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Abstract An approach for conveniently implementing

low-power CNn
m and RNn

m symmetry-based band-selective

mixing sequences for generating homo- and heteronuclear

chemical shift correlation NMR spectra of low c 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 15N–13C dipolar and 13C–13C scalar and

dipolar coupling mediated chemical shift correlation

spectra at representative MAS frequencies.

Keywords Solid-state NMR spectroscopy � 15N–13C and
13C–13C dipolar recoupling � 13C–13C scalar recoupling �
Symmetry-based pulse sequences

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 15N–13C and 13C–13C

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 13C–13C 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 15N–13C mixing sequence in the 3D

NCC experiment (Sun et al. 1997; Rienstra et al. 2000)

could lead to the transfer of the initial 15N magnetisation to

both the 13Ca and 13C0 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 15N magnetisation transfer either to 13Ca or
13C0 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 13Ca ? 15N and 13CO ? 15N 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 1H resonance assignments and

for obtaining 1H–1H distance constraints in their structural

study of the b1 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 15N–13C and 13C–13C 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 R1817
-4, 5 and R2422

-5, 7 requiring basic

R elements of duration *63 and 61 ls, respectively, were

employed at a MAS frequency of 15 kHz for achieving
13C–15N 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 1H decoupling during

mixing. Dual channel 15N–13C mixing sequences leading to

c-encoded heteronuclear double-quantum dipolar recou-

pling, with suppression of chemical shift anisotropies and

homonuclear dipolar coupling terms, were implemented via

RNms;mk
n symmetries (Brinkmann and Levitt 2001; Herbst

et al. 2010). TOBSY mixing sequences for achieving effi-

cient 13C–13C magnetisation transfers solely in the spectral

range of the aliphatic carbons, as in liquid state NMR, were

designed via CNn
m symmetry-based schemes (Levitt 2002;

Hardy et al. 2003; Herbst et al. 2009b). As with TOBSY,

mixing sequences for achieving c-encoded 13C–13C double-

quantum dipolar recoupling were also designed via CNn
m

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

R1649
-5,4 and R1663

-4,5 requiring basic R elements of duration

of *200 ls were employed at MAS frequencies of 15 and

20 kHz, respectively, for achieving 13C–15N double-quan-

tum dipolar recoupling using 15N and 13C RF field strengths

of *10 kHz. The C9120
1 and C969

1 symmetries involving

basic elements of duration *400 ls were, respectively,

used at MAS frequencies of 33.333 and 20 kHz for gener-

ating TOBSY mixing sequences using a 13C RF field

strength of *15 kHz. At the MAS frequencies of 25 and

33.333 kHz, the symmetries C730
6 and C740

1 were, respec-

tively, used for generating 13C–13C dipolar coupling med-

iated chemical shift correlation spectra using 13C 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 1H 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 15N–13C or 13C–13C spin system was employed and
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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 (15N–13C mixing: *3 ms, 13C–13C 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 CNn
m 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 a and b powder angles

selected according to the REPULSION scheme (Bak and

Nielsen 1997) and 16 c angles as well as with a Zeeman

field strength corresponding to a 1H resonance frequency of

500 MHz. Chemical shift correlation experiments via

longitudinal magnetisation exchange were carried out as in

our earlier studies using polycrystalline (13C,15N) labelled

samples of arginine and the CUG triplet repeat expansion

RNA (CUG)97 (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. 1 Simulated longitudinal TOBSY magnetisation transfer char-

acteristics observed with the C9120
1 symmetry-based RF pulse scheme.

The optimised phase-modulation profile of the basic C element of

400 ls 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

the 13C carrier kept at the center of the two resonances. c shows the

magnitude of the transferred magnetisation on spin 2 at a smix 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
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and an RF field strength of 15 kHz. The phase-modulation

profile of the optimised basic C element for the C9120
1

symmetry at a MAS frequency of 33.333 kHz is given in

Fig. 1a. It was obtained by first generating the optimised

liquid state TOCSY mixing sequences using the C9120
1

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
13Ca and 13Cb nuclei of alanine were used in the TOBSY

calculations and the 13C carrier was kept at the middle of

the aliphatic spectral region. The simulated magnetisation

transfer characteristics given in Fig. 1b indicate that the

C9120
1 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 smix 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

