NMR (SSNMR) has seen an outstanding theo-

retical and experimental development in the last years,

which is bringing it to compete with state of the art solution

NMR. Besides the samples that can be studied at atomic

resolution only by SSNMR such as fibrils, membrane

proteins and large protein aggregates (Bertini et al. 2011a;

Tycko 2011; Paravastu et al. 2008; Qiang et al. 2012;

Petkova et al. 2002; Wasmer et al. 2008; Lv et al. 2012;

Van der Wel et al. 2007; Debelouchina et al. 2010; Le-

wandowski et al. 2011c; Bayro et al. 2011; McDermott

2009; Akbey et al. 2010b; Hefke et al. 2011; Murray et al.

2013; Loquet et al. 2010, 2012, 2013; Yan et al. 2013),

crystalline preparations have been also extensively inves-

tigated through this technique (Knight et al. 2011, 2012a, b,

2013; Luchinat et al. 2012; Sengupta et al. 2013; Bertini

et al. 2010; Balayssac et al. 2007). Crystalline proteins,

similar to those used for X-ray diffraction (Martin and Zilm

2003; Keniry et al. 1983; Rothgeb and Oldfield 1981; Cross

and Opella 1983; Smith et al. 1989; Cole and Torchia

1991; McDermott et al. 2000), usually yield high resolution

spectra and are commonly used as a benchmark for

developing new SSNMR methods (Franks et al. 2012), like

pulse sequences (Laage et al. 2008, 2009a, b; Webber et al.

2012; Barbet-Massin et al. 2013; Salager et al. 2009; Le-

wandowski et al. 2010, 2011b; Turano et al. 2010) and

specific selective labeling schemes (Castellani et al. 2002;

Knight et al. 2011; Asami et al. 2012; Lewandowski et al.

2011a).

Crystals are not the ideal-suited target for biomolecular

SSNMR: if they are formed, X-ray diffraction yield more

easily structures at higher resolution. Furthermore, it is

common experience of structural biologists that obtaining

crystals may not be always straightforward, see for exam-

ple (Benvenuti and Mangani 2007). For this reason, simpler

approaches are sought for. For instance, SSNMR on frozen

protein solutions has been applied for the investigation of

protein folding, dynamical disorder (Havlin and Tycko

2005; Hu et al. 2010), and of soluble proteins that are too

big for liquid-state NMR spectroscopy. Low temperatures

can be used to increase the signal-to-noise ratio by

increasing the Boltzmann population of the lowest energy

state (Allen et al. 1991; Thurber and Tycko 2008; Tycko

Electronic supplementary material The online version of this
article (doi:10.1007/s10858-013-9776-0) contains supplementary
material, which is available to authorized users.

M. Fragai � C. Luchinat (&) � G. Parigi � E. Ravera

Center for Magnetic Resonance (CERM), University of

Florence, Via L. Sacconi 6, 50019 Sesto Fiorentino, FI, Italy

e-mail: claudioluchinat@cerm.unifi.it

M. Fragai � C. Luchinat � G. Parigi � E. Ravera

Department of Chemistry, University of Florence,

Via della Lastruccia 3, 50019 Sesto Fiorentino, FI, Italy

123

J Biomol NMR (2013) 57:155–166

DOI 10.1007/s10858-013-9776-0

http://dx.doi.org/10.1007/s10858-013-9776-0


2013; Concistre et al. 2013), also in combination with

dynamic nuclear polarization (DNP) (Barnes et al. 2009;

Van der Wel et al. 2006; Hall et al. 1997; Akbey et al.

2010a; Ni et al. 2013; Corzilius et al. 2012; Corzilius et al.

2011; Barnes et al. 2009; Matsuki et al. 2009; Hu et al.

2004, 2007; Weis and Griffin 2006). Most of the biomo-

lecular DNP studies reported to date rely on frozen glyc-

erol-water solutions, because glycerol serves as

cryoprotectant and prevents ice formation and subsequent

formation of separate (bi)radical grains (Barnes et al.

2008). However the price of this intrinsic simplicity is an

increased linewidth that can become a prohibitive limiting

factor (Siemer et al. 2012).

Freeze-drying has also been extensively applied in the

pioneering studies in protein SSNMR spectroscopy

(Harbison et al. 1985; Huang et al. 1984; Auger et al.

