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Abstract: Ultra-high-field NMR spectroscopy requires an
increased bandwidth for heteronuclear decoupling, especially
in biomolecular NMR applications. Composite pulse decou-
pling cannot provide sufficient bandwidth at practical power
levels, and adiabatic pulse decoupling with sufficient band-
width is compromised by sideband artifacts. A novel low-
power, broadband heteronuclear decoupling pulse is presented
that generates minimal, ultra-low sidebands. The pulse was
derived using optimal control theory and represents a new
generation of decoupling pulses free from the constraints of
periodic and cyclic sequences. In comparison to currently
available state-of-the-art methods this novel pulse provides
greatly improved decoupling performance that satisfies the
demands of high-field biomolecular NMR spectroscopy.

H igh-field magnets are essential for greatly increasing the
sensitivity and resolution in NMR studies of biomacromole-
cules. However, higher magnetic fields also require increased
bandwidth to decouple multiplet splittings of peaks, con-
strained by the power limits of modern cryogenically cooled
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probes (cryoprobes) and sample heating. This is particularly
critical for *C decoupling, where the *C chemical shifts found
in proteins and nucleic acids span a bandwidth as large as
45 kHz at magnetic fields corresponding to 1.2 GHz proton
Larmor frequency (Figure 1).
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Figure 1. Schematic representation of the maximum decoupling band-
width of GARP-4 (25 kHz, in red, at recommended cryoprobe yB; gus/
(2t) = 4.5 kHz) overlaid on a "*C carbon spectrum of "*C uniformly

labeled ubiquitin at 600 MHz and scaled to represent a frequency
spread of 37.5 kHz at 900 MHz and 50 kHz at 1.2 GHz.

The first heteronuclear decoupling was accomplished with
low-bandwidth continuous-wave irradiation'! and noise
decoupling.”! Broadband sequences were then developed
based on the principle of combining the best broadband
inversion pulseP with specific phase cycles and supercy-
cles,*¥ or multiple rotating frame techniques.”! Composite
inversion pulses provide reasonable bandwidth performance
for a given pulse power level and are adequate for broadband
decoupling defined by the high-field magnets of a previous
era. Even larger bandwidths can be achieved at the same
power using shaped adiabatic pulses, which provide sufficient
bandwidth for '*C decoupling at currently existing magnetic
fields.

However, both composite pulse and adiabatic decoupling
sequences suffer from intrinsic sideband artifacts, which
complicate the analysis of decoupled spectra in biomolecular
NMR applications. Thus, sideband artifacts, which stem from
the periodic cycling of the decoupling sequence and incom-
plete refocusing of the coupling evolution, are a significant
problem in practical applications. For experiments such as
NOESY, where the cross-peak intensity is a few percent of the
diagonal peak, sideband artifacts as small as 0.5% of the
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diagonal peak can affect spectral analysis. The tolerable limits
on sideband intensity as a fraction of the diagonal peak are
thus very stringent.

BC-edited NOESY spectra are typically collected using
the GARP-4 composite pulse?®™ or WURSTP ! decoupling
schemes. GARP-4 is known for low-intensity sideband
artifacts.”®<! Unfortunately, the bandwidth of GARP-4 decou-
pling for a maximum average power of yB, rus/(21) =4.5 kHz
(a typical limit on cryoprobes) is 25 kHz, which is only
adequate at 600 MHz, as illustrated in Figure 1. Thus, at
higher fields, two experiments are typically collected with the
carrier frequency set to the center of the aliphatic region (ca.
40 ppm) and the center of the aromatic region (ca. 130 ppm),
effectively doubling the experiment time. WURST decou-
pling, based on adiabatic inversion pulses, provides broad-
band decoupling at low radiofrequency (RF) field strengths,
but with sideband artifacts that can be substantial. A conven-
tional alternative is the STUD 4 decoupling scheme,*! which
employs an adiabatic hyperbolic secant (sech/tanh) pulse and
is able to achieve sideband performance comparable to
GARP-4.5

An additional consideration is the increased spectral
resolution afforded by high-field magnets, which requires
longer evolution times for indirectly detected spins, such as
the carbon dimension of the *C-edited NOESY!"! or HCCH-
TOCSY.®! Non-uniform sampling (NUS) can be employed to
collect spectra with optimal resolution in a reasonable
experimental time.”” However, the time domain data
collected with NUS must be reconstructed before Fourier
transform, which can lead to spectral artifacts.'Y NUS
sampling artifacts arise from all signals in a spectrum, whether
they originate from the sample or from an experimental
artifact such as a decoupling sideband.”

