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Abstract The CN), class of RF pulse schemes, commonly
employed for recoupling and decoupling of nuclear spin
interactions in magic angle spinning solid state NMR studies
of biological systems, involves the application of a basic
“C” element corresponding to an RF cycle with unity
propagator. In this study, the design of CN,, symmetry-based
RF pulse sequences for achieving '*C—'*C double-quantum
dipolar recoupling and through bond scalar coupling medi-
ated '*C—"3C chemical shift correlation has been examined
at high MAS frequencies employing broadband, constant-
amplitude, phase-modulated basic “C” elements. The basic
elements were implemented as a sandwich of a small
number of short pulses of equal duration with each pulse
characterised by an RF phase value. The phase-modulation
profile of the “C” element was optimised numerically so as
to generate efficient RF pulse sequences. The performances
of the sequences were evaluated via numerical simulations
and experimental measurements and are presented here.
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Introduction

Making use of the rotational properties of nuclear spin
interactions and the application of rotor-synchronised RF
pulse sequences, Levitt and co-workers have developed an
elegant symmetry-based approach for recoupling weak
dipolar interactions that are averaged out under magic-angle
spinning conditions (Levitt 2002). Two classes of symme-
try-based pulse sequences, denoted as CN;, and RN,,, have
been introduced till date. The CN, class of RF pulse
schemes which is of interest in this study involves the
application of a basic element “C” corresponding to an RF
cycle with unity propagator Ugrg (t.) = £1. N such cycles
are applied over n rotor periods .. Successive C elements
are incremented in phase by v2n/N. N, n and v are all
integers and appropriate values for these are chosen via the
selection rules for CN,, and RN, symmetry to generate the
desired average Hamiltonian. The selection rule for the CN,,
sequences states that the contributions to the lowest-order
average Hamiltonian are zero unless (mn — pv) = NZ,
where Z is any integer including zero and m and u represent
the spherical tensor components of the real and spin space
parts A, and T}, of the Hamiltonian, respectively. A variety
of symmetries are available in principle for recoupling and
decoupling of different nuclear spin interactions (Levitt
2002). The symmetry-based approach provides a very
convenient platform for implementing different pulse
schemes that are required, both in the context of resonance
assignments and for obtaining structural constraints, in
MAS solid state NMR studies of biological systems. For
example, POST-C7 (Hohwy et al. 1998), the homonuclear
double-quantum (DQ) recoupling scheme C7. with the
basic C element {(7/2)¢(27),(37/2)0}, is useful for gener-
ating '*C-'3C chemical shift correlation data via longitu-
dinal magnetisation exchange, double-quantum filtered
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magnetisation transfers and double-quantum NMR spec-
troscopy (Heindrichs et al. 2000). It is worth noting that one
of the limitations with symmetry-based RF pulse schemes
based on conventional rectangular RF pulses is that the RF
field strength requirements are related to the spinning speed
(Karlsson et al. 2003). This can result in a situation where
the RF field strength needed can become either too large
which is beyond the hardware limits or too small leading to
poor performance over a large bandwidth. Such difficulties
restricting the applicability of symmetry-based pulse
schemes can be overcome, in principle, by employing
phase/amplitude modulated basic elements that are tailor
made taking into account the experimental requirements
and constraints such as available RF power and resonance
offset range to be considered. In the context of side-chain
13C resonance assignments in peptides and proteins such an
approach was adopted in our recent study (Herbst et al.
2009) dealing with the implementation of scalar coupling
mediated '*C-'3C chemical shift correlation via the C9{5
symmetry scheme (Levitt 2002; Hardy et al. 2003) at a
MAS frequency of 33.333 kHz. The basic element was
constructed by concatenation of phase-modulated 180°
pulses, e.g. {xX}. Representing the phase modulation pro-
files of the 180° RF pulses in terms of a finite Fourier series,
broadband 180° pulses were first generated via the iterative
global optimisation procedure “genetic algorithms” (GA;
Goldberg 1989; Forrest 1993; Judson 1997; Haupt and
Haupt 2004; Freeman and Wu 1987; Wu and Freeman
1989; Xu et al. 1992). In the second step, the Fourier
coefficients of the GA derived 180° pulses constituting the
basic element were further optimised via the nonlinear
least-squares optimisation procedure NL2SOL imple-
mented in the SPINEVOLUTION program (Veshtort and
Griffin 20006), so as to achieve, with the RF field strength
available, the best possible performance of the symmetry-
based scheme over the resonance offset range of the '*C
nuclei. One of the advantages with a Fourier series repre-
sentation of the phase-modulation profile is that it typically
involves only a small number of independent optimisation
parameters and hence minimises the computational time
required. Although a finite Fourier series representation of
the phase-modulation profile of the RF pulses involved was
found to lead to a satisfactory result, it has to be noted that
such a representation restricts the solutions to only a small
subset of all possible pulse profiles. Considering that the
success of any local optimisation procedure such as the
NL2SOL used in our study is dependent on the starting/
initial parameter values, it will be advantageous to carry out
the numerical calculation with a variety of potentially good
starting input values such that different regions of the
parameter space can be searched in finding the best possible
solution. In this context, we have examined in this study an
alternative approach for designing CN, symmetry-based

