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NMR Spectra of a Microcrystalline Protein at 30 kHz MAS
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Abstract: Proteins are not always available in amounts desirable for solid-state magic-angle spinning (MAS)
nuclear-magnetic resonance (NMR) spectroscopy. To maximize the signal-to-noise ratio achievable with
small samples, the filling factor must be optimized by using small-diameter MAS rotors. These rotors have
the added benefit of allowing higher radio frequency field amplitudes during polarization transfer steps and
during decoupling periods as well as allowing higher spinning frequencies. We demonstrate the advantages
of relatively fast MAS (30 kHz using a 2.5 mm rotor) compared to MAS at 12 kHz for the 10.4 kDa model
protein Crh with 93 residues and show that the signal-to-noise ratio in two-dimensional correlation spectra
can be significantly improved by taking advantage of optimized pulse sequences available with rapid MAS.

Introduction of peptides and proteins. For a 1D spectrum of a full rotor, we
expect that the S/N ratio of a 2.5-mm rotor with a sample
volume of about 1L is almost a factor of 3 lower than the

noncrystalline samples is an important challenge for solid-state S/N ratio of a 4 H h d that the S/N
NMR spectroscopy, and appropriate methods are currently being™" . ratio o a4-mm rotor. Here e have assume _t atthe
ratio per unit volume of a solenoid coil is proportional to the

developed. Recently, the (almost) complete resonance assign: o 16 .
ment of solid-state magic-angle spinning (MAS) NMR spectra NVerse of the coil diametép:16 Experimentally, the decrease

of small polypeptides with uniform or site-directed labefin in the S/N ratio is found to be about a factor of 2. It should be
and a first solid-state NMR structure of a protein sample with pointed out, however, that the S/N ratio of the 1D spectrum is

site-directed labeling have been published. The prerequisite much less _|mportant tha’? the S/N ratio Of the cross—peaks_lrj a
for this development was the increased spectral resolution in 2D c_orrelauon speqtrum since the mf_orma_tlon about connectivity
multidimensional chemical-shift correlation spectra obtained by and |nternIL(J(_:Iear Q|st§nce25[;s contalnec(ijln thzcross-peiaks. 'Lhe
improved sample preparation techniques and recently developeocross'pea |nt.enS|ty In a 2D spectrum depends .not.on yon the
spectroscopic methods overall S/N ratio of the probe but also on the polarization transfer
For small amounts of protein, one of the major concerns is efﬂmer\cy of the experiment. ] ]

the low sensitivity of NMR leading to a low signal-to-noise ~ Besides the sample volume, other important experimental
(SIN) ratio in the spectrum. Currently, MAS rotors with an outer conditions depend on the choice of the MAS rotor diameter.
diameter (0.d.) of 4 mm and a sample volume of about50 ~ The maximum MAS frequency and the maximum radio

are the most common choices for solid-state NMR spectroscopyfrequency (rf) field amplitudes increase with decreasing rotor
diameter. Going from a 4-mm to a 2.5-mm o.d. rotor increases
TETH Zurich. o B the maximum spinning frequency from about 18 to 30 kHz,
*Institut de Biologie et Chimie des Prates. and the maximum rf field amplitude on the proton channel
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tion in the spectrum is increased, eliminating unwanted line Sequential solid-state NMR assignments of the dimer have been

broadening from3C homonuclear couplings in uniformly

obtained recentl} using spectra obtained at 500 and 600 MHz,

labeled samples. The efficiency of heteronuclear decoupling of with 11 kHz MAS in a 4-mm o.d. rotor.

the 13C or 15N spins from the protons depends on the MAS

In this paper, we present homonuclear correlation spectra

frequency, the rf field strength, and the decoupling method using a sample of 4 mg protein at an MAS frequency of 30

employed® 23 and, typically, also increases with increasing

kHz and a decoupling field of 150 kHz. We assess the gain in

MAS frequencies. Multiple-pulse decoupling methods such as S/N caused by fast MAS by comparing the S/N of the correlation

TPPM! or XiX?224allow one to obtain efficient decoupling at
high MAS frequencies with much lower decoupling fields than

cross-peaks in homonuclear chemical-shift correlation spectra
using proton-driven spin diffusion at low MAS frequencies and

would be necessary using cw decoupling. (iii) Polarization adiabatic polarization transfer schemes using the DREAM

transfer efficiency: many adiabatic polarization transfer schémes,
which in theory allow transfer efficiencies up to 100%, work

best at high spinning frequencies. For example, the bandwidth

of homonuclear recoupling using the DREAM metfotl
increases with increasing MAS frequency.

