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Abstract We observed and characterized two distinct

signals originating from different pools of water protons in

solid-state NMR protein samples, namely from crystal

water which exchanges polarization with the protein (on the

NMR timescale) and is located in the protein-rich fraction at

the periphery of the magic-angle spinning (MAS) sample

container, and supernatant water located close to the axis of

the sample container. The polarization transfer between the

water and the protein can be probed by two-dimensional

exchange spectroscopy, and we show that the supernatant

water does not interact with protein on the timescale of the

experiments. The two water pools have different spectro-

scopic properties, including resonance frequency, longitu-

dinal, transverse and rotating frame relaxation times. The

supernatant water can be removed almost completely

physically or can be frozen selectively. Both measures lead

to an enhancement of the quality factor of the probe circuit,

accompanied by an improvement of the experimental sig-

nal/noise, and greatly simplify solvent-suppression by

substantially reducing the water signal. We also present a

tool, which allows filling solid-state NMR sample con-

tainers in a more efficient manner, greatly reducing the

amount of supernatant water and maximizing signal/noise.
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Introduction

High-resolution solid-state NMR spectroscopy using

magic-angle spinning (MAS) has emerged over the last few

years as a key technique for the structural investigation of

solid biological samples (McDermott 2004; Tycko 2004;

Baldus 2006; Böckmann 2007). In particular, it has been

demonstrated that both three-dimensional (3D) structure

(Castellani et al. 2002; Jaroniec et al. 2004; Lange et al.

2005; Zhou et al. 2007b; Loquet et al. 2008; Manolikas

et al. 2008) and dynamics (Hologne et al. 2005; Giraud

et al. 2005; Chevelkov et al. 2007, 2008; Lorieau and

McDermott 2006; Ravindranathan et al. 2007) of insoluble

proteins could be probed by NMR at an atomic resolution

and in a site-specific way. Solid-state NMR spectroscopy

has notably been successfully applied to large immobilized

biological assemblies, like membrane-embedded proteins

(Etzkorn et al. 2007; Schneider et al. 2008), fibrillar

aggregates (Iwata et al. 2006; Wasmer et al. 2008), or

intact virus proteins (Lorieau et al. 2008).

Because the biological function of such solid assemblies

critically depends on their interactions with the solvent,

and is generally characterized in the presence of it, the

characterization of the polarization flow over the water–

protein interface in solid biological matter is of great
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interest. In this context, and in complement to related

studies in solution NMR (Otting 1997; Modig et al. 2004;

Halle 2003), our group and others have recently investi-

gated the polarization transfer over the water–protein

interface in solid proteins (Lesage and Böckmann 2003;

Paulson et al. 2003; Böckmann et al. 2005; Chevelkov

et al. 2005; Lesage et al. 2006; 2008, Zhou and Rienstra

2008). Polarization transfer between water and protein was

found to be a subtle and complex process, which depends

on interplaying pathways caused by different types of

interactions between the protein and the solvent. In

microcrystalline model proteins, pathways driven by

chemical exchange, spin diffusion and cross relaxation

have been characterized. Notably, fast chemical exchange

was observed to be a major polarization-transfer mecha-

nism between exchangeable protein protons (mainly on the

sidechains) and solvent protons, as revealed through posi-

tive cross-peaks at the water frequency in two-dimensional

(2D) heteronuclear correlation spectra. While chemical

exchange, followed by spin diffusion, has been shown to be

the dominant mechanism of interaction at room tempera-

ture (Lesage et al. 2008), we have recently demonstrated

that at low temperatures, or at high MAS frequencies, the

contribution from chemical exchange to the polarization of

the chemically non-exchangeable protons of the proteins is

reduced and ROE-like rotating frame polarization transfer

from the solvent can become a significant source of water–

protein polarization transfer, as revealed by negative sig-

nals at the water resonance.