1993). However, lyophilized samples usually suffer from

line broadening more than frozen solutions, even if lyo-

protecting molecules are added to the solution prior to

lyophilization (Jakeman et al. 1998; Pauli et al. 2000). This

is likely due to the complete loss of the protein hydration

layer, which is expected to play an ‘‘averaging’’ role

(Martin and Zilm 2003; Linden et al. 2011) (see also later).

In 2009 Mainz et al. proposed that the increase in

solution viscosity due to glycerol, in conjunction with high

concentrations and low temperatures, could prevent rota-

tional diffusion and provide solid state spectra for large

protein complexes. Solid state spectra of aB-crystallin

were indeed observed under these conditions (Mainz et al.

2009). However, high viscosity, high concentrations and

low temperatures are not enough to abolish rotational dif-

fusion on the SSNMR relevant timescale (i.e., �micro-

seconds) for proteins up to about 1 MDa mass, as it was

later shown (Ravera et al. 2013b). The 2009 observation

was given a different explanation in 2011 (Bertini et al.

2011b), when it could be shown that rotational diffusion is

actually quenched by sedimentation in the MAS rotor.

Since then, the idea of NMR of sedimented solutes (Sed-

NMR) was introduced as an alternative way to prepare

samples for SSNMR (Bertini et al. 2011b, 2012b, 2013, b).

It was demonstrated that the particle packing achieved by

ultracentrifugation is sufficient to prevent rotational

motions, thus allowing for detection of SSNMR signals.

The spectra collected for a number of different systems

indicate that spectral resolution in sediments is rather high,

comparable to that of crystals (Bertini et al. 2012b; Gar-

diennet et al. 2012; Mainz et al. 2012; Baldwin et al. 2012).

Here we present some considerations on the effects that

make the spectral quality of sediments comparable to that

of microcrystalline preparations with extremely simplified

sample manipulation. We also show that proteins as small

as 32 kDa can be efficiently sedimented in a MAS rotor,

and proteins as small as ubiquitin (8.6 kDa in the

monomeric form, 17 kDa in the dimeric high concentration

conditions (Liu et al. 2012)) can be sedimented with

ultracentrifugal devices and studied as solids with suffi-

cient signal-to-noise ratio.

Effect of hydration and freezing on resolution

in crystalline preparations

X-ray crystallography and SSNMR have different sample

requirements: X-ray crystallography requires 20–30 lm

crystals [only rarely powder diffraction allows for struc-

tural reconstruction (Margiolaki et al. 2007)]; crystals for

SSNMR have no size requirements, as long as crystal order

is present (Martin and Zilm 2003; Gardiennet et al. 2012),

such as in powder preparations referred to as nanocrystals

or ‘‘precipitates’’. Crystals for X-ray diffraction are usually

soaked in a cryoprotectant, because freezing at liquid

nitrogen temperature is required for preventing radiation

damage. Conversely, cryogenic temperatures are usually

avoided in SSNMR because low temperatures are detri-

mental for the resolution. The explanation often invoked

for NMR line broadening at cryogenic temperatures is that

also the protein-bound solvent molecules are frozen, and

upon immobilization of protein-bound solvent molecules,

there is heterogeneity in the environment around the sol-

vent-exposed surfaces of equivalent protein molecules

(Martin and Zilm 2003; Linden et al. 2011; Siemer and

McDermott 2008). In this assumption, freezing of bulk

water without freezing of the protein-bound water mole-

cules should not affect the spectral resolution to an

appreciable extent (Linden et al. 2011), as experimentally

verified for a number of proteins (Martin and Zilm 2003;

Linden et al. 2011; Siemer and McDermott 2008).

Perturbation of the protein hydration layer (e.g. by

freezing or drying) has a profound impact on the spectral

resolution of crystalline samples, as extensively discussed

in Igumenova et al. (2004a, b). In order to exemplify such

effect, we have monitored the effect of protein dehydra-

tion/rehydration by performing the following experiments

on microcrystalline ubiquitin packed in a Bruker 3.2 rotor

with a standard cap. After overnight spinning at 14 kHz

and 269 K (effective sample temperature), the NMR

spectrum showed severe broadening of the resonances.