@ Springer

schemes without significantly increasing the computational
time. This exploits the fact that recoupling and decoupling
of different nuclear spin interactions via the symmetry-
based approach often involves the application of basic
elements with a relatively short duration (Levitt 2002). For
example, at a spinning speed of 25 kHz, homonuclear
double-quantum (DQ) recoupling with suppression of CSA
terms via the symmetries C83, and C77, would require,
respectively, C elements with durations of 50.0 and
57.14 ps. Similarly, at a spinning speed of 33.333 kHz, the
selection of homonuclear J-couplings with suppression of
CSA and homonuclear dipolar interactions via the sym-
metry C915 requires a duration of 50 ps for the C element.
This makes it possible to construct such basic C elements
simply as a sandwich of a small number “N,” of short pulses
of equal duration and achieve satisfactory performance of
the symmetry-based scheme by finding the optimal RF
amplitude and phase values for each slice. In principle, the
number of independent parameters, “N;”, defining the RF
field modulation profile of the C element, can also be set
smaller than N, to reduce the computational time required in
generating efficient symmetry-based RF pulse schemes.
Employing such an approach, CN;, symmetry-based RF
pulse sequences for '*C-'3C double-quantum dipolar re-
coupling and through bond scalar coupling mediated
chemical shift correlation, under high-power 'H decoupling
during mixing, were generated at representative MAS fre-
quencies using phase-modulated basic C elements of con-
stant amplitude. Due to the fact that longer mixing times are
typically required for TOBSY transfers, the '*C and "H RF
field interference effects during TOBSY mixing can be
appreciable if sufficient mismatch between the '*C and 'H
RF field strengths can not be achieved. Hence, TOBSY
pulse schemes without simultaneous 'H decoupling were
also generated in this study. The performance characteris-
tics of the sequences were assessed via numerical simula-
tions and experimental measurements. The results from
these investigations are reported here.

Numerical and experimental procedures

Basic C elements with appropriate duration, as determined
by the symmetry and MAS frequency, were first generated
either as a sandwich of two broadband inversion pulses,
{xx}, or directly as a broadband 2n pulse. Considering a
simple spin 1/2 system, the global optimisation procedure
“genetic algorithms” (GA) was employed in generating
phase-modulated 180° and 360° pulses of constant ampli-
tude so as to obtain, over the desired range of resonance
offsets, the required response, </,> — —<I,>, and prop-
agator, exp(i2nly), respectively. The GA program package
GAlib (Wall 1996), as employed in our recent study
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(Herbst et al. 2009), was used. Typically, a population size
of 500 and 500 generations were used in the numerical
calculations. The pulses were implemented as a sandwich
of a small number of pulses of equal duration, typically in
the range of 0.5-1.0 ps. RF field strengths employed were
either in the range of 40-50 or 100-120 kHz depending on
whether the pulses have to be used for implementing
symmetry-based schemes with or without simultaneous 'H
decoupling. 180° pulses were 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 either the phase modulation profile is symmetric
with respect to the center of the pulse (Type I) or 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 (Type II).

