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Abstract

A simple approach is demonstrated for designing optimised broadband inversion pulses for MAS solid
state NMR studies of biological systems. The method involves a two step numerical optimisation procedure
and takes into account experimental requirements such as the pulse length, resonance offset range and
extent of H; inhomogeneity compensation needed. A simulated annealing protocol is used initially to find
appropriate values for the parameters that define the well known tanh/tan adiabatic pulse such that a
satisfactory spin inversion is achieved with minimum RF field strength. This information is then used in the
subsequent stage of refinement where the RF pulse characteristics are further tailored via a local optimi-
sation procedure without imposing any restrictions on the amplitude and frequency modulation profiles.
We demonstrate that this approach constitutes a generally applicable tool for obtaining pulses with good
inversion characteristics. At moderate MAS frequencies the efficacy of the method is experimentally
demonstrated for generating double-quantum NMR spectra via the zero-quantum dipolar recoupling
scheme RFDR.

facilitated MAS solid state NMR based struc-
tural studies of biological systems. Many of the
commonly used dipolar recoupling sequences
require the repeated application of rotor syn-

Introduction

A variety of dipolar recoupling techniques have
been reported for inhibiting the spatial averaging

of weak homo- and heteronuclear dipolar cou-
plings under magic angle spinning conditions
(Bennett et al., 1994; Griffin, 1998; Dusold and
Sebald, 2000). Making use of these dipolar re-
coupling schemes, it is now possible in the solid
state to achieve resonance assignments and to
obtain structural constraints such as distances
and torsion angles using isotopically labelled
proteins and nucleic acids. This, in turn, has
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chronised 180° pulses. For example, homonu-
clear dipolar recoupling via RFDR (Gullion
et al., 1992; Bennett et al., 1992; 1998) typically
involves the application of one inversion pulse
per rotor period and heteronuclear dipolar
recoupling via TEDOR (Hing etal., 1992)
requires the application of ecither one or two
dephasing inversion pulses per rotor period on
the unobserved spins. Rotor synchronised appli-
cation of RF pulses imposes restrictions on the
maximum inversion pulse length that can be
used in such experiments. Coupled with RF
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pulse phase cycling generally implemented, the
performance characteristics of the inversion pul-
ses should be such that efficient dipolar recou-
pling over the required bandwidth can be
achieved with sufficient tolerance to RF field
inhomogeneities. Additionally, the RF field
strength needed for dipolar recoupling should be
as minimal as possible so as to avoid sample
heating when RF irradiation is applied over ex-
tended periods of time and to reduce the inter-
ference between the decoupling and recoupling
RF fields that could lead to signal loss (Bennett
et al., 1998). A variety of difficulties impairing
the efficacy of the recoupling sequence could
arise when rectangular inversion pulses are used
in dipolar recoupling schemes. For example, it
may not be possible to minimise the interference
between the recoupling and decoupling RF fields
by simply reducing the recoupling RF field
strength without also affecting the recoupling
bandwidth. When broadband dipolar recoupling
is required, the use of short high power rectan-
gular inversion pulses can lead to poor recou-
pling efficiency, as in the case of RFDR. With
recoupling schemes based on the CN,,” and RN,)”
symmetry-based sequences (Carravetta et al.,
2000; Brinkmann and Levitt, 2001; Levitt, 2002)
using rectangular inversion pulses, the required
RF field strength is related to the spinning speed
employed. This can result in a situation where
the RF field strength needed becomes either too
large, that is beyond the hardware limits of the
spectrometer system, or too small, leading to
poor performance over a large bandwidth, and
thereby affect the applicability of the sequence in
certain spinning speed regimes.