In protein solutions at room temperature, all of the water

is usually in interaction with the protein on the timescale of

the NMR experiment. Fast chemical exchange leads to a

single line for the protein exchangeable-proton resonances

and the water resonance at an average position which, due

to the higher abundance of water, is very close to the

resonance position for pure water. The resulting water

resonance is usually very narrow (*10 Hz FWHH). The

observation of an equally narrow line in the solid-state

spectra has led to the development of water-edited NMR

experiments, based on relaxation filters, to probe the

interface between solvent and membrane-bound proteins

(Ader et al. 2009), as well as fibrils (Kumashiro et al. 1998;

Etzkorn et al. 2007; Andronesi et al. 2008).

In this contribution, we show that there are actually two

distinct pools of water molecules which can be observed

and identified in the proton NMR spectra of proteins, and

characterized according to their location in the sample

container (rotor). A detailed characterization is performed

for a microcrystalline sample of the Crh protein (Böck-

mann et al. 2003; Lesage and Böckmann 2003), and similar

observations are shown for other proteins. The two reso-

nances observed for water are assigned on one hand to

water mainly located in the center of the rotor, here

referred to as supernatant water, and on the other hand to

the water in the crystallite-rich fraction, located either

inside the channels of each crystallite or directly sur-

rounding them (here referred to as crystal water). Two

distinct water signals have also been observed for cell

suspensions, and have been assigned to intracellular/inter-

stitial water and cell-free (supernatant) water (Aime et al.

2005). The two water pools in our microcrystalline Crh

sample are schematically represented in Fig. 1a. A typical

one-dimensional (1D) proton spectrum observed for Crh is

represented in Fig. 1b, showing two clearly distinct reso-

nances, with different line widths and chemical shifts.

We show in the following that the narrow line in the

spectrum belongs to the supernatant water, whereas the

broader line (*60 Hz) is due to water in interaction with the

protein. We demonstrate that the supernatant water does not

interact with the protein on the timescale of our experiments,

and, as it concentrates notably in the middle of the NMR

rotor upon sample spinning, can be physically removed from

the sample to a large extent. Also, we show that sample

cooling can be used in favorable cases to freeze the super-

natant water selectively and remove its resonance by

broadening it beyond detection in a high-resolution setup,

while NMR correlations are still observed between the pro-

tein residues and the second water pool, assigned to crystal

Fig. 1 a Schematic representation of protein microcrystals in the

NMR rotor during sample spinning, together with a view of the

crystal lattice of Crh. The center of the rotor is filled by supernatant

water, while crystal water is present at the surface and in the channels

of each crystallite. b Water proton NMR signals. The spectrum was

recorded on an unlabeled sample of microcrystalline Crh, at

500 MHz, with a spinning frequency of 11 kHz and a sample

temperature of about 12�C. At this temperature, two distinct

resonances are observed, which are assigned to the supernatant and

crystal-water pools (see the main text). The complex lineshape of the

upfield resonance is likely due to thermal and/or magnetic field

gradients
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water. We show that removing the supernatant water may be

useful in a variety of circumstances, from refilling the empty

space in the rotor with protein to gain signal/noise, to

improving the quality factor of the probe circuit with an

associated gain in signal/noise and reduction in sample

heating through radio-frequency power deposition, to

enabling the use of direct proton-detection schemes without

the need of water suppression in solid-state NMR of proteins.

Materials and methods

Sample preparation

Crh was overexpressed as described previously (Galinier

et al. 1997) by growing bacteria in [98% 2H, 13C, 15N

labeled medium (S9, Martek). Exchangeable protons were

back exchanged under denaturing conditions (6 M Guan-

idinium Chloride) and the protein was diluted sixfold for

refolding into 20 mM NH4HCO3 and washed three times

with 15 ml 20 mM NH4HCO3. The final protein concen-

tration was 20 mg/ml. The protein was crystallized using

20% PEG 6000 in 20 mM NH4HCO3 as precipitant, in

300 ll drops in a nine well glass crystallization plate over

20 ml of 2 M NaCl solution (Böckmann et al. 2003). Equal

volumes of protein solution and crystallization solution

were used, resulting in a final PEG concentration of 10%.

The crystallization solution comprising the protein was at

pH 7. Crystals were harvested as soon as they appeared.

The rotor was filled with microcrystals resulting from

about 8 mg of protein.