The GA derived C elements were used as the starting
basic element in implementing different CN,, symmetry-
based pulse schemes. As the performance of the symmetry-
based schemes with these C elements was far from satis-
factory, the phase-modulation profiles of the C elements
were further numerically optimised via the nonlinear least-
squares optimisation procedure NL2SOL, as described
below. The local optimisation run was repeated several
times varying all the starting phase values randomly over a
range of +10%. These calculations were carried out
neglecting RF field inhomogeneities and considering ini-
tially only a limited number of 32 crystallite orientations
selected according to the Zaremba-Cheng-Wolfsberg
(ZCW) method (Cheng et al. 1973). Starting with the solu-
tion thus obtained a final stage of optimisation was generally
carried out considering a slightly larger number of crystallite
orientations, typically 84. A Zeeman field strength corre-
sponding to a 'H resonance frequency of 500 MHz and
representative spinning speeds were employed in this study.
Typical chemical shift, scalar and dipolar coupling param-
eters of aliphatic carbons were used in the numerical design
as in our earlier study (Herbst et al. 2009).

As representative examples, the symmetries C77, and
(83, were examined for achieving y-encoded Bc-13c pQ
recoupling and the C9}s symmetry was used for generating
scalar coupling mediated '*C—'C chemical shift correla-
tion (TOBSY; Baldus and Meier 1996; Agarwal and Reif
2008). Symmetry-based schemes with and without simul-
taneous application of 'H decoupling were generated
considering a two spin 'CI1-'>C2 and a four spin
"H1-"3C1-"3C2-"H2 system and a resonance offset range
of £10 and +15 kHz, respectively. It is worth mentioning
that the initial rate of transfer of magnetisation from one
spin to another is a measure of the efficacy of the mixing
sequence, with a faster transfer representing a more effi-
cient dipolar or scalar coupling mediated magnetisation

transfer. Considering this, in this study optimised RF pulse
schemes were generated by monitoring the magnitude of
longitudinal magnetisation transferred to the second carbon
spin as a function of the mixing time, starting with z
magnetisation on the first carbon spin at zero mixing time.
It is seen via numerical simulations that with DQ recou-
pling sequences such as the POST-C7, the magnitude of the
longitudinal magnetisation transferred to the second '*C
spin (I}, » —I;) typically reaches its maximum at
~1 ms, in a simple system of two directly coupled "*C
nuclei. Hence, at a representative spinning speed of
25 kHz, broadband DQ recoupling sequences were devel-
oped by maximising the magnitude of the longitudinal
magnetisation transferred to the second '*C spin at ~ 1 ms
over the resonance offset range of the two nuclei. For
TOBSY, considering a spinning speed of 33.333 kHz, the
phase-modulation profile of the basic element employed in
the C9}5s symmetry scheme was optimised so as to achieve
complete magnetisation transfer from one carbon to
another, (I, — I,), at 7,;x = (1/2J..), over the resonance
offset range of the two nuclei. The generation of the C91s
symmetry-based pulse scheme for applications without
simultaneous 'H decoupling could not be effectively
achieved via a single stage optimisation, considering the
full '3C—"H dipolar coupling strength (set to 20 kHz, cor-
responding to a '*C—'H distance of ~1.14 A). Hence, the
3C_'H dipolar coupling strength was raised gradually in
several steps: 0, 2, 5, 10, 15 and 20 kHz, as in our earlier
study. At every stage, to arrive at the best possible phase-
modulation profile, the local optimisation run was repeated
several times varying all the independent RF phase-values
randomly over a range of +10%. The best possible phase-
modulation profile at the end of every stage was used as the
starting input for the subsequent stage of optimisation.

All simulations to assess the performance characteristics
of the pulse sequences were carried out with the SPIN-
EVOLUTION program (Veshtort and Griffin 2006) con-
sidering 168 o and f§ powder angles selected according to
the REPULSION scheme (Bak and Nielsen 1997) and 16 y
angles. Chemical shift correlation experiments via longi-
tudinal magnetisation exchange were carried out via stan-
dard procedures using polycrystalline samples of ('*C,"’N)
labelled histidine and arginine on a 500 MHz wide-bore
Bruker Avance III solid state NMR spectrometer equipped
with a 2.5 mm triple resonance probe with the cooling air
kept at a temperature of ~50°C.