To overcome some of these difficulties one
can exploit the possibility to conveniently shape
the RF pulse profile in the current generation of
NMR spectrometers and make use of suitable
amplitude and frequency/phase modulated
inversion pulses instead of rectangular pulses.
One such pulse that we have used extensively
and effectively in several of our recent MAS
solid state NMR studies (Leppert et al., 2002;
Heise et al., 2002; Leppert et al., 2003; 2004a;
Riedel et al., 2004a; Riedel et al., 2004b; Riedel,
2004c; Riedel et al., 2005) is the tanh/tan adia-
batic inversion pulse constructed from the fol-
lowing adiabatic half passage and its time
reversed half passage,

o (1) = (Dl(max)tanh(ézl‘/Tp)
Ao(t) = Aomax[tan(x(1 — 2¢/T}))]/tank,

with & = 10, tank = 20, 0 < ¢t £ T,/2, as origi-
nally reported (Hwang et al., 1998), and with R
(representing the product of the pulsewidth and
A®p,x) value of 60. Among the different modula-
tion functions proposed for generating adiabatic
pulses, the tanh/tan amplitude and frequency
modulation profiles have been found to be very
time efficient for generating inversion pulses of
short durations. The performance characteristics
of RFDR and TEDOR with tanh/tan pulses were
found to be superior to that seen with conven-
tional rectangular pulses (Leppert et al., 2003;
Riedel et al., 2005). However, it was observed that
the RF power requirements for obtaining satis-
factory response could also become substantially
larger than what may be really necessary for the
recoupling bandwidth needed, especially at high
spinning speeds. In this context, it has been re-
cently shown (Herbst, 2006a, b) that it is possible
to minimise the RF field strength requirements by
using optimal values for the R, tank and &
parameters mentioned above (Tesiram et al.,
2002). Taking into consideration the experimental
constraints such as the maximum pulse length that
can be used and inversion bandwidth required, the
optimal parameter values were estimated via a
simulated annealing (SA) protocol (Kirkpatrick
et al., 1983; Herbst, 2006a, b). In this approach the
tanh/tan inversion pulse was typically divided into
N =100 intervals of equal duration with each ele-
ment characterised by an amplitude and a phase
value {a(?), d(?)};—1..n- Considering spin 1/2 nuclei,
the net propagator, U, corresponding to the
inversion pulse was first calculated for a chosen
O1max)- The density matrix p(f) following this
pulse was then obtained, starting from an initial
state p(0) of I,. Optimal values for R, tank and &
were obtained, for the chosen ®jmax), by mini-
mising the error function &(&, K, A®max), repre-
senting the deviation of the density matrix p(¢)
from the required p(ideal), over a 2D grid of res-
onance offsets and RF field strengths. Where it
was not possible for the chosen ®;max) to obtain
optimal values for R, tank and & that would lead
to a satisfactory inversion profile, the SA proce-
dure was repeated again using a different value for



®1(max) until the best inversion profile was obtained
with minimum RF field strength. The method
outlined above has been demonstrated to perform
satisfactorily. However, one of the difficulties with
this approach is that generating optimised inver-
sion pulses may be time consuming, with each SA
run requiring a few hours for completion
depending on the optimisation parameters. Addi-
tionally, the optimal parameter values obtained
for a particular pulse width and inversion band-
width may not represent the best values for a dif-
ferent pulse width and/or inversion bandwidth.
Hence, for different experimental requirements,
the corresponding minimum RF field strength and
optimal parameter values have to be estimated
individually.

Here we present an approach for speeding up
the design of optimised broadband inversion pul-
ses. The method makes use of the results from a SA
optimisation calculation for further refinement via
a local optimisation procedure, where the RF pulse
characteristics are further tailored without impos-
ing any restrictions on the amplitude and frequency
modulation profiles. Inversion pulses generated via
this approach were successfully employed for gen-
erating double-quantum '*C NMR spectra of the
13C-U specifically labelled triplet repeat expansion
RNA (CUG)y7 (Leppert et al., 2004b).