After addition of 8 ll of the mother liquor, the spectral

quality reverted to the starting one (Fig. 1). By sealing the

sample using a silicon soft plug (Bruker Biospin), the

dehydration problem is mitigated and the spectral quality is

preserved over a longer time. This confirms that hydration

is necessary to preserve spectral quality over the experi-

mental time, and that great care must be applied in the

sample handling, so that no dehydration can occur. The use

of silicon sealings, or anyway airtight rotors, is in principle

the best way to achieve this result.
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Protein sediments for SSNMR

In a sediment 50 % or more of the sample is composed of

protein (Lundh 1980, 1985). Bearing this in mind, one can

expect this extreme proximity between protein molecules

to sizably affect their properties, as evidenced by the fol-

lowing experiments:

1. The frozen protein sediment prepared by spinning an

aqueous solution directly in the MAS rotor is suitable

to disperse (bi)radicals for DNP, suggesting that the

close proximity of protein molecules prevents the

biradical segregation that would occur if ice crystals

were formed. This indicates that the frozen sediment is

not as susceptible to ice formation within the bulk

solvent as is a homogenous frozen solution (Ravera

et al. 2013a), Fig. 2;

2. The reorientation motions of the protein molecules are

largely suppressed by the tight packing of the mole-

cules: field-dependent relaxation profiles are closer

(Luchinat et al. 2013) to those of the lyophilized

proteins (Diakova et al. 2010), than to those of proteins

when free in solution (Ravera et al. 2013b).

Thus, sediments are hydrated and solid on the NMR-

relevant timescales, and tight packing prevents bulk ice-

protein interactions. These properties provide a simple

explanation of the high quality of the SedNMR spectra

reported so far.

To delve further into the parameters affecting the reso-

lution of SSNMR spectra of sediments, we examined two

rather distinct protein systems: dimeric human superoxide

dismutase (hSOD) and ubiquitin. hSOD was sedimented

in situ, i.e.: using magic angle spinning of the rotor to

create a gradient of protein concentration (Bertini et al.

2011b), while ubiquitin was sedimented ex situ (i.e.: out-

side the NMR instrument) (Bertini et al. 2012b), via an

especially designed ultracentrifugal device to form and

convey the sediment into the NMR rotor (Bertini et al.

2011b; 2012; Gardiennet et al. 2012; Gelis et al. 2013).

Materials and methods

Isotopically enriched 13C–15N ubiquitin and a C6A/C111S

doubly mutated human superoxide dismutase (hSOD) were

purchased from Giottobiotech (www.giottobiotech.com)

and used without further purification. Spectra of crystalline

ubiquitin were kindly provided by Giottobiotech. Crystal-

lization conditions were those reported in Igumenova et al.

(2004a).

Fig. 1 1H–13C CP spectra of microcrystalline ubiquitin (sample

provided by Giotto Biotech), recorded at 20.0 T, 14 kHz MAS,

269 K. In cyan the spectrum recorded at the beginning of the

experiment, in red the spectrum after 17 h spinning, in black the

spectrum after rehydration of the sample with 8 ll of the mother

liquor and sealed with a soft plug (Bruker Biospin)

Fig. 2 DNP enhanced 1H-13C

CP spectra of frozen sediment

(top) and frozen solution

(bottom) of the 24-meric protein

apoferritin [adapted with

permission from (Ravera et al.

2013a)]. The effect of

segregation of radicals (small

circles) in the latter case is

evident in the reduced DNP

effect
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Ultracentrifugal device

Packing of crystalline ubiquitin and ex situ sedimentation

of ubiquitin in MAS rotors were carried out using an

ultracentrifugal device, supplied by Giottobiotech. The

device has been extensively described in (Bertini et al.

2012a) and therein referred to as ‘‘device 2’’. The inner

volume of the device is 1.36 ml; the total volume over the

volume of the MAS rotor amounts to 85 times. This ratio is

much more than needed, given that ubiquitin can be easily

concentrated up to 100 mg/ml. In case the attainable pro-

tein concentrations were lower, the ‘‘device 1’’ (Bertini

et al. 2012a) should rather be used, with a inner volume of

23 ml, i.e.: a total volume/rotor volume ratio of 1,437,

which is a factor 17 larger than for the ‘‘device 2’’ (Bertini

et al. 2012a) and 6 times larger than for the device

described by (Gelis et al. 2013).

The relevant equations to calculate the amount of sedi-

ment that is formed within the rotor volume are given in

(Bertini et al. 2012a).

In situ sedimentation

hSOD was concentrated to 200 mg/ml. 16.4 ll of con-

centrated protein solution were transferred into a Bruker

3.2 mm rotor and spun on a tabletop spinner to remove air

bubbles, that easily form at high protein concentration.