Results and discussion
Broadband, phase-modulated 180° and 360° pulses with

required durations were generated via GA considering
different bandwidths. Figures 1 and 2 show, as
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Fig. 1 RF phase values for the sandwich of 50 pulses of constant
amplitude and equal duration constituting the 50 ps broadband 360°
pulses (Type I) generated considering an RF field strength of 50 kHz
and null rotation bandwidths of 40 kHz (a), 50 kHz (b), 60 kHz (c¢)
and 70 kHz (d). The plots (e)—(h) show the response following the
application of the different pulses, starting with I, and I, magneti-
sation components and considering a single spin-1/2 system. Plots (i)—

representative examples, the phase-modulation profiles and
the performance characteristics of some of the GA derived
2n pulses. Plots in Fig. la—h correspond to that of 360°
pulses of 50 ps duration (Type I) generated with an RF
field strength of 50 kHz and an N, value of 50. Plots in
Fig. li-p correspond to that of 360° pulses of 50 ps
duration (Type II) generated with an RF field strength of
50 kHz and an N, value of 100. Plots in Fig. 2a-h corre-
spond to that of 360° pulses of 50 ps duration (Type I)
generated with an RF field strength of 120 kHz and an N;
value of 50. Plots in Fig. 2i—p correspond to that of 360°
pulses of 50 ps duration (Type II) generated with an RF
field strength of 120 kHz and an N, value of 100. Other
details are given in the figure caption. Using a Mac Pro
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(1) depict the RF phase modulation profiles of broadband 360° pulses
(Type II) of constant amplitude and 50 ps duration generated as a
sandwich of 100 pulses using an RF field strength of 50 kHz and null
rotation bandwidths of 40 kHz (i), 50 kHz (j), 60 kHz (k) and 70 kHz
(I). The plots (m)—-(p) show the corresponding performance charac-
teristics of the different null rotation pulses. The RF phase values for
the first 25 slices are given in the supplementary material

with four cores, typically, it was possible to generate these
pulses in a very short time (<15 min). The performances of
the pulses were found to be not affected significantly under
minor variations in the RF field strength. The phase mod-
ulated pulses are scalable, as in the case of conventional
pulses. A pulse applied for twice the duration would
require half the RF field strength and correspondingly
cover half the bandwidth of the original pulse. The simu-
lated plots clearly demonstrate the potential of the GA
approach for generating phase-modulated, broadband RF
pulses simply as a sandwich of a small number of short
pulses of equal duration with each slice characterised by a
RF phase value. Considering that these pulses were only
being used as the starting point of the numerical
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Fig. 2 RF phase values for the sandwich of 50 pulses of constant
amplitude and equal duration constituting the 50 ps broadband 360°
pulses (Type I) generated considering an RF field strength of 120 kHz
and null rotation bandwidths of 60 kHz (a), 100 kHz (b), 140 kHz (c¢)
and 180 kHz (d). The plots (e)—(h) show the corresponding perfor-
mance characteristics of the different pulses, starting with I, and
magnetisation components. Plots (i)-(I) depict the RF phase

optimisation procedure, no attempts were made to generate
RF pulses with better performance characteristics, e.g.
by optimising the population size and the number of
generations.

