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Abstract An approach for conveniently implementing
low-power CN;, and RN, symmetry-based band-selective
mixing sequences for generating homo- and heteronuclear
chemical shift correlation NMR spectra of low y nuclei in
biological solids is demonstrated. Efficient magnetisation
transfer characteristics are achieved by selecting appro-
priate symmetries requiring the application of basic RF
elements of relatively long duration and numerically tai-
loring the RF field modulation profile of the basic element.
The efficacy of the approach is experimentally shown by
the acquisition of '’N="2C dipolar and "*C-"2C scalar and
dipolar coupling mediated chemical shift correlation
spectra at representative MAS frequencies.
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In MAS solid state NMR based studies of biomolecular
systems such as proteins and RNAs, multi-dimensional
experiments involving the application of RF pulse sequen-
ces with mixing periods leading to '>N-'"3C and '*C-'3C
magnetisation transfers are often carried out for the
assignment of resonances and for the extraction of structural
constraints (Sun et al. 1997; Baldus et al. 1998; Hong 1999;
Rienstra et al. 2000; Pauli et al. 2001; Detken et al. 2001;
Castellani et al. 2003; van Rossum et al. 2003; Riedel et al.
2005; Frericks et al. 2006; Siemer et al. 2006; Chen et al.
2006, 2007a, b; Kehlet et al. 2007; Hansen et al. 2007; Zhou
et al. 2007a, b; Nielsen et al. 2009, 2011). In a variety of
experimental circumstances it is advantageous to employ
low-power band-selective mixing sequences. When the
mixing sequence has to be applied over a long period, as in
the generation of '*C—"3C scalar coupling mediated TOBSY
correlation spectra (Baldus and Meier 1996) of aliphatic
carbons in peptides and proteins, low RF field strength
requirements can be very useful for minimising not only the
interference between the decoupling and recoupling RF
fields (Bennett et al. 1998) but also sample heating effects in
temperature sensitive samples. Band-selective mixing
sequences can also permit the generation of correlation data
with improved cross-peak intensities by reducing the leak-
age of magnetisation through multiple magnetisation
transfer pathways (Rienstra et al. 2000). For example, the
use of a broadband '’N-'*C mixing sequence in the 3D
NCC experiment (Sun et al. 1997; Rienstra et al. 2000)
could lead to the transfer of the initial >N magnetisation to
both the '*C* and '*C’ nuclei in proteins. Compared to the
experiment in which these intra- and inter-residue correla-
tions are obtained in two separate measurements, by
restricting the '’N magnetisation transfer either to '>C* or
13C’ employing band-selective mixing sequences, the cross-
peak intensities seen in the broadband experiment are
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reduced by a factor of 2. Hence, when sensitivity is critical,
it will be clearly advantageous to employ band-selective
mixing sequences (Rienstra et al. 2000). Such sequences
could also potentially permit the generation of correlation
spectra with improved spectral resolution by reducing the
spectral width requirements in the indirect dimensions. The
need for efficient band-selective mixing schemes for
achieving '°C* - N and '*CO — "N magnetisation
transfers can also be seen from the recent studies of Zhou
et al. who employed 3D CANH, CONH and CON(H)H type
of experiments for achieving 'H resonance assignments and
for obtaining 'H-"H distance constraints in their structural
study of the f1 immunoglobulin binding domain of protein
G (GB1) (Zhou et al. 2007a, b). Band-selective mixing
sequences are also expected to be useful in the study of
RNAs when magnetisation transfers within either the aro-
matic or sugar moieties are required. It is apparent that an
efficient general approach enabling the design of low-power
band-selective mixing sequences would have a considerable
impact in the structural studies of biomolecular systems. In
this context we have examined the potential of the sym-
metry-based approach (Levitt 2002) for implementing
band-selective '’N-">C and '*C-'">C mixing sequences at
high MAS frequencies that are typically employed in the
study of biological systems, e.g. to minimise the effects of
CSA at high Zeeman field strengths. One of the strengths of
the symmetry-based approach for the recoupling and
decoupling of different nuclear spin interactions in rotating
solids is that it provides a large number of inequivalent
symmetries involving the application of basic “R”/“C”
elements of different durations. Recently, we have devel-
oped a numerical approach for the design of broadband
mixing sequences using symmetries involving the applica-
tion of basic elements of short durations (Herbst et al.
2009a, b, c; Herbst 2010; Herbst et al. 2010). For example,
symmetries such as R18f74’ 5 and R24525’ 7 requiring basic
R elements of duration ~63 and 61 ps, respectively, were
employed at a MAS frequency of 15 kHz for achieving
3C-'*N double-quantum dipolar recoupling (Herbst et al.
2010). By exploiting the fact that 180° and 360° pulses of
relatively long duration and with small inversion/null-
rotation bandwidths can be implemented using low RF field
strengths, the possibility to generate homo- and heteronu-
clear correlation spectra at high MAS frequencies using
low-power  band-selective = symmtery-based  mixing
sequences is demonstrated here.