Higher radio frequency fields become more accessible in
small-diameter MAS probes due to the correspondingly smaller
coil diameter. However, rf irradiation induces sample heating

through the electrical part of the rf field especially if the sample

method at high MAS frequencies. We found significant
improvements in the S/N ratio at high MAS frequencies.

Experimental Section

The sample preparation of the Crh protein for solid-state NMR
measurements was done as described in ref 13. In brief, Crh was
overexpressed with a C-terminal LQ{6lis) extensiorf? Uniformly
[*3C'5N] labeled protein was obtained by growing bacteria in Silantes
growth media. The protein was purifiédand Crh-containing fractions
were dialyzed against 20 mM NHCO;. Microcrystalline Crh was

has a high salt content. Heating through rf irradiation has to be prepared by slow precipitation of the protein with a 20% solution of
minimized by implementing polarization transfer and decoupling PEG 6000, 0.02% NaNin 20 mM NHHCO; over a 2 M NaCl
schemes with reduced rf power requirements. Such schemeseservoir solution. Resulting microcrystals were directly centrifuged

have recently been introduced for polarization trarféfrand
decoupling®28 under fast MAS, and their efficiency increases
with increasing MAS frequency. We will employ the former,

into a 2.5-mm Bruker rotor, and rotor caps were sealed with super glue.
The rotor used in this study contained about 4 mg of protein. The above
conditions were optimized to ensure a low salt content of the sample

while the latter requires even faster MAS frequencies to be t0 minimize sample heating by rf irradiation.

competitive in a sample with inherently narrow lines. At high

spinning frequencies, present rotor/stator MAS assemblies suffer

from significant heating?-2° At the maximum rotor speed for a
given rotor diameter, heating by 230 K is observed and must
be compensated by cooling.

A key factor for the line width observed in the spectrum is

Spectra were collected on a Bruker 600 MHz wide-bore spectrometer
using a commercial 2.5-mm triple-resonance probe by the same
manufacturer. The sample was cooled by a separate cooling nitrogen
stream with a flow of about 2000 L/h. The effective sample temperature
was deduced from calibration measurements with a,S3¥@;
sampl@®3°34as a function of spinning frequency and the set temperature
of the nitrogen cooling stream. To obtain a sample temperature of 5

the sample preparation which determines the structural homo-°C, the temperature of the nitrogen stream had to be sef@°C and

geneity of the samplé!%13Concerns have been raised that the

—45 °C for the MAS frequencies of 12 and 30 kHz, respectively. The

forces encountered in fast MAS may compromise the sample estimated temperature gradient over the sample and the accuracy of

quality, but we have encountered no such problems in the cours

of our study.

e

the temperature setting were both abouts
For the 1D spectra, 1024 scans were added up. The spectral width
was set to 100 kHz, and 3072 complex data points were acquired. The

The .mOde| compoqnq .inVeStigaFe.d here is the 10.4 kD? cross-polarization time was 1 ms. The rf field amplitude for all hard
catabolite repression histidine-containing phosphocarrier protein pulses was set to 100 kHz (& 180 pulse). The recycle delay was 3

(Crh) from Bacillus subtilis The structure of Crh has been
solved both by liquid-state NMR (monomeric fotfnand by
X-ray crystallography (domain swapped dimeric fé#m

(19) Ernst, M.; Samoson, A.; Meier, B. i&hem. Phys. Let2001, 348 293~
302

(20) Schmidt-Rohr, K.; Spiess, H. Wiultidimensional Solid-State NMR and
Polymers Academic Press: London, 1994.

(21) Bennett, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin, R. G.
J. Chem. Phys1995 103 6951-6958.