Thus, especially for applications at high magnetic fields
(i.e. 900 MHz 'H frequency and above) there is a great need
for a robust, low-power, broadband "*C decoupling pulse with
the lowest possible sideband artifacts. Here, we introduce
a low power pulse capable of decoupling "*C spins with
minimal sideband artifacts in a single scan. The pulse is named
BUSS for broadband uniform sideband suppression and
represents a new generation of decoupling pulses free from
the constraints of periodic and cyclic sequences imposed on
the solution space.

The evolution of a spin system during an NMR experi-
ment is described by the Liouville-von-Neumann equation of
motion and can be actively steered through the irradiation of
radiofrequency (RF) pulses. The optimization of pulse
sequences under certain quality criteria based on methods
of optimal control theory can be achieved through algorithms
that numerically optimize the external controls, namely the
RF pulses. This approach has been successfully applied to
various problems and was first demonstrated for frequency-
selective pulses."!! The GRAPE algorithm (gradient ascent
pulse engineering) allows the optimization of NMR pulse
sequences efficiently in very large parameter spaces.'?! It has
been successfully used for the design of broadband and robust
excitation, inversion, and refocusing pulses in uncoupled spin
systems!'>!¥ exemplifying the power and versatility of optimal
control theory in finding non-intuitive solutions for complex
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spin dynamics. Although global optimality is not guaranteed
for such a numerical optimization approach, it has been
demonstrated, for example, in heteronuclear coherence
transfer experiments, that the numerically optimized pulses
achieved the analytically derived maximal transfer efficiency
in terms of time-optimal and relaxation-optimal pulses.**

A generalized version of the GRAPE algorithm has been
developed and applied to the design of single-scan low-power
heteronuclear decoupling sequences for invivo applica-
tions.™™! Here, we apply this concept to the optimization of
novel single-scan ultra-broadband decoupling sequences
producing minimal sideband amplitudes at power levels
achievable by standard probes. Instead of optimizing the
evolution of the spin system from an initial state to a target
final state, this approach tracks and optimizes the evolution of
the magnetization over a number of acquisition points
throughout the whole decoupling pulse sequence. This
optimal tracking approach is especially suited for optimizing
heteronuclear decoupling sequences with the goal of inhibit-
ing or scaling the coupling evolution throughout the free
induction decay (FID) by irradiating one spin while observing
the other.'>!* In contrast to conventional approaches based
on average Hamiltonian theory, which result in periodic
patterns of inversion pulses, optimal tracking can steer the
coupled spin system to a desired trajectory as closely as
possible without imposing periodicity on the RF control
amplitudes. In addition, constraints on the optimization
representing experimental limitations, such as power limits,
or robustness with regard to B, inhomogeneities, can be taken
into account.!"”)

To create a broadband pulse for use at ultra-high magnetic
fields, a target decoupling bandwidth of 45 kHz, which will
cover the entire "*C chemical shift range at 28.2 T (corre-
sponding to 1.2 GHz proton Larmor frequency) for proteins
and nucleic acids was used as a constraint. The maximum
power recommendation for heteronuclear decoupling on
modern cryoprobes was considered as an additional con-
straint during optimization. Typical power limitations for
modern cryoprobes are yB,gpus/(2m) =4.5kHz for a total
duration of about 140 ms (e.g. manufacturers suggested
threshold for cryoprobes). Therefore, this limitation was
used as a target maximum average power for optimal tracking
constraints and for comparison with the composite and
adiabatic decoupling sequences. Ideal decoupling of a zero-
frequency center peak is attained if the J-coupling evolution is
refocused at each acquisition point. Deviations from this ideal
represent modulations of the signal that appear as the
aforementioned sidebands.

A simple variation in the optimal tracking algorithm
employed here was to apply the tracking at each time-step of
the RF waveform, which is most typically much faster than
the sampling rate. The algorithm cannot achieve complete J-
refocusing during all times of the sequence, but asking it to do
so forces it to search for the closest approach to this ideal and
results in a decoupling sequence that is not constrained to
a particular sampling rate. The waveform was digitized in
increments of 4.3 us and the pulse was optimized over the
entire offset range (—23.5 to 23.5 kHz, 117.5 Hz increments,
401 offset points) using a coupling strength J=150 Hz.
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Further details of the optimization procedure as applied to
decoupling can be found in Ref. [15] and the supplement.