Numerical and experimental procedures

For a tanh/tan pulse of a chosen duration, the
optimal values of &, k, and A®,., that would lead
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to satisfactory inversion performance over the
desired range of resonance offsets are first
estimated via the SA global optimisation approach
using the minimum value possible for ©;max).
These calculations were carried out considering
+10% variations in the RF field strength, unless
mentioned otherwise. The optimal parameter val-
ues obtained from SA get reflected in the N char-
acteristic amplitude and phase values {a(?),
®(f)}i—1.. n that define the pulse shape. For gen-
erating 180° pulses with desired durations and
inversion bandwidths, these {a(?), d()},i=1.. »
obtained from SA are used as starting input values
to a local optimisation procedure. The downhill
simplex method of Nelder and Mead (Press et al.,
1992) was employed for local optimisation and the
amplitude and frequency/phase modulation pro-
files of the pulse are allowed to vary freely so that a
pulse with improved inversion characteristics can
be obtained. As the efficacy of the local optimisa-
tion procedure is largely dependent on the initial
simplex constructed, calculations were carried out
with different starting simplexes to generate a
suitable 180° pulse. Local optimisation calcula-
tions were carried out without any consideration
to H; inhomogeneities. However, experimental
studies with optimised inversion pulses in general
reveal that the m4 phase cycling (Levitt et al.,
1983) of the inversion pulses provides tolerance to
~ £ 10% variation in the applied RF field
strength (see below).

The inversion pulses reported in this study were
employed for generating double-quantum NMR
spectra at moderate magic angle spinning
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Figure 1. CPMAS RF pulse sequence employed for generating 1*C dipolar DQ NMR spectra. Filled rectangles represent 90° pulses.
RFDR with inversion pulses applied at the centre of each rotor period was employed for ZQ dipolar recoupling during the mixing
periods. The overall phasing scheme employed was (A): &1 = (y,—)); &2 = 2(»), 2(—x), 2(—=), 2(x)); b3 = 2(x), 2(»), 2(—x),
2(= 1)) ba = (=), 2= ). 2(x). 20)); s = (B(x). 8(1). 8(~x). 8(=1)): b = (8(= )., 8(= 1), 8(x). 80N brec = (20— 1. =y, 7).
2(x, —=x,—x, x), 2(=y, », y,—¥), 2(— x, x, x, — x). Phase sensitive 2D spectra were obtained by incrementing the phases ¢,, ¢z and ¢4
by 45° (States et al., 1982) with the spectral width in the ®; dimension set equal to the spinning speed employed.
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frequencies via the RF pulse scheme given in
Figure 1. This pulse sequence makes use of the
RFDR approach and involves the application of
rotor synchronised inversion pulses, one pulse per
rotor period, for creating zero-quantum dipolar
Hamiltonian of the form {I,’L" + I,"L7}
(Blanco et al., 2001; Riedel et al., 2006). Evolution
of transverse magnetisation components, e.g. /i,
under this ZQ Hamiltonian leads to the creation of
anti-phase coherences, e.g. I;./>., and these are
converted into DQ coherences by the application
of a m/2 pulse. Similarly, anti-phase coherences,
e.g. I,.I>., created by the application of a /2 pulse
on a DQ coherence is converted back into an

Amplitude

observable single quantum coherence, e.g. I;,, by
the ZQ Hamiltonian. Standard phase cycling
procedures were employed to select the desired
coherence transfer pathway and phase sensitive 2D
double-quantum spectra were generated via the
SHR method (States et al., 1982) with m, spectral
width set to match the spinning speed employed.
Experiments were carried out with an undiluted
BC-U specifically labelled sample of (CUG),; at
the spinning speeds indicated and at ~—10°C on a
500 MHz wide-bore Varian "™TYINOVA solid
state NMR spectrometer equipped with a 3.2 mm
Chemagnetics triple resonance probe and wave-
form generators for pulse shaping. The RNA
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Figure 2. The amplitude, phase and inversion profiles of tanh/tan adiabatic pulse with R, tan x and & values of 60, 20 and 10,
respectively (a) and different optimised 180° pulses of 100us duration (b—e). The RF field strength and inversion bandwidths for which
the optimised inversion pulses were designed are also indicated. The performance at different applied RF field strengths are indicated
for the tanh/tan pulse. Figure b shows the profiles for the tanh/tan pulse obtained via SA and having R, tank and & values of 10.5, 4.8
and 61.6, respectively. Figures c—e show the profiles for the pulses obtained via local optimisation using the amplitude and phase

parameters of the pulse generated via SA.



sample was prepared using appropriately labelled
rNTPs as described earlier (Leppert et al., 2004b).
The frequency sweep is implemented in the
spectrometer hardware as a phase modulation,
(1) = JAw(r)dr. Cross-polarisation under Hart-
mann—Hahn matching conditions was used and all
spectra were collected under high power 'H de-
coupling. The inversion pulses were phase-cycled
according to the m4 phasing scheme.