(22) Detken, A.; Hardy, E. H.; Ernst, M.; Meier, B. @hem. Phys. Let2002
356, 298—-304.

(23) Sakellariou, D.; Brown, S. P.; Lesage, A.; Hediger, S.; Bardet, M.; Meriles,
C. A,; Pines, A.; Emsley, LJ. Am. Chem. SoQ003 125, 4376-4380.

(24) Tekely, P.; Palmas, P.; Canet,DMagn. Reson., Ser.2994 107, 129—
133

(25) Ernst, M.; Meier,B. H. Adiabatic Polarization Transfer Methods in MAS
Spectroscopy; IiEncyclopedia of NMRJohn Wiley & Sons: New York,
2002; Vol. 9, pp 23-32.

(26) Verel, R. Baldus, M.; Ernst, M.; Meier, B. KChem. Phys. Lett1998
287, 421-428.

(27) Verel, R.; Ernst, M.; Meier, B. HJ. Magn. Reson2001, 150, 81—-99.

(28) Ernst, M.; Samoson, A.; Meier, B. H. Magn. Reson2003 163, 332—
339.

(29) Grimmer, A. R.; Kretschmer, A.; Cajipe, V. Blagn. Reson. Chert997,

35, 86-90.

(30) Langer, B.; Schnell, I.; Spiess, H. W.; Grimmer, A. R.Magn. Reson.
1999 138 182-186.

(31) Favier, A.; Brutscher, B.; Blackledge, M.; Galinier, A.; Deutscher, J.; Penin,
F.; Marion, D.J. Mol. Biol. 2002 317, 131-144.

15808 J. AM. CHEM. SOC. = VOL. 125, NO. 51, 2003

s, leading to an acquisition time of about 1 h. The spectra were Fourier-
transformed with zero filling to 64 k data points without applying a
window function and were phase and baseline corrected.

For the 2D spectra, 80 scans were added up for each of;the
increments. The spectral width was 50 kHz in both dimensions, and
1024 data complex points were acquirediinOne thousand twenty-
four t; increments were recorded using the TPPI method for sign
discrimination int;, except for the DREAM experiment where 780
increments were acquired. The cross-polarization time was 1 ms with
a proton field of 100 kHz. The rf field amplitude for all hard pulses
was set to 100 kHz (s 180 pulse). The shape of the amplitude in
the DREAM experiment is described ly(t) = @1 — f tan@[7/2 —

t]) with a. = 2 arctanf\/f)/t, T = 8 ms,5/(27) = 1 kHz, andA/(2x)

= 3 kHz. The shape of the phase and amplitude of the adiabatic pulses
in the TOBSY experiment (WiW;% pulse sequence using WURSjT-
pulses) are described byi(t) = wi(1 — [sin(z/Ty)|% and ¢(t) —
(01)%Qo, with g = 4, Qo = 5, T, = 55 us, andw; = 90 kHz. During
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Figure 1. Pulse sequences for 2D correlation spectra using (a) the DREAM
mixing sequence and (b) the TOBSY sequence.
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Figure 2. One-dimensional®C spectra of Crh (a) at 12 kHz MAS
frequency and 80 kHz decoupler field strength using TPPM decoupding (
=5.7us,A¢ = 15°) and (b) at 30 kHz MAS frequency and 150 kHz XiX
decoupling t, = 95 us). For each spectrum, 1024 scans were added up
with a recycle delay of 3 s, leading to a total acquisition time of about 1 h.
(c) Comparison of the aliphatic region of twéC spectra. The 12 kHz
MAS spectrum is shown in red while the 30 kHz MAS spectrum is shown
in black.

mixing, the decoupling field was set to 100 kHz for the TOBSY as
well as for the DREAM experiment. At 30 kHz MAS frequency, XiX
decoupling with a field strength of 150 kHz and a pulse length of 95
us was used, while at 12 kHz MAS, TPPM decoupling with a field
strength of 80 kHz, a pulse length of %8, and a phase angle of°15
was used. The z-filter in the TOBSY experiment had a length of 2 ms.
The recycle delay was set to 3 s, leading to an acquisition time of

about 70 h. The spectra were Fourier-transformed using a cosine-square

window function with zero filling © 8 k data points in both dimensions.
No baseline correction or resolution enhancement was applied. The
pulse sequences for the 2D correlation spectra using the DREAM
experiment and the TOBSY experiment are shown in Figure 1la and
1b, respectively.