All optimisation calculations were carried out consider-
ing simultaneous application of '"H decoupling during
mixing. Dual channel ’N="*C mixing sequences leading to
y-encoded heteronuclear double-quantum dipolar recou-
pling, with suppression of chemical shift anisotropies and
homonuclear dipolar coupling terms, were implemented via
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RN}>"% symmetries (Brinkmann and Levitt 2001; Herbst
et al. 2010). TOBSY mixing sequences for achieving effi-
cient '*C-">C magnetisation transfers solely in the spectral
range of the aliphatic carbons, as in liquid state NMR, were
designed via CN,, symmetry-based schemes (Levitt 2002;
Hardy et al. 2003; Herbst et al. 2009b). As with TOBSY,
mixing sequences for achieving y-encoded *C—"*C double-
quantum dipolar recoupling were also designed via CN,,
symmetry-based schemes (Levitt 2002; Herbst et al.
2009b). The phase modulated basic C and R elements of
constant amplitude were implemented as a sandwich of a
small number of pulses of equal duration. As in our recent
studies (Herbst et al. 2009a, b, c; Herbst et al. 2010, Herbst
2010), the global optimisation procedure “genetic algo-
rithms” (GA) was employed to generate the basic R/
C pulses. Subsequently, the phase modulation profiles were
tailored numerically via the nonlinear least-squares opti-
misation procedure NL2SOL implemented in the SPIN-
EVOLUTION program (Veshtort and Griffin 2006), so as to
achieve satisfactory performance of the mixing sequence
over the required resonance offset range of the nuclei.
Band-selective and/or non-band-selective pulses were
employed as the starting basic elements in these calcula-
tions. A few representative symmetries were considered in
the numerical design for which the starting basic elements
of the required duration could be constructed with RF field
strength in the range of 10-20 kHz. This typically leads to
symmetries involving the application of basic elements of
relatively long duration. For example, symmetries such as
R1655* and R1643° requiring basic R elements of duration
of ~200 ps were employed at MAS frequencies of 15 and
20 kHz, respectively, for achieving '*C—"°N double-quan-
tum dipolar recoupling using ‘>N and '*C RF field strengths
of ~10 kHz. The C9}, and C9%y symmetries involving
basic elements of duration ~400 ps were, respectively,
used at MAS frequencies of 33.333 and 20 kHz for gener-
ating TOBSY mixing sequences using a '*C RF field
strength of ~ 15 kHz. At the MAS frequencies of 25 and
33.333 kHz, the symmetries C7§’0 and C74]10 were, respec-
tively, used for generating '*C—">C dipolar coupling med-
iated chemical shift correlation spectra using '*C RF field
strengths of 15 kHz and 20 kHz. For each of the symmetries
considered, the optimisation calculations to find the best
possible solution were typically carried out starting with a
variety of basic elements, corresponding to RF pulses with
different inversion/null rotation bandwidths and phase-
modulation profile characteristics.

A Zeeman field strength corresponding to a 'H reso-
nance frequency of 500 MHz and typical chemical shift
and dipolar coupling parameters, as indicated in the figure
captions, were used in the numerical design. Either a two
spin '"N="3C or '*C-"3C spin system was employed and
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Fig. 1 Simulated longitudinal TOBSY magnetisation transfer char-
acteristics observed with the C9],, symmetry-based RF pulse scheme.
The optimised phase-modulation profile of the basic C element of
400 ps duration shown in a was generated considering an RF field
strength of 15 kHz, a spinning speed of 33.333 kHz and a resonance
offset range of + 5 kHz. The simulated plot given in b shows the
magnitude of the transferred magnetisation (normalised to the
maximum transferable signal) on the second carbon starting with
z magnetisation on carbon 1. These were generated using typical
chemical shift, scalar and dipolar coupling parameters of alanine, with