NMR spectroscopy

NMR experiments were performed on a Bruker Avance III

500 MHz (proton frequency) spectrometer, equipped with a

4 mm double-resonance CPMAS probe for Figs. 1 and 2,

on a Bruker Avance III 850 MHz spectrometer, equipped

with a 1.3 mm double resonance CPMAS probe for Figs. 3

and 4, and on a Bruker Avance II 700 MHz spectrometer,

equipped with a 3.2 mm triple resonance CPMAS probe for

Figs. 5 and 6. Other experimental details are given in the

figure captions. The chemical shift of the supernatant-water

resonance was used to determine the sample temperature

above the freezing point. Internal referencing to DSS pro-

viding the zero chemical shift, the temperature was deter-

mined using the relationship d(H20) = 7.83 - T/96.9 ppm,

with the temperature measured in Kelvin (Cavanagh et al.

1996). Below the freezing point of the supernatant water,

the actual temperature was estimated from the reading of

the sample temperature by the probe thermocouple, cor-

rected by the difference observed between the measured and

real temperature above the freezing point.

Results and discussion

Evidence for supernatant and crystal water

Figure 2a and b shows the 1D 1H NMR spectrum of a sample

of microcrystalline Crh recorded at a sample temperature of

12�C. At this temperature, three distinct resonances are

observed: the PEG (polyethylene glycol) resonance at

3.74 ppm, and two water resonances: a narrow (6 Hz) and

intense resonance at around 4.87 ppm, and a broader reso-

nance (50 Hz) at 4.96 ppm of much lower peak height.

These two water resonances can be unambiguously assigned

to the two different water pools described above, namely the

supernatant water for the resonance at 4.87 ppm, and the

crystal water for the resonance at 4.96 ppm.

This assignment is based on a series of NMR experi-

ments, as described below. The first consists simply in

physically removing the supernatant water from the rotor.

Indeed, upon sample spinning, the rotor acts as a centrifuge

(11 kHz rotation in a 4 mm rotor (with a 2.6 mm inner

diameter) corresponds to an acceleration at the wall of

633,0009g) and the solvent concentrates in the center of

the NMR rotor while the crystallites are centrifuged

towards the rotor walls. By carefully pipetting out the

solution located in the middle of the rotor after several

hours of sample spinning, we observe that the resonance

assigned to the supernatant water strongly decreases in

peak height (spectrum in Fig. 2b), while that assigned to

Fig. 2 One-dimensional proton spectra of water and PEG in micro-

crystalline Crh before (a) and after (b) pipetting out the supernatant

water from the middle of the NMR rotor. The spectra were recorded

at a proton frequency of 500 MHz, on a Bruker Avance III

spectrometer, equipped with a 4 mm double resonance CPMAS

probe, at a spinning frequency of 11 kHz and a sample temperature of

12�C. Spectrum (b) was recorded after pipetting about 50 ll of

solvent from the rotor. The complex shape of the supernatant-water

line at 4.87 ppm is attributed to thermal and/or magnetic field

gradients over the sample
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the crystal water remains. About 80% of the initial content

of supernatant water could be removed in this way, cor-

responding to about 50 ll (for a total rotor volume of

100 ll). Note that the height of the PEG resonance

decreases in a similar way. The 13C CP spectrum, as well

as traces at the water frequency of a HETCOR spectrum,

are shown in Supporting figure S1. In solution-state NMR,

the large water signal is routinely suppressed by special-

ized pulse sequences that have recently been adapted for

use in solids (Paulson et al. 2003; Zhou et al. 2007a; Zhou

and Rienstra 2008). The physical removal of most of the

water from the sample greatly simplifies these techniques

or makes them unnecessary. This is expected to be notably

a great advantage for samples containing additives like

PEG or MPD (2-methylpentane-2,4-diol), or buffers like

Tris, which require the simultaneous suppression of several

resonances, or the use of expensive deuterated chemicals.

We observed the above described distinct water resonances

also in other protein samples studied in our laboratories, as

shown in Supporting figure S2 for the examples of Ubiq-

uitin and C4bp microcrystals, HET-s(218-289) fibrils, as

well as the membrane anchor of Hepatitis C virus NS5A

protein in liposomes.