Results and Discussion

Figure 2 compares thé3C spectrum of Crh at “mild
conditions” of 12 kHz MAS and 80 kHz decoupling field (Figure
2a) with the spectrum under “fast MAS” conditions of 30 kHz
MAS and 150 kHz decoupling (Figure 2b). The sample
temperature was & 5 °C. The “mild conditions” correspond
to typical experimental conditions used for 4-mm o.d. MAS
rotors. A comparison of the dispersion of the signals in the
aliphatic region of the two spectra shown in Figure 2c shows

Figure 3. Proton-driven spin-diffusion spectrum recorded at 12 kHz MAS
using TPPM decouplingrf = 5.7 us, A¢ = 15°) with a field strength of
about 80 kHz. The mixing time was 10 ms. One thousand twentyfour
increments with 80 scans each were accumulated in approximately 70 h.
The contours are spaced logarithmically with a factor of 1.5 between two
contours.

frequency and the higher proton decoupling field strength. On
the contrary, the spectrum recorded at 30 kHz MAS shows a
notably better resolution. We have, however, observed that the
resolution depends also on the sample temperature, and there-
fore, we stop short of claiming higher resolution in the spectrum
at 30 kHz from the data presented here. Further experimental
evidence will be needed to clearly distinguish between these
two effects. Regardless, these measurements clearly illustrate
that it is possible to acquire spectra of Crh under “fast MAS”
conditions without changes in the structure of the protein.

The most common experiment to obtain homonuclear chemi-
cal-shift correlation spectra in peptides and proteins is currently
proton-driven spin diffusion (for a review of the method, see
ref 35). This experiment has the advantage that no rf irradiation
is present during the mixing time of the experiment. It works
best at lower MAS frequencies since MAS averages out the
homonuclear dipolar couplings among the protons which
mediate thel®C—13C polarization transfef although it can
easily be adapted to faster MAS by applying low-power proton
irradiation at the HORROR or rotary resonané&conditions.

A 2D proton-driven spin-diffusiod3C chemical-shift correlation
spectrum of Crh with a mixing time of 10 ms is shown in Figure

3. The spectrum was recorded under “mild conditions” with 12
kHz MAS and a decoupler field strength of 80 kHz. The
spectrum shows, as expected, clear cross-peaks, but the cross
Sections shown here illustrate that their intensity is relatively
low because polarization transfer is incomplete. The intense
diagonal peaks obscure some of the cross-peaks located close
to the diagonal.

Alternatively, we have applied the adiabatic DREAM’
polarization transfer sequence as shown in Figure la. This
sequence belongs to the class of rf-driven polarization transfer
sequence$ and works also in the absence of a coupling to the
proton bath. The method requir&C rf irradiation during the
mixing time, however, at low intensity near the HORROR

(35) Ernst, M.; Meier, B. H. Spin Diffusion in Solids. I8olid State NMR of
Polymers Ando, I., Asakura, T. Eds.; Elsevier: The Netherlands, 1998.
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that indeed no sample deterioration was caused by the high MAS(38) Oas, T. G.; Griffin, R. G.; Levitt, M. HJ. Chem. Phys1988 89, 692.
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Figure 4. DREAM spectrum recorded with an adiabatic sweep through Figure 5. TOBSY spectrum recorded with adiabatic pulses at 30 kHz MAS
the resonance condition at 30 kHz MAS using XiX decoupling= 95 using XiX decoupling ¢, = 95us) with a field strength of about 150 kHz.

us) with a field strength of about 150 kHz. The mixing time was set to 8 The mixing time was set to 10 ms. One thousand twenty-foincrements
ms. Seven hundred thirty increments with 80 scans each were accumulated with 80 scans each were accumulated in approximately 70 h. The contours

in approximately 48 h. The contours are spaced logarithmically with a factor are spaced logarithmically with a factor of 1.5 between two contours.
of 1.5 between two contours.