optimised RF pulse schemes were obtained, as in our recent
studies, by monitoring the transfer of longitudinal mag-
netisation to the second spin, starting with z magnetisation
on spin 1 at zero mixing time, and maximising the mag-
nitude of the longitudinal magnetisation at different mixing
times ("’N='*C mixing: ~3 ms, '*C="3C double-quantum
dipolar mixing: ~ 1.2 ms, TOBSY mixing: ~ 14 ms). In
the case of TOBSY, efficient mixing sequences could be
generated by first obtaining the optimised liquid state
TOCSY mixing sequences using the relevant CN,, sym-
metry-based RF phasing scheme. The resultant phase-
modulation profile was then subsequently used as the
starting point for obtaining the TOBSY mixing sequence.

In general, the local optimisation calculations were
repeated several times varying all the RF phase values
randomly over a range of +10%. These calculations were
carried out employing a variety of computer systems
including a unix cluster with 64 processors, incorporating
RF field inhomogeneities (£5%) and considering only a
limited number of 32 crystallite orientations selected
according to the Zaremba-Cheng-Wolfsberg (ZCW)
method (Cheng et al. 1973). All simulations to assess the
performance characteristics of the pulse sequences were
carried out with the SPINEVOLUTION program (Veshtort
and Griffin 2006) considering 168 o and f powder angles
selected according to the REPULSION scheme (Bak and
Nielsen 1997) and 16 y angles as well as with a Zeeman

the '*C carrier kept at the center of the two resonances. ¢ shows the
magnitude of the transferred magnetisation on spin 2 at a T,;x of
14.4 ms as a function of the resonance offsets of the scalar coupled
nuclei, starting with z magnetisation on the first carbon spin at zero
mixing time. The corresponding optimised phase-modulation profile
of the basic element and the performance characteristics of the
sequence obtained considering a resonance offset range of +8 kHz
and an RF field strength of 20 kHz are given in the plots shown in d—
f. The RF phase values of the first 10 slices of the basic C element are
given in the supplementary material

field strength corresponding to a 'H resonance frequency of
500 MHz. Chemical shift correlation experiments via
longitudinal magnetisation exchange were carried out as in
our earlier studies using polycrystalline (**C,"”N) labelled
samples of arginine and the CUG triplet repeat expansion
RNA (CUG)g; (Riedel et al. 2005, 2006; Herbst et al. 2010;
Herbst 2010) in a Bruker 500 MHz wide-bore or a narrow-
bore Bruker 750 MHZ Avance III solid state NMR spec-
trometer equipped with 3.2 and 2.5 mm triple resonance
probes, with the sample temperature kept at ~0°C. Other
details are given in the figure captions.

Phase-modulated 180° and 360° pulses with the required
duration were generated via GA considering inversion/null-
rotation bandwidths in the range of 2-20 kHz and appro-
priate RF field strengths, as mentioned earlier. 180° pulses
were generally constructed such that the phase modulation
profile is symmetric with respect to the center of the pulse.
The null rotation pulses were generated such that the phase
modulation profile of the first half of the pulse is 180° out
of phase with respect to the second half and, additionally,
the phase-modulation profile of each half was kept sym-
metric with respect to its center. As representative exam-
ples, the phase- modulation profiles and the performance
characteristics of some of the GA derived pulses are given
in the supplementary material. Starting with a variety of
basic C elements, TOBSY optimisation calculations were
carried out considering a resonance offset range of +5 kHz
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Fig. 2 Phase-modulation profiles (ai,bi);-;_3 and simulated 13¢.N
magnetisation transfer characteristics (ci,di);-;_; of the numerically
optimised symmetries R16g:° (al, b1, cl, d1; 20 kHz), R16;5*(a2,
b2, ¢2, d2; 15 kHz) and R1433* (a3, b3, ¢3, d3; 15 kHz). The
optimised phase-modulation profiles were generated considering a
resonance offset range of +2 kHz and 13C and "N RF field strengths
of 10 kHz. The simulated plots (c1-¢3) show the magnitude of the
transferred magnetisation (normalised to the maximum transferable
signal) on nitrogen starting with z magnetisation on carbon (contin-
uous lines '°C* > N and dotted lines '>C’ — 'N). The simulations

and an RF field strength of 15 kHz. The phase-modulation

profile of the optimised basic C element for the C9%20

symmetry at a MAS frequency of 33.333 kHz is given in
Fig. la. It was obtained by first generating the optimised