Starting with different GA derived C elements, a large
number of numerical optimisation runs were carried out for
realising satisfactory performance of the chosen symmetry-
based scheme. In general it was possible to generate, for
each symmetry, a variety of optimised basic elements that
lead to the satisfactory performance of the pulse sequence.
Using a Mac Pro with four cores, typically, it was possible
to generate CN,, symmetry-based schemes in a short time
(<3 h). The simulated performance characteristics of the

offset [kHz] offset [kHz]

modulation profiles of broadband 360° pulses (Type II) of constant
amplitude and 50 ps duration generated as a sandwich of 100 pulses
using an RF field strength of 120 kHz and null rotation bandwidths of
60 kHz (i), 100 kHz (j), 140 kHz (k) and 180 kHz (I). The plots (m)—
(p) show the corresponding performance characteristics of the
different null rotation pulses. The RF phase values for the first 25
slices are given in the supplementary material

numerically designed C77, and C87, symmetries are shown
in Fig. 3 along with the phase-modulation profiles (a, d) of
the basic C elements [null rotation pulse (Type I)]. The
plots (b, e) show as a function of the mixing time the
magnitude of longitudinal magnetisation transferred to the
second carbon spin. These plots were obtained using the
chemical shift tensor and dipolar coupling parameters of
alanine and glycine, with the '>C carrier kept either at the
center of the two resonances or at 110 ppm, as indicated.
Although the optimised basic elements were generated
employing CSA, scalar and dipolar coupling parameters
corresponding to that of the >C* and *C” nuclei of ala-
nine, it is seen that reasonably satisfactory performance can
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Fig. 3 Simulated longitudinal magnetisation transfer characteristics
of the C73, (a, b, ¢) and C83, (d, e, ) symmetries along with the
phase-modulation profiles (a, d) of the basic C elements of duration
57.14 and 50 ps, respectively. Simulations were carried out at a
spinning speed of 25 kHz, for a Zeeman field strength corresponding
to a 'H resonance frequency of 500 MHz and with RF field strengths
of 44 kHz (b, ¢) and 45 kHz (e, f) during mixing. The simulated plots
(b, e) show the magnitude of the transferred magnetisation (norma-
lised to the maximum transferable signal) on the second carbon
starting with z magnetisation on carbon 1. The simulations for the

also be obtained even in the situation where one of the
carbons has a large CSA, as in the case of the Bex o By
magnetisation transfer in peptides and proteins. At mod-
erate Zeeman field strengths, the plots in Fig. 3b, e suggest
that it may be even possible to achieve satisfactory DQ
recoupling in the entire '*C spectral range. Plots given in
Fig. 3c, f show, as a function of the resonance offsets of the
dipolar coupled nuclei, the magnitude of the transferred
magnetisation on spin 2 at a T, of 1.2 ms, starting with z
magnetisation on the first carbon spin at zero mixing time.
It is seen that the performance characteristics of the
sequences are not very much dependent on the resonance
offsets of the dipolar coupled nuclei. The data shown in
Fig. 3 indicate that it is possible to achieve, even at high
MAS frequencies, satisfactory DQ recoupling using only a
moderate '°C RF field strength of 50 kHz or less. It is
worth mentioning that, employing the symmetries C73, and
C83, and using an '*C RF field strength of ~50 kHz, we
have also achieved satisfactory DQ recoupling at the
spinning speed of 25 kHz using phase-modulated basic C
elements where the RF phase-modulation profile was
defined in terms of a finite Fourier series (see supplemen-
tary material). The performances of these sequences were
found to be comparable to that shown in Fig. 3.
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C* > CP and C* » €’ transfers were carried out using typical
chemical shift, scalar and dipolar coupling parameters of alanine and
glycine with the '3C carrier kept either at the center of the two
resonances (plot shown in blue) or at 110 ppm (green and red). Plots
given in (c¢) and (f) show, as a function of the resonance offsets of the
dipolar coupled nuclei, the magnitude of the transferred magnetisation
on spin 2 at a T, of 1.2 ms, starting with z magnetisation on the first
carbon spin at zero mixing time. The RF phase values for the first 25
slices of the basic C elements are given in the supplementary material