A two-dimensional proton-EXSY (Exchange Spectros-

copy) (Jeener et al. 1979; Meier and Ernst 1979) experi-

ment with a longitudinal mixing time of 100 ms under fast

MAS conditions confirms the assignment proposed for the

two water signals. The experiment was carried out on a

deuterated sample of microcrystalline Crh (Lesage and

Böckmann 2003) crystallized in H2O. Figure 3 shows an

extract of the 2D spectrum around the water frequency in

x1, and the water and resonances in the amide region in x2.

Traces along x1 extracted at different x2 frequencies are

shown: in blue, the trace at the supernatant-water fre-

quency; in green, the trace at the crystal-water frequency;

and in red the trace in the amide proton region. Clearly,

cross-peaks are observed between the x1 frequency of the

broad crystal-water signal and the protein protons. This

polarization transfer can notably arise from chemical

exchange combined with spin diffusion (Lesage et al. 2006,

2008; Böckmann et al. 2005; Lesage and Böckmann 2003).

The narrow water resonance, on the contrary, does not give

rise to detectable polarization transfer to the protein spins.

The observed correlations confirm the assignment of the

two water resonances: the narrow upfield water resonance

corresponds to the supernatant water, while the broader

resonance is assigned to the crystal water. This is consistent

with previously observed chemical exchange-mediated

correlations in 2D HETCOR spectra of deuterated Crh, for

which linewidths of about 120 Hz were reported for water

in the 2D maps (Böckmann et al. 2005).

No significant cross-peaks between the two water reso-

nances were observed in EXSY spectra recorded with

longitudinal mixing times ranging up to as long as 1 s

(which is the effective detection limit imposed by the

relaxation times in this system), indicating that the two

water pools do not exchange on the time scale of the proton

T1s (data not shown), and thus do form two distinct and

well separated solvent pools from the NMR point of view.

The minimal physical separation of the two pools can thus,

based on the self-diffusion coefficient of water

(1.11 9 10-9 m2 s-1 at 0�C) be estimated to 50 lm.

As shown in Fig. 4, relaxation measurements performed

at 850 MHz indicate that the T1 relaxation time of the

narrow supernatant-water line is different from that of the

broader crystal-water line. At a sample temperature of

about 5�C, T1 values of 0.99 and 0.60 s respectively were

measured (the T1 of protons in the amide proton region

being of the order of 0.75 s). Under these experimental

conditions, the full line width at half height (FWHH) of the

crystal water was found to be about 90 Hz, compared to

about 6 Hz for the supernatant-water line. The corre-

sponding homogeneous line widths, evaluated from trans-

verse relaxation time measurements according to

Fig. 3 Extract of a 2D EXSY spectrum recorded on deuterated

microcrystalline Crh, at a MAS frequency of 55 kHz and with a

longitudinal mixing time of 100 ms. Traces are shown at the right for

different x2 frequencies: the supernatant-water signal (blue), the

crystal-water signal (green), and the protein–water cross signals (red).

A total of 4,096 t1 increments with eight scans each were recorded

with a recycle delay of 1 s (for a total experimental time of 9 h). The

spectrum was recorded on an 850 MHz Bruker Avance III spectrom-

eter equipped with a 1.3 mm CPMAS probe. The sample temperature

was 10�C
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D(FWHH) = 1/(pT2) are 62 ± 1 Hz and 1.3 ± 0.1 Hz,

respectively. This indicates that the supernatant-water line

is heterogeneously broadened by imperfect shim and sus-

ceptibility or temperature differences while the broadening

of the crystal-water resonance has a strong homogeneous

component, possibly originating from chemical exchange

with the labile protein amine and hydroxyl protons located

downfield from the water frequency (vide infra). Note that

the relatively short T2 relaxation time of the crystal-water

resonance (5 ms) may well explain why, in previous

studies, T2-filters designed to select the water frequency

had to be chosen relatively short to enable the selection of

water in interaction with the protein (Harbison et al. 1988;

Böckmann et al. 2005; Andronesi et al. 2008). Transverse

relaxation times show similar behavior, as shown in Sup-

porting figure S3. T1q of the supernatant water can be

determined to 375 ± 140 ms, in contrast to the crystal

water with T1q = 11.1 ± 0.5 ms. The transverse relaxation

curves measured for the signals in the amide proton region

show multiple components, with T1q \ 14 ms.