liquid state TOCSY mixing sequences using the C9is

symmetry-based RF phasing scheme and employing the
resultant phase-modulation profile as the starting point for
obtaining the TOBSY mixing sequence. CSA, scalar and
dipolar coupling parameters corresponding to that of the
B3¢ and "*CP nuclei of alanine were used in the TOBSY
calculations and the '*C carrier was kept at the middle of
the aliphatic spectral region. The simulated magnetisation
transfer characteristics given in Fig. 1b indicate that the
(91, symmetry can be effectively employed for generat-
ing TOBSY spectra in the aliphatic region of peptides and
proteins. Figure 1c shows the magnitude of the transferred
magnetisation on spin 2 at a T,;x of ~ 14 ms as a function
of the resonance offsets of the scalar coupled nuclei,
starting with z magnetisation on the first carbon spin at zero
mixing time. It is apparent that the performance of the
sequence is not very much dependent on the resonance
offsets of the two nuclei in the offset range considered. At
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were carried out using appropriate chemical shift, scalar and dipolar
coupling parameters as in our recent study (Herbst et al. 2010). Plots
given in (d1-d3) show, respectively, the magnitude of the transferred
magnetisation on nitrogen at a T, of 3.15, 3.27 and 2.87 ms as a
function of the resonance offsets of the dipolar coupled nuclei,
starting with z magnetisation on the carbon ) spin at zero mixing
time. The RF phase values of the slices of the basic R elements as well
as the zoomed plots of (d1-d3) are given in the supplementary
material

the MAS frequency of 33.333 kHz, TOBSY optimisation
calculations were also carried out employing a resonance
offset range of +8 kHz and an RF field strength of 20 kHz.
The corresponding optimised phase-modulation profile of
the basic element and the performance characteristics of
the sequence are given in the plots shown in Fig. 1d—f.
Such mixing sequences are expected to be useful for car-
rying out band-selective TOBSY experiments at very high
Zeeman field strengths. Optimised low-power TOBSY
mixing sequences derived considering other experimental
conditions are given in the supplementary material.
Although the TOBSY mixing sequences reported here were
obtained without imposing any restriction for minimising
the transfer outside the aliphatic spectral window, negli-
gible '*C* — '3C’ transfer is typically seen with all the
mixing sequences. Where needed mixing sequences can be
designed including a penalty term for further minimising
magnetisation transfer outside the bandwidth of interest,
albeit at the cost of more computational time.

Typical CSA parameters in the '°N channel and nominal
as well as large '>C CSA values were considered in the
numerical optimisation runs for generating low-power
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band- selective RN)*" symmetry-based dual channel RF
pulse schemes for y-encoded '"N—'C dipolar recoupling.
The simulated performance characteristics of some of the
RN}*" symmetry-based sequences are shown in Fig. 2
along with the optimised RF field-modulation profiles of the
basic elements. The optimised profiles (ai, bi); — |_3 were
obtained considering a resonance offset range of (£2 kHz,
+2 kHz) and RF field strength of 10 kHz for the '*C’ and
SN nuclei, without restricting the phase modulation profile
to be symmetric with respect to the center of the pulse. The
simulated plots c1-c3 show the magnitude of the transferred
magnetisation (normalised to the maximum transferable
signal) on nitrogen starting with z magnetisation on carbon
at zero mixing time. Plots given in Fig. 2 d1-d3 show the
magnitude of the transferred magnetisation on nitrogen at
Tmix Of 3.15, 3.27 and 2.87 ms, respectively, as a function of
the resonance offsets of the dipolar coupled nuclei. The
performance of the numerically optimised symmetry-based
schemes reported here were in general found to be not
affected by minor variations (£5%) in the RF field strength
employed (data not shown) as well as by considering
smaller '>C CSA values. Recoupling sequences could also
be successfully designed considering marginally larger
resonance offset ranges for the Bc nuclei, as will be
required in '*C* — "N transfers. A representative plot
of the optimised phase-modulation profiles and the