Starting with a variety of basic C elements, TOBSY
optimisation calculations were carried out with the C9}s
symmetry considering an RF field strength of 50 kHz,
spinning speed of 33.333 kHz and a resonance offset range
of £10 kHz. In this case, null rotation pulses of Type II
were found to lead to satisfactory solutions. The phase-
modulation profile of one of the basic C elements generated
in this study using CSA, scalar and dipolar coupling
parameters corresponding to that of the '*C* and B3¢k
nuclei of alanine are given in Fig. 4a. The simulated
magnetisation transfer characteristics given in Fig. 4b
indicate that the C9]s symmetry with the numerically
optimised basic elements can be effectively employed for
TOBSY experiments in the aliphatic region of peptides and
proteins. The performance observed using CSA, scalar and
dipolar coupling parameters corresponding to that of '*C”
and "*C’ nuclei of glycine, however, were found to be not
satisfactory (data not shown). The plot given in Fig. 4c
shows, as a function of the resonance offsets of the scalar
coupled nuclei, the magnitude of the transferred magneti-
sation on spin 2 at a Tp;x of ~14 ms, starting with z
magnetisation on the first carbon spin at zero mixing time.
It is observed that the performance characteristics of the
sequence is not very much dependent on the resonance
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Fig. 4 Simulated longitudinal magnetisation transfer characteristics
observed with the C9}s symmetry-based RF pulse scheme. The
optimised phase-modulation profile of the basic C element of 50 ps
duration shown in (a) was generated considering an RF field strength
of 50 kHz and a spinning speed of 33.333 kHz. The simulated plots
given in (b) show 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. The magnetisation transfer plot at a spinning speed of
20 kHz was obtained using the same phase-modulation profile as in
(a) using an RF field strength of 30 kHz and a C element duration of
83.33 ps. The plots given in (c¢) and (d) show, as a function of the
resonance offsets of the scalar coupled nuclei, the magnitude of the
transferred magnetisation on spin 2 at a T,,;x of ~ 14 ms, starting with
z magnetisation on the first carbon spin at zero mixing time. The
optimised phase-modulation profile of the basic C element of 50 ps
duration shown in (e) was generated considering an RF field strength
of 120 kHz and a spinning speed of 33.333 kHz. The simulated plots

offsets of the two nuclei. For a given symmetry, to get the
best possible performance it is generally advantageous to
numerically optimise the RF pulse characteristics of the
basic C element taking into consideration the spinning
speed to be employed. However, in many situations it may
be possible to employ the same basic element at different
MAS frequencies, using appropriately scaled pulse widths
and RF field strengths, and still obtain satisfactory TOBSY
performance. For example, the performance of the C9is
symmetry using the same basic element given in Fig. 4a is
found to be not significantly affected at a spinning speed of
20 kHz (Fig. 4b, d) and the bandwidth over which efficient
TOBSY magnetisation transfer can be realised is still suf-
ficiently large enough to cover the entire aliphatic '*C
spectral range of peptides and proteins.

The TOBSY magnetisation transfer characteristics
observed with the C9}s symmetry-based scheme, without
'"H decoupling during mixing, at a spinning speed of
33.333 kHz and using an RF field strength of 120 kHz, and
the corresponding optimised basic C element are shown in

0
54 [kHz]

in (f) show, at a Zeeman field strength corresponding to a 'H
frequency of 500 MHz, the magnitude of the transferred magnetisa-
tion (normalised to the maximum transferable signal) on the second
carbon (13C/;/13C’) starting with z magnetisation on carbon 1 Bcy.
The simulations for the C* — C* transfer were carried out consid-
ering a four spin "H1-"3C1-"3C2-"H2 network (with all the atoms in
the same plane) and those for the C* — C’ transfer were carried out
with a three spin 'H1-"3C1-"2C2 network. A '*C-"H dipolar coupling
strength of 20 kHz was employed in these simulations and the C—-H
bonds were assumed to be at an angle of 109° with respect to the C—C
bond. These simulations were carried out keeping the 13C RF carrier
at 110 ppm, using typical chemical shift, scalar and dipolar coupling
parameters of alanine and glycine as in our earlier studies. The plots
given in (g) and (h) correspond, respectively, to C* — C# and
C* - C' magnetisation transfers. They show, as a function of the
resonance offsets of the scalar coupled nuclei, the magnitude of the
transferred magnetisation on spin 2 at a t,;x of ~14 and 9.5 ms,
respectively, starting with z magnetisation on the first carbon spin at
zero mixing time. The RF phase values for the first 25 slices of the
basic C elements are given in the supplementary material