Freezing out the supernatant water

At temperatures below -20�C, the supernatant water

freezes and its resonance is broadened beyond detection in

our setup, while the resonance from the crystal water can

still be observed. This is illustrated in Fig. 5, which shows

the evolution of the PEG and water proton resonances for a

Fig. 4 Proton T1 and T2 (or T2
0) measurements for the different

resonances observed in a proton spectrum in a one-pulse 1H

experiment. The spectra were measured on a Bruker Avance III

850 MHz spectrometer, using a 1.3 mm CPMAS probe. A MAS rate

of 55.5 kHz was used. a Spectrum of the deuterated Crh protein

showing the two water resonances, as well as resonances in the amide

proton region. b Data points measured in inversion-recovery exper-

iments for the supernatant-water line; c for the crystal-water line; d
for the amide signal at 6.84 ppm; and e for a frequency of 8.39 ppm. f
Hahn-echo decays measured for the narrow component of the water

line (supernatant water) and g for the broad component of the water

line (crystal water)

Fig. 5 One-dimensional proton spectra of deuterated microcrystal-

line Crh, as a function of temperature. These spectra were acquired

after pipetting most of the supernatant water from the center of the

NMR rotor (see main text). The sample temperature was derived from

the residual supernatant-water chemical shift above the freezing point,

and then extrapolated from the reading of the sample temperature by

the probe thermocouple (see Materials and methods section). The two

water resonances are observed at around 5 ppm, while the PEG and

the amide protons resonate respectively at 3.7 and around 8 ppm. The

spinning frequency was 9 kHz. The spectra were recorded at

700 MHz on a Bruker Avance II spectrometer
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sample temperature ranging from 5 to -25�C. The line

width of the crystal water gradually increases with

decreasing temperatures, from about 100 Hz at 5�C to

1,000 Hz at -25�C. As shown in the figure, this broad-

ening process, as well as the freezing of the supernatant

water, is reversible with temperature.

In a crystal of Crh, 67% of the space is occupied by

water [PDB code 1mu4 (Juy et al. 2003)] This means that

there are ten times as many water protons (in fact at least

10 times because there is a certain amount of water outside

the crystals that contributes to the crystal-water pool) in the

crystal than amide and exchangeable sidechain protons

from the protein, which is roughly in accordance with the

integrals measured for the amide region and water signals

in the spectrum recorded at -25�C shown in Fig. 5. Thus,

at these temperatures, only the water within the crystallites

may still be mobile. Interestingly, we note that upon

freezing of the supernatant-water pool, the quality factor of

the probe circuit is enhanced on the proton channel (due to

lower electrical conductivity of the central part of the

sample), and that a recalibration of the proton RF field is

required. Differences in RF-power attenuation as large as

3 dB were found before and after freezing of the super-

natant water (on a Bruker standard solenoid 4 mm double

resonance CPMAS probe at 700 MHz proton frequency). A

similar effect was observed after pipetting out a large

fraction of the supernatant water from the rotor.

The evolution of the supernatant-water resonance as a

function of temperature has been investigated in detail in

reference (Lesage et al. 2008). The experiments described

there were done on a similar sample, but containing a

larger fraction of supernatant water and for which the

crystal-water line could not be observed above the freezing

point of the supernatant water. The resonance frequency of

the supernatant-water signal has been shown to be mainly

governed by the sample temperature and can indeed be

used as a convenient thermometer for determining the real

temperature inside the rotor (Gottlieb et al. 1997, Cavanagh

et al. 1996). The behavior of the resonance of the crystal

water, and notably its broadening, as a function of tem-

perature, is more complex. This water is in fast chemical

exchange with protein sidechain protons (hydroxyl and

amine protons). It is therefore tempting to assume that the

downfield shift of the crystal-water resonance, and the

significant broadening, are a consequence of chemical

exchange with sidechain protons that would resonate

downfield from water in the range between about 5 ppm

(Thr Hc1) and 10 ppm (Tyr Hg).