characteristics generated with the R16¢3™ symmetry con-
sidering a resonance offset range of +3 kHz and £2 kHz,
respectively, in the '*C and "N dimensions are given in the
supplementary material. From the numerical simulation
results shown in Fig. 2, it can be seen that by choosing
appropriate symmetries it is possible to implement efficient
band-selective "*C—' N dipolar recoupling schemes even at
high MAS frequencies using only a moderate '*C/'°N RF
field strength in the range of 10 kHz. The mixing sequences
reported here were generated without imposing any
restriction for minimising the transfer outside the '*N/'*C
spectral window of interest. However, with the 13C carrier
kept at the carbonyl region, sequences designed for efficient
N « 3C’  magnetisation transfer show minimal
N « '3C* transfers. Similarly, with the carbon carrier
kept at the 'C* region, mixing sequences designed for
efficient °N «— 'C* magnetisation transfer show minimal
N« 3C’ transfers. It is worth noting that although the
mixing sequences reported here were designed considering
a particular MAS frequency, it is possible to realise satis-
factory magnetisation transfer characteristics (over the
correspondingly scaled spectral range) at other MAS fre-
quencies by appropriate scaling of the duration of the
optimised basic element and RF field strength.
Considering a resonance offset range of +5 kHz, cal-
culations were carried out for achieving band-selective

simulated Bc* - PN magnetisation transfer ~ '°C-"°C double-quantum dipolar recoupling via the C7%,
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Fig. 3 Simulated longitudinal dipolar magnetisation transfer charac-
teristics observed with the C75, symmetry-based RF pulse scheme.
The optimised phase-modulation profile of the basic C element of
~171 ps duration shown in a was generated considering an RF field
strength of 15 kHz, a spinning speed of 25 kHz and a resonance offset
range of £5 kHz. The simulated plot given in b shows the magnitude
of the transferred magnetisation (normalised to the maximum
transferable signal) on the second carbon starting with z magnetisation
on carbon 1. These were generated using typical chemical shift, scalar
and dipolar coupling parameters of alanine, with the '*C carrier kept

at the center of the two resonances. ¢ shows the magnitude of the
transferred magnetisation on spin 2 at a 7,;x of 1.2 ms as a function of
the resonance offsets of the scalar coupled nuclei, starting with
z magnetisation on the first carbon spin at zero mixing time. The
corresponding optimised phase-modulation profile of the basic
element and the performance characteristics of the symmetry C74o
obtained at a spinning speed of 33.333 kHz employing a resonance
offset range of £5 kHz and an RF field strength of 20 kHz are given
in the plots shown in (d—f). The RF phase values of the first 10 slices
of the basic C element are given in the supplementary material
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Fig. 4 2D '3C-"3C scalar coupling mediated chemical shift correla-
tion spectra (zoomed plot) of L-arginine hydrochloride obtained with a
Bruker 500 MHz wide-bore Avance III solid state NMR spectrometer
equipped with a 2.5 mm triple resonance probe, at a spinning speed of
33.333 kHz, with 'C RF field strength of 15 kHz during mixing and
using mixing times of 3.6 ms (a) and 10.8 ms (b). The spectra were

and C7j, symmetries, respectively, at MAS frequencies of
25 and 33.333 kHz. The corresponding optimised phase-
modulation profiles of the basic elements and the perfor-
mance characteristics of the sequences are given in the
plots shown in Fig. 3. CSA, scalar and dipolar coupling
parameters corresponding to that of the '*C* and B¢k
nuclei of alanine were used and the '*C carrier was kept at
the middle of the aliphatic spectral region. The simulated
magnetisation transfer characteristics indicate the satis-
factory performance of the sequences.

The performance characteristics of the symmetry-based
sequences reported here were also assessed via experimental
measurements and some representative data are given
below. The TOBSY spectra of the aliphatic region of argi-
nine shown in Fig. 4a, b were generated at a spinning speed
of 33.333 kHz using the C9},, symmetry with the numeri-
cally optimised phase-modulated basic element shown in
Fig. 1a employing mixing times of 3.6 and 10.8 ms. Direct
and relayed cross-peaks of appreciable intensities can be
clearly seen in the spectra. Consistent with the results from
numerical simulations, it is seen that low-power symmetry-
based mixing sequences can be effectively implemented for
the study of isotopically labelled biological systems at high
MAS frequencies. The experimental performance of the
(91,9 symmetry with the numerically optimised phase-
modulated basic element shown in Fig. 1d was also found to
be satisfactory (data not shown). The performances of the
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generated with the 915 symmetry-based RF pulse scheme, using the
basic C element with the optimised phase-modulation profile given in
Fig. 1, 16 transients per t; increment, 64 #; increments, spectral width
in the indirect dimension of 8,000 Hz, recycle time of 10 s and with
the RF carrier kept at 40 ppm
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Fig. 5 2D '"N-'3C chemical shift correlation spectra (zoomed plor)
of (CUG)y; RNA collected at a spinning speed of 20 kHz via the
magnetisation transfer pathway 'H — "N — '3C with a Bruker
750 MHz narrow-bore Avance III solid state NMR spectrometer
equipped with a 3.2 mm triple resonance probe. The R16g5"
symmetry with the corresponding numerically optimised R elements
given in Fig. 2al and b1, a CP contact time of 1.1 ms, a mixing time
of 3.15 ms, '*C and N RF field strength of 10 kHz, 32 transients per
t; increment, 64 ¢, increments, spectral width in the indirect
dimension of 20,000 Hz and a recycle time of 2.0 s were used,
keeping the 3C and "N RF carriers, respectively, at 161 and
174 ppm
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Fig. 6 2D '>C-'3C dipolar coupling mediated chemical shift corre-
lation spectra (zoomed plot) of L-arginine hydrochloride obtained with
a Bruker 500 MHz wide-bore Avance III solid state NMR spectrom-
eter equipped with a 2.5 mm triple resonance probe at spinning
speeds of 25 kHz (a) and 33.333 kHz (b). The spectra were collected
with the C75 symmetry-based RF pulse scheme employing '*C
dipolar recoupling RF field strengths of 15 kHz (a) and 20 kHz (b),