Results and discussion

The amplitude, phase and inversion profiles of
different 180° pulses considered/constructed in this
study are given in Figures 2-4. Figure 2a shows
the profiles for a tanh/tan pulse of 100us duration
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with R, tank and & values of 60, 20 and 10,
respectively, as used in many of our recent studies.
Figure 2b shows the profiles for an SA optimised
inversion pulse with the same duration that was
generated considering an inversion bandwidth of
+5 kHz and ®j@max) of 10 kHz. The amplitude
and phase parameters of this pulse were employed
as starting input values for generating different
inversion pulses via local optimisation. The pro-
files of these pulses and other relevant parameters
are given in Figures 2c—¢ and 3a—e. The good
inversion characteristics of the pulses generated
clearly demonstrate the efficacy of the local opti-
misation approach, with each local optimisation
computation taking only a few minutes for com-
pletion. For the inversion pulse widths and band-
widths considered in Figure 3a—e, we have also
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Figure 3. The amplitude, phase and inversion profiles of 180° pulses generated via local optimisation. The duration, RF field strength
and inversion bandwidths for which the optimised inversion pulses were designed are indicated. All the pulses were obtained using the
amplitude and phase parameters of the pulse generated via SA and shown in Figure 2b.
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carried out local optimisation calculations
employing other starting values. For example,
with inversion pulses of 40, 60, 75, 90 and 125us
durations SA calculations were first carried out
considering RF field strength and inversion
bandwidths of (30 kHz, +20 kHz), (20 kHz,
+10 kHz), (15 kHz, +10 kHz), (10 kHz,
+8 kHz) and (10 kHz, =+8 kHz), respectively.
The optimised R, tank and & parameter values
obtained for the above mentioned pulses were,
respectively: (11.3, 4.4, 12.7), (13.2, 6.4, 46.8),
(10.2, 4.3, 30.2), (10.4, 4.3, 92.8) and (73.1, 21.8,
99.7). Employing these optimised parameter val-
ues, local optimisation calculations were then
carried out for the respective pulses considering

RF field strength and inversion bandwidths as in
Figure 3. The amplitude, phase and inversion
profiles of the pulses generated via this approach
are given in Figure 4a—e. A comparison of the data
presented in Figures 3 and 4 reveals that optimised
pulses generated using different starting inputs to
the local optimisation differ only marginally in the
amplitude and phase profiles and the performance
characteristics were invariably seen to be very
similar. Hence, it is possible to use different inputs
to the local optimisation procedure to derive
inversion pulses with desired performance char-
acteristics. We have employed in our SA calcula-
tion the tanh/tan profile for deriving the starting
input amplitude and phase parameter values
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Figure 4. The amplitude, phase and inversion profiles of 180° pulses generated via local optimisation. The duration, RF field strength
and inversion bandwidths for which the optimised inversion pulses were designed are indicated. These pulses were obtained using the
amplitude and phase parameters of different inversion pulses generated via SA (see text for details). The inversion profiles of the 180°
pulses generated via local optimisation and that derived via SA are indicated by the continuous and dashed lines, respectively.



needed for the local optimisation calculation.
However, it is conceivable that in situations where
long inversion pulses are required other pulse
profiles could also be effectively used.