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 13Ca ? 13C0 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 15N channel and nominal

as well as large 13C CSA values were considered in the

numerical optimisation runs for generating low-power
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Fig. 2 Phase-modulation profiles (ai,bi)i=1–3 and simulated 13C�15N

magnetisation transfer characteristics (ci,di)i=1–3 of the numerically

optimised symmetries R1663
-4,5 (a1, b1, c1, d1; 20 kHz), R1649

-5,4(a2,

b2, c2, d2; 15 kHz) and R1443
-4,3 (a3, b3, c3, d3; 15 kHz). The

optimised phase-modulation profiles were generated considering a

resonance offset range of ±2 kHz and 13C and 15N RF field strengths

of 10 kHz. 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 (contin-

uous lines 13Ca ? 15N and dotted lines 13C0 ? 15N). The simulations

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 smix 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 (13C0) 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
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band- selective RNms;mk
n symmetry-based dual channel RF

pulse schemes for c-encoded 15N–13C dipolar recoupling.

The simulated performance characteristics of some of the

RNms;mk
n 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)i = 1–3 were

obtained considering a resonance offset range of (±2 kHz,

±2 kHz) and RF field strength of 10 kHz for the 13C0 and
15N 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

smix 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 13C CSA values. Recoupling sequences could also

be successfully designed considering marginally larger

resonance offset ranges for the 13C nuclei, as will be

required in 13Ca ? 15N transfers. A representative plot

of the optimised phase-modulation profiles and the

simulated 13Ca ? 15N magnetisation transfer

characteristics generated with the R1663
-4,5 symmetry con-

sidering a resonance offset range of ±3 kHz and ±2 kHz,

respectively, in the 13C and 15N 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 13C–15N dipolar recoupling schemes even at

high MAS frequencies using only a moderate 13C/15N 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 15N/13C

spectral window of interest. However, with the 13C carrier

kept at the carbonyl region, sequences designed for efficient
15N $ 13C0 magnetisation transfer show minimal
15N $ 13Ca transfers. Similarly, with the carbon carrier

kept at the 13Ca region, mixing sequences designed for

efficient 15N $ 13Ca magnetisation transfer show minimal
15N $ 13C0 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
13C–13C double-quantum dipolar recoupling via the C730

6
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Fig. 3 Simulated longitudinal dipolar magnetisation transfer charac-

teristics observed with the C730
6 symmetry-based RF pulse scheme.

The optimised phase-modulation profile of the basic C element of

*171 ls 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 13C carrier kept

at the center of the two resonances. c shows the magnitude of the

transferred magnetisation on spin 2 at a smix 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 C740
1

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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and C740
1 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 13Ca and 13Cb

nuclei of alanine were used and the 13C 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 C9120
1 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

C9120
1 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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Fig. 4 2D 13C–13C 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 13C 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

generated with the C9120
1 symmetry-based RF pulse scheme, using the

basic C element with the optimised phase-modulation profile given in

Fig. 1, 16 transients per t1 increment, 64 t1 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 15N–13C chemical shift correlation spectra (zoomed plot)
of (CUG)97 RNA collected at a spinning speed of 20 kHz via the

magnetisation transfer pathway 1H ? 15N ? 13C with a Bruker

750 MHz narrow-bore Avance III solid state NMR spectrometer

equipped with a 3.2 mm triple resonance probe. The R1663
-4,5

symmetry with the corresponding numerically optimised R elements

given in Fig. 2a1 and b1, a CP contact time of 1.1 ms, a mixing time

of 3.15 ms, 13C and 15N RF field strength of 10 kHz, 32 transients per

t1 increment, 64 t1 increments, spectral width in the indirect

dimension of 20,000 Hz and a recycle time of 2.0 s were used,

keeping the 13C and 15N RF carriers, respectively, at 161 and

174 ppm
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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)97. Figure 5 shows a repre-

sentative 2D 15N–13C chemical shift correlation spectrum

obtained via longitudinal magnetisation exchange at a

spinning speed of 20 kHz using the R1663
-4,5 symmetry-

based double-quantum dipolar recoupling scheme. The

spectrum collected via the magnetisation transfer pathway
1H ? 15N ? 13C, 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 15N magnetisation at smix = 0. Hence, in addition to
15N ? 13C crosspeaks arising from nitrogens with directly

attached protons, measurable signal intensities are also seen

even from 15N 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 R1649
-5,4 symmetry

employing the correspondingly scaled basic R elements

(Fig. 2a2, b2) with 15N/13C 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 C730
6 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

speed of 33.333 kHz (Fig. 6b). The experimental perfor-

mance of the C740
1 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.
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