Bubbles removal is critical for rotation stability and

shimming. The rotor was sealed with a DNP silicon plug

(Bruker biospin) to avoid leakage.

Ex situ sedimentation

Ubiquitin was concentrated to 100 mg/ml and transferred

into the ultracentrifugal device. The ultracentrifugation

was carried out using a Beckman Coulter L80K floor

preparative ultracentrifuge equipped with a SW32 rotor.

The device (40 g) was balanced with a sucrose solution.

The rotation speed was set to 32,000 rpm and the ultra-

centrifugation was run over 6 days. This is longer than the

time that a single ubiquitin molecule (sedimentation coef-

ficient 1.14 S, calculated with hydropro (de la Torre et al.

2000)) would need to travel from the meniscus to the

bottom of the device (the clearing factor of the rotor

equipped with the device is k = 128.9) according to the

Svedberg equation. However, since at high concentration

ubiquitin tends to form a non covalent dimer (Liu et al.

2012), the sedimentation efficiency is expected to be higher

(sedimentation coefficient for covalent ubiquitin dimer is

1.69 S (Ivins et al. 2009)). The sample was then closed

without sealing. By weighting the sample before and after

several days of spectra acquisition no weight loss was

observed, and thus no sealing was actually required in this

case.

SSNMR spectra were recorded on Bruker AvanceII

spectrometers operating at 700 MHz (16.4 T) or 850 MHz

(20 T) proton Larmor frequency. Experimental conditions

are given along with the spectra. Temperature calibration

was performed based on 79Br chemical shift, with tem-

perature sensor reading between 227 and 300 K (Thurber

and Tycko 2009).

Field dependent NMRD profiles were acquired over the

0.01–40 MHz range with a Stelar Spinmaster FFC relax-

ometer. Profiles were fitted to the sum of three Lorentzian

functions as described in (Ravera et al. 2013b).

Results

Sedimentation of human superoxide dismutase

The 32 kDa dimeric protein hSOD was sedimented in situ

in a Bruker 3.2 mm rotor from a 200 mg/ml solution.

SSNMR spectra were collected at 20 T and 290.8 K (see

Fig. 3). As observed in other in situ sedimentation exper-

iments (Bertini et al. 2011b, 2013a), the sample becomes

responsive to dipolar-based cross-polarization (CP) exper-

iments (Pines et al. 1972) upon spinning. The solid state

like signal appears after several hours of MAS [consistent

with what predictable from the sedimentation coefficient of

the dimeric hSOD (Doucette et al. 2004)], and it disappears

after MAS is stopped, thus indicating that no aggregation is

occurring. In fact, if the protein would have formed

aggregates, sedimentation should have occurred much

faster. Fully oxidized and fully metallated hSOD is actually

known to be extremely stable as a dimer (Sheng et al.

2012) and does not show any evidence of aggregation

(Banci et al. 2007, 2008), especially in the mutant C6A/

C111S form: the removal of these two cysteines that are

not involved in intramolecular disulfide bonds brings the

protein close to the bovine protein, which is stable as a

dimer up to 8 mM concentrations (Banci et al. 1990).

The quality of the spectra for sedimented hSOD is very

high, with lines as sharp as 80 Hz (i.e.: the linewidth

reflects the 13C–13C J-couplings, as the acquisition time is

too short to allow for resolution of the signal components;

longer acquisition times are prevented by instrumental

limitations). It was reported that the freezing of the solvent

does not affect the quality of the SSNMR spectra of protein

sediments as much as of protein solutions (Ravera et al.

2013a), so that no sizable change in the spectral quality is

expected for a sediment above and below the freezing of

bulk water. This is actually verified for the sedimented

hSOD, as shown in Fig. 4.
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We notice that hSOD is the first example of a small

protein providing highly resolved spectra for a sample

sedimented in situ.

Sedimentation of ubiquitin

Ubiquitin (8.6 kDa) was sedimented ex situ into a Bruker

3.2 mm rotor using the device and the procedure described

in the ‘‘Materials and methods’’ section (Bertini et al.