Fig. 4e-h. The 1D magnetisation transfer plots (Fig. 4f)
were obtained keeping the '*C RF carrier at 110 ppm. 3D
plots given in 4 g and 4 h show the magnetisation transfer
characteristics as a function of the resonance offsets of the
two nuclei involved. The plot given in Fig. 4g was
obtained considering a four-spin 'H1-">C1-">C2-'H2
system and employing CSA, scalar and dipolar coupling
parameters corresponding to that of the '*C* and 3¢k
nuclei of alanine. The plot given in Fig. 4h was obtained
considering a three-spin "H1-">C1-">C2 system and using
CSA, scalar and dipolar coupling parameters correspond-
ing to that of >C* and '*C’ nuclei of glycine. Although the
optimised basic element was generated employing CSA,
scalar and dipolar coupling parameters corresponding to
that of the '3C* and "*C” nuclei of alanine, it is seen that
satisfactory performance can be obtained even in the case
of the '*C* —» '3C’ magnetisation transfer. The perfor-
mance of the C9}5 symmetry-based scheme employing the
numerically optimised phase-modulated basic “C” element
generated in this study is seen to be comparable to that
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Fig. 5 2D '3C-"3C chemical
shift correlation spectra of L-
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spinning speed of 25 kHz using
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dipolar recoupling schemes.
These spectra were obtained
employing a mixing time of
1.2 ms, the corresponding
numerically optimised basic C
elements given in Fig. 3 and
appropriate '>C RF field
strengths. The spectra were
generated with 32 transients per

N
ol ]
' N
NH,

100

o
¢ 120 C

t; increment, 64 t; increments,
spectral width in the indirect
dimension of 25,000 Hz and
recycle time of 2 s (a) and 4 s
(b), keeping the RF carrier at ¢

(a) ' -

140

160

180

100 ppm. Fig. 5b shows the \ \ \ ‘ ‘
zoomed plot of the aliphatic 180 160 140 a0 100
region [Two resonances are

seen for each of the arginine

aliphatic carbons, due to the 04 02
presence of two different crystal
forms (Baldus and Meier

S 8

60 40 m
oo 33

BoB1v1 Y2

1996)]. A few representative

ppm

cross-sections are also given to
indicate spectral quality

(b)

obtained in our earlier investigation (Herbst et al. 2009)
where the RF phase-modulation profile was defined in
terms of a finite Fourier series. It is worth mentioning that,
at the expense of more computational time, it may also be
possible to numerically design symmetry-based schemes
via alternative procedures such as optimal control theory
based algorithms (Kobzar et al. 2004) employing randomly
generated phase values for the RF field modulation profile.

The performance characteristics of the symmetry-based
sequences reported here were also assessed via experimental
measurements and some representative data are given below.
The "*C-'*C chemical shift correlation spectra of poly-
crystalline samples of histidine and arginine, acquired
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employing the C71, and C83, symmetries, respectively, at a
spinning speed of 25 kHz using the numerically optimised
phase-modulated basic elements are shown in Fig. 5a, b,
along with a few cross-sections to indicate the spectral
quality. As reflected by the corresponding crosspeak inten-
sities, significant relayed magnetisation transfers are seen
even at the short 7., employed. As expected under DQ
mixing, the spectra and the spectral cross-sections clearly
show the characteristic alternation of direct and relayed
cross-peak intensities. The TOBSY spectra of the aliphatic
region of arginine shown in Fig. 6a, b were generated with
the C9}s symmetry, at a spinning speed of 20 kHz, using the
numerically optimised phase-modulated basic element
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Fig. 6 2D 3C-'3C scalar
coupling mediated chemical
shift correlation spectra of L-

oq %2 851131

BaBivt 12

ppm ppm

arginine hydrochloride (a, b)
and L-histidine hydrochloride
(c). Spectra (a) and (b) were
obtained at a spinning speed of
20.0 kHz, with "*C RF field
strength of 30 kHz during
mixing and using mixing times
of 3 ms (a) and 11.25 ms (b),
employing the 9l symmetry-
based RF pulse scheme, using a
basic C element with the
optimised phase-modulation
profile given in Fig. 4a, 48