A simplified model calculation for an asymmetric two-

site exchange between resonances at 4.87 ppm (bulk water)

and 9 ppm (as a rough estimation for fast exchanging side

chain protons, e.g. His Hd1, He2, Lys Hf, Tyr Hg) with

homogeneous linewidths of 1.3 and 125 Hz leads to a good

prediction of the observed linewidth and position using a

population ratio of water protons to exchangeable side-

chain protons of 20:1 for an exchange rate constant of 2 to

4 9 105 s-1 (see Supporting figure S4). This value is in the

range expected for the faster exchanging sidechains: lysine

Hf exchange with rate constants with up to 1.5 9 104 s-1

(for ubiquitin in liquid phase, at 290 K and pH 7.45

(Segawa et al. 2008) while histidine Hd1/He2 exchange

rates are, under these conditions, [106 s-1, P. Pelupessy,

personal communication). While the actual multisite

exchange is much more complex than our model, the extent

of observed homogeneous broadening and the resonance

position of the crystal-water line are clearly explainable by

chemical-exchange effects with labile sidechain protons.

Further sources of line broadening for the crystal water like

restricted mobility of the water molecules inside the

microcrystals and the dipolar interaction between water

protons and the protein protons cannot be excluded but the

observed effects can be explained by chemical exchange

only.

That no freezing of the water with the broad resonance

peak was observed over the temperature range studied

might be due to the fact that this water pool corresponds

mainly to the water inside the crystal. Indeed, it is well

known that the freezing point of water decreases propor-

tionally to the radius of a capillary. This property, called the

capillary effect, has been exploited in solution NMR where

protein solutions in glass capillaries are used to investigate

biomolecules in supercooled water (Skalicky et al. 2000,

2001), with sample temperature as low as -18�C. In this

case the capillaries are formed by the spaces within the

crystallites (Juy et al. 2003). Nanoconfined water can

remain liquid down to 220 K (Mallamace et al. 2008).

Water–protein polarization transfer is still observed

at -30�C

Figure 6a shows a directly detected proton spectrum

obtained with a sample temperature of -30�C. Figure 6b

shows the corresponding 1D carbon-13 filtered spectrum,

where the proton polarization has been first transferred to

the nearby carbon-13 nuclei by a CP step, before being

back-transferred to the proton spins during a second CP

period. This experiment was introduced by Zilm and

coworkers to investigate polarization exchange among

amide protons (Paulson et al. 2003). They showed that this

experiment leads to the observation of correlations between

amide and water protons in microcrystalline proteins. In the

low temperature conditions we consider here, no water

suppression scheme is required for direct proton acquisition

since the vast majority of the solvent is broadened beyond

detection. As shown in Fig. 6b, the water signal is fully

eliminated in the 13C-filtered experiment. However, when a
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longitudinal spin-exchange period is inserted after the

second CP step, we observe polarization transfer from the

protons in the amide region and methyl protons to the water

protons, with a maximum transfer at a mixing time of about

25 ms (Fig. 6c). We recorded two-dimensional versions of

these experiments in order to investigate more closely the

polarization transfer between the protein and the water.

Figure 6d shows a 2D (1H, 13C) heteronuclear (HET-

COR) correlation experiment, in which the proton polari-

zation is transferred to the 13C spins which evolve according

to their chemical shift, before back polarizing to the proton

nuclei for detection. No correlation is observed at the water

frequency, indicating that no carbon polarization is trans-

ferred to the water protons during the second 2 ms CP period

by either direct intermolecular dipolar contact (Chevelkov

et al. 2005), exchange relayed transfer, or NOE (Lesage et al.

2008; Paulson et al. 2003). The fact that no cross-peaks

originating from chemical exchange are detected is consis-

tent with previous observations made in the supercooled

regime (Lesage et al. 2008) (temperatures between 0 and -

20�C, for which the supernatant water is not frozen), which

showed that the height of the cross-peaks due to chemical

exchange decreases with decreasing temperatures. In that

temperature range, however, negative ROE-like correlations

of weak height could be observed, which are not detected

here. This might be due simply to the overall lower height of

the water resonance as a consequence of broadening.