2012a). The procedure resulted in 21 mg of protein sedi-

ment packed into the 3.2 mm SSNMR rotor (inner volume

16.3 ll). The protein in the sediment obtained in this way

had a concentration of 847 mg/ml.1 Such extremely high

concentration is likely achieved because of the low charge

of ubiquitin at pH 7.5 (as can be calculated from the protein

sequence). From the crystal cell parameters available in the

PDB deposition 3ONS (Huang et al. 2011), it can be

estimated that ubiquitin crystals have a protein concentra-

tion of 734 mg/ml. With these data at hand, the NMR

signals of the sedimented ubiquitin sample are expected to

provide a signal-to-noise ratio similar or slightly smaller

than that of the nanocrystalline preparation. Conversely, by

comparison of the direct polarization spectra (DP), this

ratio was experimentally found to be 1.45 times larger for

the sedimented sample than for the crystal sample. As

further discussed in the next section, this discrepancy can

be ascribed to the different packing efficiency during

sample preparation, despite the use of the same packing

device (Bertini et al. 2012a).

As for the hSOD sample, also the sedimented ubiquitin

is responsive to CP. However, at room temperature, the CP

signal is about 25 % of the DP signal, and the linewidths

are rather large. This suggests that the ubiquitin sediment,

at variance with the hSOD sample, is not packed tightly

enough to completely abolish motions on the SSNMR

relevant timescale (i.e.: in times much larger than micro-

seconds, for MAS rates of tens of kHz).

By fast-field-cycling relaxometry, the spectral density

for the dipole–dipole interactions of the ubiquitin sediment

can be directly measured, as described in (Venu et al. 1997;

Denisov et al. 1997; Kiihne and Bryant 2000; Hills 1992;

Bertini et al. 2001; Libralesso et al. 2005; Ravera et al.

2013b). The field-dependent relaxation profiles (see Fig. 5)

show a low-field dispersion typical of large proteins but not

the power-low dependence typical of lyophilized proteins

and of well-formed sediments (Luchinat et al. 2013;

Goddard et al. 2009). Fitting of the NMRD profiles

acquired at 310 and 298 K resulted in a correlation time at

298 K of 1.8 ls. This value is more than two orders of

magnitude longer than the value of 4.1 ns observed for the

rotational correlation time of free ubiquitin (Lee and Wand

1999), but still too fast to consider the molecule immobile

over one (or more) MAS rotor period. Therefore, this
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Fig. 5 NMRD profiles of sedimented ubiquitin recorded at 37 and

25 �C. The profiles were fitted to a sum of Lorentzians

Fig. 3 DARR spectrum of hSOD sedimented in situ, recorded at 20.0

T, 14 kHz MAS, 290.8 K effective sample temperature

Fig. 4 1H–13C CP spectra of hSOD sedimented in situ, recorded at

16.4 T, 14 kHz MAS, at 252 K (top) and 281 K (bottom)

1 This value is calculated by comparing the Direct Polarization signal

intensity of the present sample to the same spectrum of a sample

comprising of 6 mg of lyophilized ubiquitin, rehydrated to 400 mg/ml

with a glycerol/water mixture. A concentration value of 833 mg/ml

can be calculated under the assumption that conc = (qsol - qsolv)/

(1 - qsolv/qprot) (Chatelier and Minton 1987).
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finding explains the inability of sedimented ubiquitin to

properly respond to CP as a well-formed sediment should.

However, an abrupt change in the appearance of the

SSNMR spectra of sedimented ubiquitin occurs just below

the freezing temperature of the bulk water: the overall

intensity of the CP signal dramatically increases, and the

lines become relatively sharp (Fig. 6). The relative inten-

sity of the CP signal as a function of temperature is

reported in Fig. 7.

It is important to notice that all protein sediments pub-

lished so far, as well as the hSOD sediment in the present

work, showed highly resolved spectra also before solvent

freezing. This different behavior of ubiquitin is likely due

to the small protein size.

The signal in the frozen sediment is dramatically

increased, by more than a factor 3. It reaches a magnitude

of about 1.2 times the direct polarization signal, a value

that is not far from the about 1.4 magnitude ratio observed

for crystals. After rescaling of the intensity, the cross

polarization dynamics in the frozen sediment and in the

crystalline sample is superimposable, as shown in Fig. 8.

It is worth noting that, under the employed conditions

(MAS = 14 kHz, T = 269 K), the experiments indicate

that sediments are less prone to dehydration than micro-

crystals. In fact, while the microcrystalline ubiquitin sam-

ple undergoes dehydration without proper sealing (Fig. 1),

the same does not hold for the sediment.