[OF} (b) (O]
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transients per #; increment, 64 ¢,
increments, spectral width in the
indirect dimension of

[ 6o o o

65 65

Do F60
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and with the RF carrier kept at

40 ppm. The base contour level ct

in (b) was set at half the value c
used in (a). Spectrum (¢) was c

obtained with the C915

ppm 65 60 55 50 45 40 35 30 25 ppm

2 2

c* ch

ppm

symmetry-based RF pulse
scheme and the basic C element ' L
given in Fig. 4e without 'H (c)

decoupling during mixing, at a
spinning speed of 33.333 kHz,
with '3C RF field strength of
120 kHz during mixing, a
mixing time of 5.4 ms, 16
transients per ¢, increment, 128
t; increments, spectral width in
the indirect dimension of

c%
r 40

F 80 J

100

120

33.333 kHz, recycle time of 2 s
and with the RF carrier kept at
100 ppm. A few representative

. . Tmix = 5.4 ms
cross-sections are also given to U

140

160

indicate spectral quality

cv
: ‘ i JUL#

T T T T
180 160 140 120 100 80

shown in Fig. 4a and with mixing times of 3.0 ms (6a) and
11.25 ms (6b). Direct and relayed cross-peaks of appreciable
intensities could be clearly seen in the spectra. Spectrum 6¢
was obtained at a spinning speed of 33.333 kHz with the
C9{s symmetry-based RF pulse scheme and the basic C
element given in Fig. 4e without 'H decoupling during
mixing. Consistent with the results from numerical simula-
tions, it is seen that CN,, symmetry-based TOBSY and DQ
recoupling schemes can be effectively implemented for the
study of isotopically labelled biological systems at fast MAS
frequencies.

In conclusion, the present study demonstrates an
approach for exploiting the full potential of the symmetry-
based procedure for implementing different RF pulse
sequences that are commonly required in the study of
biological systems. For the recoupling and decoupling of
the relevant nuclear spin interactions, it has been the

60 40 ppm
W2

common practice to examine the performance of a variety
of allowed symmetries using different composite pulse
based basic elements. In contrast to this, it is seen from our
study that it is possible to tailor the characteristics of the
basic element for each symmetry so as to realise the best
possible performance of the chosen symmetry. The method
outlined here makes use of basic “C” elements, imple-
mented as a sandwich of a small number of short pulses of
equal duration with each pulse characterised by a RF phase
value, for constructing CN, symmetry-based RF pulse
sequences. Optimisation of the phase-modulation profile of
the basic elements is shown to permit the generation of
symmetry-based RF pulse schemes with satisfactory mag-
netisation transfer characteristics. While in our earlier
study we used a finite Fourier series representation of the
phase-modulation profile of basic “C” elements, the
method outlined here provides an alternative approach for
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searching different regions of the parameter space for
finding the best possible solution and is especially suited
in situations where basic “C” elements with relatively
short durations are required. As seen from the present
study, efficient symmetry-based schemes could be
designed with basic “C” elements implemented with only
a limited number of independent phase variables. Hence, to
minimise computational time, it will be advantageous to
start the search for optimal solutions using only a small
number of optimisation parameters. Only in situations
where satisfactory solutions can not be obtained, we
believe that it is necessary to carry out the calculations with
a larger number of optimisation parameters, either by
increasing the total number of slices or by using asym-
metric phase-modulation profiles of the “C” element.
Although RF field inhomogeneities were not considered
explicitly, the symmetry-based schemes reported here have
been found, via numerical simulations, to have reasonable
tolerance to such imperfections. Considering that the suc-
cess of any local numerical optimisation procedure is
dependent on the starting/initial parameter values, the
present study shows the possibilities for generating a
variety of basic “C” elements using global optimisation
procedures such as GA. Although only nominal CSA val-
ues and simple spin systems were considered in this study,
the method outlined here can be easily adapted, where
required, for implementing RF pulse sequences considering
different CSA parameters and spin networks. The present
approach can also be extended for implementing RN,
symmetry-based pulse sequences, with or without simul-
taneous 'H decoupling.
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