dual- channel symmetry-based sequences were assessed via
experimental measurements carried out (both at 500 and
750 MHz) on a polycrystalline sample of the CUG triplet
repeat expansion RNA (CUG)q;. Figure 5 shows a repre-
sentative 2D '"N—'*C chemical shift correlation spectrum
obtained via longitudinal magnetisation exchange at a
spinning speed of 20 kHz using the R1643> symmetry-
based double-quantum dipolar recoupling scheme. The
spectrum collected via the magnetisation transfer pathway
'"H - "N - '3C, was obtained employing a CP contact
time of 1.1 ms. The cross-peak intensities seen in the het-
eronuclear correlation spectra are not only related to the
efficacy of the dipolar recoupling scheme but also to the
starting N magnetisation at 7,,;x = 0. Hence, in addition to
N — '3C crosspeaks arising from nitrogens with directly
attached protons, measurable signal intensities are also seen
even from "N nuclei without any attached protons, as
indicated. The scalability of the mixing sequences was also
tested experimentally. For example, at the spinning speed of
30 kHz, the performance of the R16;5* symmetry
employing the correspondingly scaled basic R elements
(Fig. 2a2, b2) with ">N/!*C RF field strengths of ~20 kHz
was also found to be satisfactory (data not shown). The
13C-13C dipolar correlation spectrum of the aliphatic region
of arginine shown in Fig. 6 was generated at a spinning
speed of 25 kHz using the C7%, symmetry employing the
numerically optimised phase-modulated basic element
shown in Fig. 3a and a mixing time of 1.2 ms. Direct and
relayed cross-peaks of appreciable intensities can be clearly
seen in the spectrum. The performance of this pulse
sequence has been found to be satisfactory even at a spinning

mixing times of 1.2 ms (a) and 0.9 ms (b), 16 transients per
increment, 80 #; increments, spectral width in the indirect dimension
of 8,000 Hz, recycle time of 10 s and with the RF carrier kept at
40 ppm. The duration of the optimised phase-modulation profile
given in Fig. 3a was scaled down to 128.57 ps in acquiring the
spectrum 6b

speed of 33.333 kHz (Fig. 6b). The experimental perfor-
mance of the C74, symmetry with the numerically optimised
phase-modulated basic element shown in Fig. 3d was also
found to be satisfactory at a spinning speed of 33.333 kHz
(data not shown). Consistent with the results from numerical
simulations, the experimental results presented here dem-
onstrate that low-power symmetry-based mixing sequences
can be effectively implemented for the study of isotopically
labelled biological systems at high MAS frequencies using
symmetries involving the application of basic elements of
relatively long duration. Hence, the design of mixing
sequences via the symmetry-based approach is neither
restricted to broadband mixing nor to moderate MAS fre-
quencies. It is seen that by selecting appropriate symmetries
and optimising the RF field modulation profile of the basic
elements, it is equally possible to implement both high-
power broadband and low-power band-selective mixing
sequences at any desired MAS frequency.

Acknowledgments This study has been funded in part by a grant
from the Deutsche Forschungsgemeinschaft (GO474/6-1). The FLI is
a member of the Science Association’Gottfried Wilhelm Leibniz’
(WGL) and is financially supported by the Federal Government of
Germany and the State of Thuringia.