From the sample preparation viewpoint, the frozen

sediment sample should be similar to the frozen solutions

that are sometimes employed in SSNMR. It is widely

known that freezing is the cause of severe line broadening

in such samples. Siemer et al. (Siemer et al. 2012) sug-

gested that the sharpest lines in frozen solution NMR are

observed at the freezing temperature of the bulk. In

agreement with the measurements on ubiquitin frozen

solutions reported in (Siemer et al. 2012), a linewidth of the

order of 120 Hz is observed in the present case of frozen

sedimented ubiquitin. The spectral resolution is in this case

Fig. 6 Comparison of the DARR spectra of ex situ sedimented

ubiquitin, recorded at 850 MHz 1H Larmor frequency, 14 kHz MAS,

100 kHz 1H SWTTPM 1H decoupling, around the freezing of the

bulk solvent. Top 268.8 ± 0.4 K, bottom 269.9 ± 0.7 K

Fig. 7 Temperature dependence of the 1H–13C CP signal of carbon-

yls in sedimented ubiquitin. Linear regressions are only provided as a

guide to the eyes. The black vertical dashed line indicates the

estimated freezing point

Fig. 8 1H–13Ca cross polarization dynamics for ubiquitin frozen

sediment and microcrystals, recorded at 850 MHz 1H Larmor

frequency, 14 kHz MAS. Essentially the same degree of immobili-

zation is observed for the frozen sediment and microcrystals, while

the difference with the sediment before the freezing of the bulk

solvent (in green) is apparent
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lower than that of the microcrystalline preparation, with

linewidth around 80 Hz (see Fig. 1). SSNMR spectra are

also available for lyophilized ubiquitin (6 mg) hydrated

with H2O (10 lL) after lyophilization (Seidel et al. 2005).

The high quality of these spectra strongly suggests that a

rehydrated lyophilized material corresponds directly either

to a sediment or to an extremely concentrated solution that

easily forms a sediment under MAS (Bertini et al. 2013b).

However, there are significant conceptual differences

between sedimented samples and solutions, as seen from

the temperature dependence of the ubiquitin samples:

1. a CP spectrum of sedimented ubiquitin, as opposed to

the solution, can be observed also above the freezing

point of the bulk solvent, although it appears rather

broad because of the incomplete immobilization, as

summarized in Fig. 5;

2. above the freezing temperature, the DP spectrum of

sedimented ubiquitin has much larger linewidth than

the DP spectrum of the ubiquitin solution presented in

Fig. 1 in Siemer et al. (2012), indicating that protein

crowding in the sediment is increasing the reorienta-

tional correlation time (as also indicated by the NMRD

profiles), with a consequent line broadening.

Discussion

Can sedimentation be even more efficient than crystalli-

zation for SSNMR sample preparation? In the following,

we will try to address this question through examples and

theoretical calculations.

In crystals, protein volume fractions are in the 19–80 %

range (Kantardjieff and Rupp 2003): averaging around

56.5 % (Andersson and Hovmoller 2000).

The variety in protein volume fraction of sediments

could be expected to be as large as in crystals: highly

charged molecules tend to have larger effective volumes

than neutral molecules of the same size (Minton 2007),

resulting in volume fractions as low as 15 % (Rivas and

Minton 2011) while for the less charged molecules, values

up to 62 % have been reported and in favorable cases the

theoretical limit of the close packing of rigid spheres of

74 % (or even beyond for non spherical particles) could in

principle be approached.

The relative packing efficiency between crystallization

and ex situ sedimentation strongly depends on the nature of

the macromolecule. For instance, the ex-situ sediment of

the 24-meric bullfrog apoferritin was found to give a

128-fold enhanced signal-to-noise ratio with respect to the

in situ sediment obtained at 60 mg/ml (Bertini et al.

2012b). This translates into 670 mg/ml concentration.

Conversely, apoferritin crystals are found to have a very

high solvent content (71 %) (Ha et al. 1999), resulting in

391 mg/ml concentration. In this case, even assuming a

perfect packing of the crystals in the rotor, the signal of the

sediment should be almost twice as intense.

On the contrary, the concentration in the ex situ sedi-

ment of the dodecameric helicase DNAb was found to be

roughly half of that in the corresponding microcrystalline

preparation, and estimated to 200 mg/ml (Gardiennet et al.