The inversion pulses reported in this work were
constructed for exploring the possibilities for the
efficient generation of '*C DQ spectra of the sugar
region of RNAs, at moderate magic angle spinning
frequencies and via the pulse sequence given in
Figure 1. DQ experiments are often used (Dam
et al., 2002) for obtaining conformational con-
straints in biomolecular systems, e.g. sugar pucker
in RNAs. With many of the inversion pulses de-
signed in this work, the performance of the pulse
sequence given in Figure 1 was evaluated via
numerical simulations using the SIMPSON pro-
gram (Bak et al.,, 2000) and it is seen that it is
possible to effectively use these optimised pulses
for obtaining DQ spectra (data not shown). Fig-
ure 5 shows the '*C signals obtained for #; = 0 as
a function of the '*C recoupling RF field strength
for different spinning speeds. The m4 phasing
scheme applied for the optimised inversion pulses
is found to provide sufficient tolerance to small
variations in the '*C RF field strength used. Fig-
ure 6 shows the double-quantum NMR spectra of
the sugar region of the RNA, generated at the
different spinning speeds indicated and with opti-
mised inversion pulses. To avoid relayed magnet-
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corresponding to four rotor periods were em-
ployed when collecting these data. Experimental
details are given in the figure caption. All the
spectra show the expected strong peaks arising
from short range (one-bond) homonuclear dipolar
interactions. Experiments in which homonuclear
13C DQ coherences evolve under the influence of
the heteronuclear dipolar couplings involving
protons attached to the sugar carbons are pres-
ently underway to obtain information about sugar
ring conformations in (CUG)g;. Although the
inversion pulses were designed in the context of
MAS solid state NMR studies, the method out-
lined here can be also extended to liquid state
NMR investigations, e.g. for implementing effi-
cient TOCSY sequences. Such studies are currently
being pursued.

It is worth mentioning that other equally
effective approaches, such as the method based on
optimal control theory (Kobzar et al., 2004), have
also been recently reported for the design of
broadband inversion pulses. A detailed compara-
tive study of the relative merits of the different
procedures, however, is beyond the scope of the
present study. The procedure outlined here is used
routinely in our laboratory and is a robust ap-
proach that is easy to implement for generating
inversion pulses according to the experimental
requirements. In situations where very high spin-

isation transfers, only short mixing times ning speeds are needed, ¢.g. to minimise the effects
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Figure 5. The experimental '*C RNA signal intensities obtained (7,
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WJUL MMM

= () with the pulse sequence given in Figure 1 and as a function

of the recoupling RF field strengths indicated. These data were generated at spinning speeds of 10,000 Hz (a), 12,000 Hz (b) and
14,000 Hz (c) using inversion pulses of 90, 75 and 60us durations as given in Figure 4.
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Figure 6. 3C DQ NMR spectra of the sugar region of the (CUG)y; RNA collected at spinning speeds of 14,000 Hz (a), 12,000 Hz (b)
and 10,000 Hz (c). Optimised inversion pulses of 60, 75 and 90us durations, as in Figure 4, were employed in obtaining these spectra
using '*C dipolar recoupling RF field strengths of ~ 18, 14.5 and 11.5 kHz, respectively. Typically, 256 scans per ¢, increment, 1 s
recycle time, 10 ms signal acquisition time were employed. Spin system connectivities, assignments of the resonances and the sugar

moiety are also indicated.

of CSAs on the observed signal intensity, inversion
pulses of short durations, e.g. in the range of 25—
40us may be required. The present study shows
also the possibilities for the design of such short
broadband inversion pulses. Unlike other schemes
used for the generation of DQ coherences (Karls-
son et al., 2003), the RFDR approach permits the
convenient optimisation of the RF power em-
ployed. It is not necessary to use high RF field
strength if the required recoupling bandwidth is
not very high, as in the present study of (CUG)y;
RNA. It should also be possible to extend the
approach outlined here for the design of band
selective pulses and universal rotors. Such studies
are planned. In conclusion the present study shows
that by making use of the amplitude and phase
parameters of any reasonably satisfactory tanh/tan
inversion pulse it is possible to generate tailor
made inversion pulses via local optimisation pro-
cedures and such pulses can be effectively used in
MAS solid state NMR investigations.
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