References

Bak M, Nielsen NC (1997) REPULSION, a novel approach to
efficient powder averaging in solid state NMR. J Magn Reson
125:132-139

Baldus M, Meier BH (1996) Total correlation spectroscopy in the
solid state. The use of scalar couplings to determine the through-
bond connectivity. J] Magn Reson A 121:65-69

@ Springer



284

J Biomol NMR (2011) 50:277-284

Baldus M, Petkova AT, Herzfeld J, Griffin RG (1998) Cross
polarization in the tilted frame: assignment and spectral simpli-
fication in heteronuclear spin systems. Mol Phys 95:1197-1207

Bennett AE, Rienstra CM, Griffiths JM, Zhen W, Lansbury PT,
Griffin RG (1998) Homonuclear radio frequency-driven recou-
pling in rotating solids. J Chem Phys 108:9463-9479

Brinkmann A, Levitt M (2001) Symmetry principles in the nuclear
magnetic resonance of spinning solids: heteronuclear recoupling
by generalized Hartmann-Hahn sequences. J Chem Phys
115:357-384

Castellani F, van Rossum BJ, Diehl A, Rehbein K, Oschkinat H
(2003) Determination of solid- state NMR structures of proteins
by means of three-dimensional 15N-13C-13C dipolar correla-
tion spectroscopy and chemical shift analysis. Biochem 42:
11476-11483

Chen L, Olsen RA, Elliott DW, Boettcher JM, Zhou DH, Reinstra
CM, Mueller LJ (2006) Constant-time through-bond 13C
correlation spectroscopy for assigning protein resonances with
solid state NMR spectroscopy. J Am Chem Soc 128:9992-9993

Chen L, Kaiser JM, Polenova T, Yang J, Reinstra CM, Mueller LJ
(2007a) Backbone assignments in solid-state proteins using
J-based 3D heteronuclear correlation spectroscopy. J Am Chem
Soc 129:10650-10651

Chen L, Kaiser JM, Lai J, Polenova T, Yang J, Reinstra CM, Mueller
LJ (2007b) J-based 2D homonuclear and heteronuclear correla-
tion in solid state proteins. Magn Reson Chem 45:S84-S92

Cheng VB, Suzukawa HH, Wolfsberg M (1973) Investigations of a
nonrandom numerical method for multidimensional integration.
J Chem Phys 59:3992-3999

Detken A, Hardy EH, Ernst M, Kainosho M, Kawakami T, Aimoto S,
Meier BH (2001) Methods for sequential resonance assignment
in solid, uniformly 13C, 15N Ilabelled peptides: quantification
and application to antamanide. J Biomol NMR 20:203-221

Frericks HL, Zhou DH, Yap LL, Gennis RB, Rienstra CM (2006)
Magic-angle spinning solid- state NMR of a 144 kDa membrane
protein complex: E.coli cytochrome bos oxidase. J Biomol NMR
36:55-71

Hansen JO, Kehlet C, Bjerring M, Vosegaard T, Glaser SJ, Khaneja
N, Nielsen NC (2007) Optimal control based design of
composite dipolar recoupling experiments by analogy to single-
spin inversion pulses. Chem Phys Lett 447:154-161

Hardy EH, Detken A, Meier BH (2003) Fast-MAS total through-bond
correlation spectroscopy using adiabatic pulses. J Magn Reson
165:208-218

Herbst C (2010) Korrelationen der chemischen Verschiebung an
schnell rotierenden biologischen Festkorpern mittels NMR-
spectroskopie, Ph.D Thesis, Friedrich-Schiller-University, Jena

Herbst C, Herbst J, Kirschstein A, Leppert J, Ohlenschliager O,
Gorlach M, Ramachandran R (2009a) Design of high-power,
broadband 180° pulses and mixing sequences for fast MAS solid
state chemical shift correlation NMR spectroscopy. J Biomol
NMR 43:51-61

Herbst C, Herbst J, Kirschstein A, Leppert J, Ohlenschldager O,
Gorlach M, Ramachandran R (2009b) Recoupling and decou-
pling of nuclear spin interactions at high MAS frequencies:
numerical design of CN; symmetry-based RF pulse schemes.
J Biomol NMR 44:175-184