is the same as for the spectra in Figures 3 and 4. The bandwidth
condition 1 = w/2), and heating through the rf irradiation of  of the TOBSY sequence is large enough to allow recoupling
the recoupling sequence is negligible. The bandwidth of the gyer the entire range of carbon chemical shifts. Recoupling
DREAM recoupling increases with increasing MAS frequeficy.  through the J-coupling is a zero-quantum process, and the cross-
A 2D DREAM spectrum of Crh at a MAS frequency of 30  peaks have the same sign as the diagonal peaks. There are,
kHz is shown in Figure 4. The same number of FIDs (80) were however, significantly more cross-peaks in the 2D TOBSY
added pett; increment as for Figure 3, and the mixing time  spectrum (Figure 5) than in the 2D spin-diffusion spectrum of
was set to 8 ms. DREAM is a double-quantum recoupling Figure 3, and the cross-peaks have higher intensities, averaging

sequence leading to a negative sign of the cross-peaks for singleto a S/N ratio of 12:1 for the directly bonded carbons.
step transfers. In comparison to the spin-diffusion spectrum, the

intensity of the cross-peaks is greatly enhanced at the cost ofconclusions
the intensity of the diagonal peaks. Cross-peaks much closerto We have shown that fast MAS at 30 kHz can be safely
the diagonal of the spectrum can be identified. These observationapplied to a microcrystalline protein sample, and that recently
are best verified in the cross sections through the 2D spectrum,developed pulse sequences available only for fast MAS allow
which show significantly higher cross-peak intensities and better us to record 2D homonuclear chemical-shift correlation spectra
SIN than the cross sections through the spin-diffusion spectrum.with significantly improved signal-to-noise ratios. Through-bond
The S/N ratio of one-bond cross-peaks averages to about 15:1as well as through-space transfer can be realized under these
in the DREAM spectrum at 30 kHz and 4:1 in the spin-diffusion  conditions. Both experiments lead to significant improvement
spectrum at 12 kHz MAS. For the DREAM spectrum, the carrier of the cross-peak S/N ratio compared to spin-diffusion spectra
frequency of the"*C channel was placed in the center of the at lower MAS frequencies.
aliphatic region to achieve good recoupling over the full range  We found that the improved pulse sequences can overcom-
of aliphatic carbon resonances. At 30 kHz MAS, the bandwidth pensate for the lower S/N ratio of spectra from small amounts
of the DREAM experiment is not quite sufficient to cover the of sample. Therefore, it is attractive to use smaller rotors even
full range of carbon resonances, and cross-peaks to the carbonyif the amount of compound available is sufficient for a larger
resonances are weak. These cross-peaks could be observed witfvtor. A S/N ratio for the DREAM cross-peaks of 15:1 (for next
an additional DREAM experiment with a different choice of neighbor cross-peaks) was obtained in about 70 h of experi-
the rf carrier frequency. With increasing MAS frequencies, it mental time on a sample of 4 mg of protein in a 2.5-mm rotor.
will also be possible to obtain DREAM recoupling over the We found that the S/N ratio of the cross-peaks in a DREAM
full chemical-shift range of the carbon resonances. experiment using a 2.5-mm rotor is almost two times higher
For the assignment of the resonances, the use of through-than the cross-peaks in a spin-diffusion experiment using a full
bond total-correlation experiments (TOBS¥Y°as shown in 4-mm rotor. This improvement is primarily based on the higher
Figure 1b, is a valuable alternative to through-space dipolar- polarization transfer efficiency of the DREAM sequence most
coupling-based experiments. TOBSY transfer is achieved easily realized under fast MAS conditions. We expect that
through the isotropic J-coupling by suppressing all anisotropic similar considerations apply for even smaller rotor diameters
interactions. A 2D TOBSY spectrum with adiabatic inversion and correspondingly higher MAS frequencies.
pulses in the mixing sequerféeis shown in Figure 5. The
mixing time was 10 ms, and the rf field strength for the
13C-TOBSY sequence was about 100 kHz. The number of scans
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