2012). As already mentioned, a high protein charge leads to

sediments with low protein concentrations (Chatelier and

Minton 1987). Therefore, for helicase DNAb, this value at

the low end of the concentration range found in sediments

is likely to reflect the high charge of the molecule.

The abovementioned examples are reporters of the large

variety that can be expected for protein sediments. It is

instructive to compare the limiting volume fractions that

are observed in the protein sediments reported so far with

the crystalline preparations of the same proteins. The data

are reported in Table S1 and Fig. 9. It appears that some

proteins can be more concentrated in sediments than in

crystals, although in many cases their concentration is

similar. Nevertheless, even proteins that are expected to

achieve about the same volume fraction in the two prepa-

rations may display a larger signal-to-noise ratio in sedi-

mented samples than in crystalline samples, as in the case

of ubiquitin, due to the more efficient packing in the sed-

iment than in the microcrystalline sample preparation. In

fact, packing a rotor with a microcrystalline preparation

may result in a large intercrystallite void volume. This

problem can be mitigated by the use of rotor-filling tools

for ultracentrifuge (Böckmann et al. 2009). Conversely, in

Fig. 9 Comparison of protein volume fractions in sediments and in

crystals
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the case of ex situ sedimentation, no void volume at all is

present in the rotor.

The efficient packing of the investigated molecules that

can result through sedimentation represents a clear

advantage of this technique for SSNMR sample prepara-

tion. This advantage should be considered together with the

ease in the preparation of the sediment samples.

In situ sedimentation represents a versatile and quick

approach to SSNMR sample preparation, and can also be

regarded as a quick way to check a sample before going

into large scale protein production. Here we have demon-

strated that it can be easily applied to proteins as small as

32 kDa. When the protein size is even smaller, as in the

case of ubiquitin, or sensitivity is an issue, one can resort to

ex situ sample preparation. It has already been shown that

ex situ sediment provides resolved spectra, and they yield

excellent signal to noise ratio: the gain in sensitivity is

large over the in situ preparation or over frozen solutions,

as summarized in Fig. 10, because the rotor is fully packed

with the protein sediment rather than with the protein

solution. The advantage for a small protein is the follow-

ing: if only a fraction of the protein can sediment at a given

gravity, by ex situ sedimentation the rotor can be anyway

filled: if, at a given MAS, 5 % of the protein is sedimented,

only 5 % will be visible in the in situ experiment, while the

rotor will be full of sediment in the ex situ experiment.

However, a much larger amount of protein is required in

this case: as noted in the Materials and Methods section, ex

situ sedimentation is performed by the use of ultracentrif-

ugal devices whose volumes are 100/1,000 times larger

than the rotor. To ensure efficient sedimentation, the con-

centration of the protein solution should be anyway rather

high. Thus a larger initial amount of protein is required.

To quantify the gain, one should consider that achieving

protein volume fractions higher than 40 % in protein

solutions can be technically demanding (Venturi et al.

2008), whereas the protein volume fraction in sedimented

samples obtained from ultracentrifugation can reach a

value of about 70 %, depending on the protein of interest.

This allows for a sizable reduction of the experimental

time. Ex situ sedimentation might also turn out to be more

efficient than crystallization, given that the sediment tends

to fill completely the rotor volume, while crystalline

preparations always have intercrystallite void volume. This

can be exemplified as follows: assuming, for simplicity,

that the microcrystals are spheres containing perfectly

packed spherical proteins, the maximum protein volume is

0.74 9 0.74 = 0.55, while for the sediment of the same

protein it would be 0.74.

Conclusions

In this paper we have reviewed the observations over the

linewidth of crystalline protein samples reported in the

recent literature and we have framed in this context our

considerations about the spectral quality of protein sedi-

ments, in term of resolution, signal intensity and stability

over time. Ex situ sedimentation may also provide spectra

of higher intensity (and resolution) than crystalline sam-

ples, if larger protein concentrations or increased packing

efficiency are achieved in sediments than in crystals. We

have shown that a small protein of 32 kDa can provide

highly resolved in situ sediment spectra. In the case of even

smaller proteins, the molecular packing in the sediment

might not be enough to completely prevent rotational dif-

fusion. Cooling the sediment just below the freezing of

bulk solvent may yield again well resolved spectra, suitable

for spectroscopic investigation. Practical guidelines for the

various sample preparations are also given.
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