Herbst C, Herbst J, Leppert J, Ohlenschliger O, Gorlach M,
Ramachandran R (2009¢) Numerical design of RN} symmetry-
based RF pulse schemes for recoupling and decoupling of
nuclear spin interactions at high MAS frequencies. J Biomol
NMR 44:235-244

@ Springer

Herbst C, Herbst J, Leppert J, Ohlenschliger O, Gorlach M,
Ramachandran R (2010) Broadband 15N-13C dipolar recou-
pling via symmetry-based RF pulse schemes at high MAS
frequencies. J Biomol NMR 47:7-17

Hong M (1999) Resonance assignment of 13C/15N labeled solid
proteins by two- and three- dimensional magic-angle-spinning
NMR. J Biomol NMR 15:1-14

Kehlet C, Bjerring M, Sivertsen AC, Kristensen T, Enghild JJ, Glaser
SJ, Khaneja N, Nielsen NC (2007) Optimal control based NCO
and NCA experiments for spectral assignment in biological
solid-state NMR spectroscopy. J Magn Reson 188:216-230

Levitt MH (2002) Symmetry-based pulse sequences in magic-angle
spinning solid-state NMR. In: Grant DM, Harris RK (eds)
Encyclopedia of nuclear magnetic resonance. John Wiley,
Chichester

Nielsen AB, Bjerring M, Nielsen JT, Nielsen NC (2009) Symmetry-
based dipolar recoupling by optimal control: band-selective
experiments for assignment of solid-state NMR spectra of
proteins. J Chem Phys 131:025101

Nielsen AB, Jain SK, Nielsen NC (2011) Low-power homonuclear
dipolar recoupling using supercycled symmetry-based and
exponentially-modulated pulse sequences. Chem Phys Lett 503:
310-315

Pauli J, Baldus M, van Rossum B, de Groot H, Oschkinat H (2001)
Backbone and side-chain 13C and 15N signal assignments of the
a-spectrin SH3 domain by magic angle spinning solid-state
NMR at 17.6 Tesla. ChemBioChem 2:272-281

Riedel K, Leppert J, Ohlenschldger O, Gorlach M, Ramachandran R
(2005) TEDOR with adiabatic inversion pulses: resonance
assignments of 13C/I5N labelled RNAs. J Biomol NMR 31:
49-57

Riedel K, Herbst C, Hifner S, Leppert J, Ohlenschliager O, Swanson
MS, Gorlach M, Ramachandran R (2006) Constraints on the
structure of (CUG)97 RNA from magic-angle- spinning solid-
state NMR spectroscopy. Angew Chem Int Ed 45:5620-5623

Rienstra CM, Hohwy M, Hong M, Griffin R (2000) 2D and 3D 15N-
13C-13C Chemical Shift Correlation Spectroscopy of Solids:
Assignment of MAS Spectra of Peptides. J] Am Chem Soc 122:
10979-10990

Siemer AB, Ritter C, Steinmetz MO, Ernst M, Riek R, Meier BH
(2006) 13C, 15N Resonance assignment of parts of the HET-s
prion protein in its amyloid form. J Biomol NMR 34:75-87

Sun BQ, Rienstra CM, Costa PR, Williamson JR, Griffin RG (1997)
3D 15N-13C-13C chemical shift correlation spectroscopy in
rotating solids. ] Am Chem Soc 119:8540-8546

van Rossum BJ, Castellani F, Pauli J, Rehbein K, Hollander J, de
Groot HJIM, Oschkinat H (2003) Assignment of amide proton
signals by combined evaluation of HN, NN and HNCA MAS-
NMR correlation spectra. J Biomol NMR 25:217-223

Veshtort M, Griffin RG (2006) SPINEVOLUTION: a powerful tool
for the simulation of solid and liquid state NMR experiments.
J Magn Reson 178:248-282

Zhou DH, Shah G, Cormos M, Franks WT, Mullen C, Sandoz D,
Rienstra CM (2007a) Proton—detected solid-state NMR spec-
troscopy of fully protonated proteins at 40 kHz magic-angle
spinning. J Am Chem Soc 129:11791-11801

Zhou DH, Shea ]J, Nieuwkoop AJ, Franks WT, Wylie BJ, Mullen C,
Sandoz D, Rienstra CM (2007b) Solid-state protein-structure
determination with proton-detected triple-resonance 3D magic-
angle-spinning NMR spectroscopy. Angew Chem Int Ed 46:
8380-8383



	Chemical shift correlation at high MAS frequencies employing low-power symmetry-based mixing schemes  
	Abstract
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