Figure 6e shows a similar proton-detected 2D HETCOR

experiment, in which a 25 ms longitudinal proton mixing

period was added after the second CP step. We observe

strong non-specific correlations at the water frequency,

confirming the presence of polarization exchange mecha-

nisms on this longer time scale between the microcrystal-

line protein and the crystal-water pool. These signals are

consistent with what is expected from chemical exchange

followed by intramolecular spin diffusion at the longer

timescale of this experiment, but dipolar transfer between

protein spins and water protons cannot be excluded as the

source either.

Optimizing sample preparation

We mentioned above that water removal, either physically

or by freezing, potentially enhances spectral quality by

improving the quality factor of the probe and reducing the

power deposition. Also, the space left after physical

removal of supernatant water can be re-filled with more

protein. This is either possible by re-filling the rotor after

rotation (= centrifugation) in the NMR probe, or by

directly using g values comparable to that encountered in

an NMR probe to fill the rotor in a centrifuge. To this goal,

we developed filling tools that can be used in ultracentri-

fuges. The filling tool is illustrated schematically in Fig. 7.

An example comparing spectra from a rotor filled with a

normal centrifuge and an ultracentrifuge is given in Sup-

porting figure S5, together with technical details on the

filling protocol used for this example.

Fig. 6 a One-dimensional single-pulse proton spectrum of deuterated

microcrystalline Crh recorded at a sample temperature of -30�C.

Spectra were acquired after pipetting the supernatant water from the

center of the NMR rotor (see main text). b One-dimensional 13C-

filtered proton spectrum (16 scans). The asterisks indicate spinning

sidebands. c One-dimensional carbon-13 filtered proton spectrum in

which a longitudinal mixing period of 25 ms has been added before

detection (eight scans). Two-dimensional proton detected HETCOR

spectrum. A total of 640 t1 increments with eight scans each were

recorded, with total acquisition times of 7.1 and 6.9 ms in t1 and t2,

respectively. e A similar HETCOR spectrum acquired with the same

acquisition parameters, but with an additional longitudinal mixing

period of 15 ms before direct detection. For spectra of b–e, contact

times of 1 and 2 ms were used for the two CP steps. The recycle delay

was 2 s and the spinning frequency was 9 kHz. One-dimensional

proton and carbon spectra are shown respectively to the left and above

the 2D spectra. The spectra were recorded on a 700 MHz Bruker

Avance II spectrometer, using a MAS triple resonance 3.2 mm probe.

The water frequency is indicated in grey
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Conclusion

Two distinct water pools are observed in the proton NMR

spectra of microcrystalline Crh, which differ significantly

in spectroscopic properties including chemical shift, T1 and

T2 relaxation and which are located in spatially different

parts in the sample container. The two pools are identified

as supernatant water, mainly located in the center of the

rotor, and crystal water, located either inside the channels

of each crystallite or directly surrounding them. The

supernatant water and the crystal water do not exchange

polarization on the timescale relevant for the NMR

experiments (*1 s). The presence or absence of superna-

tant water has no influence on the state of the protein and it

can thus be removed mechanically or by freezing (the

crystal water remains mobile even at -30�C) to allow for

proton detected NMR experiments carried out without

water suppression schemes. Furthermore, the identification

of the different pools explains experimental difficulties

with water selection by T2 filters in the past because the

supernatant-water resonance was assumed to be identical to

the crystal water. Managing the water magnetization of the

crystal-water pool may lead to improved pulse schemes in

solid-state NMR analogous to the development in solution

NMR (Sklenár et al. 1993; Grzesiek and Bax 1993; Hiller

et al. 2005). Such improvements are not limited to 1H

spectroscopy but apply to most solid-state NMR experi-

ments on proteins. Removing the supernatant water from

the sample allows for more protein to be added,

significantly enhancing sensitivity, and also leading to

better rf-performance for the NMR probe circuit.
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Lesage A, Emsley L, Penin F, Böckmann A (2006) Investigation of

dipolar-mediated water-protein interactions in microcrystalline

Crh by solid-state NMR spectroscopy. J Am Chem Soc

128:8246–8255

Lesage A, Gardiennet C, Loquet A, Verel R, Pintacuda G, Emsley L,
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