The converged calculation resulted in the BUSS pulse that
meets the target constraints by decoupling a 45 kHz band-
width and producing exceptionally low sideband intensities
using only 4.4 kHz yB,ys/(27). The performance of the
BUSS pulse was compared in simulations and experiments to
GARP-4 composite pulse decoupling,*®<! adiabatic STUD +
decoupling*! (sech/tanh), and the caWURST-2 decoupling
scheme,”® a constant adiabaticity”®®'® variant of the WURST
pulsest? widely used for broadband decoupling. Parameters
for caWURST-2 were calculated using the Bruker shape tool
to generate the standard implementation that is available to
the general user. Details for each pulse scheme are listed in
Table S1.

Decoupling performance was verified using the isolated
'"H-BC two-spin system (/=197 Hz) in "*C-labeled sodium
formate, where the observed proton doublet collapses into
asingle peak when the "H-"C coupling is effectively removed.
The decoupled bandwidth for each decoupling scheme is
shown in Figure S1. BUSS decouples the center peak across
the entire 45 kHz bandwidth by more than 98 %, as seen in
the simulations. At the same yB,gys/(27), the BUSS and
adiabatic pulses clearly outperform composite pulse decou-
pling in terms of bandwidth. Although the BUSS pulse was
optimized for J =150 Hz, it provides excellent performance
for a broad range of heteronuclear J-coupling constants as
high as about 200 Hz. As expected, sideband intensities
decrease for smaller J-couplings as can be seen in simulations
for J =90, 130, 197] Hz (Figure S2).

The advantage of using GARP-4 composite pulse decou-
pling is its low sideband production at distinct frequency
offsets in the observed spectrum (in this case 'H), which
makes it especially valuable for application with NOESY
experiments. Figure 2 shows, for all four decoupling schemes,
contour plots of simulated and experimental sideband
intensities over a 'H offset range =+ 1000 Hz relative to the
center peak and over a *C decoupler offset range 430000 Hz
relative to the decoupled "*C resonance frequency.

Within the decoupled offset range, the BUSS pulse clearly
has the lowest sideband artifacts. At the same average
decoupling strength, the caWURST-2 pulse has sideband
intensities at a level of up to 3.0% of the decoupled peak at
harmonics of 1/pulse duration. The sech/tanh pulse achieves
sideband levels comparable to GARP-4 and, in addition,
decouples the entire required bandwidth.

However, as shown in Figure S3, sech/tanh has a multitude
of additional sidebands compared to GARP-4, which can lead
to unwanted baseline distortions in decoupled spectra. The
significantly improved quality of BUSS decoupling is com-
pared to the other decoupling schemes in Figure 3, where the
root-mean-square of the sideband amplitudes summed over
the decoupled *C offsets (£12500 Hz for GARP-4 and
+22500 Hz for the rest) are plotted as a function of offset
from the 'H center peak frequency. Figure S3 compares the
experimental and simulated sidebands in an overlay of all
sidebands in the decoupled “C offset range for each
decoupling scheme, highlighting the maximum sideband
intensities. The sideband artifacts are for all schemes slightly
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Figure 2. Contour plots comparing the simulated (left panels) and
experimental (right panels) sideband distribution across a decoupler
offset range of 60 kHz discretized in 101 steps for GARP-4 (A, B),
caWURST-2 (C, D), sech/tanh (E, F), and BUSS (G, H) decoupling
pulses. Contour lines in black are given from 100% to 5% of the
decoupled peak amplitude. Contour lines in color are plotted at (2,
1.5,1,0.5, 0.3, and 0.2%) and (-2, —1.5, =1, —0.5, —0.3, and
—0.2%) of the decoupled peak (d.p.) amplitude to highlight the
decoupling sidebands. Axes labels apply to all graphs.

higher in experiments as compared to simulations (Figure 2
and Figure S3). This effect is likely due to non-ideal B,
calibration in the experiment. Simulations show that the
BUSS pulse has similar robustness with regard to B,
inhomogeneity as conventional decoupling pulses (see Figur-
es S4 and S5). Within the limits of most modern probes (£
10%) the BUSS pulse performs exceptionally well.

The performance of the BUSS pulse was compared to
GARP-4, sech/tanh, and caWURST-2 decoupling schemes in
C-decoupled 'H,'H NOESY experiments. Figure 4 A shows
an overlay of NOESY spectra collected with BUSS pulse
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Figure 3. Simulated (left panels) and experimental (right panels) root-
mean-square sideband amplitudes across the decoupled offset range
for A,B) GARP-4 (24 kHz), C,D) caWURST-2 (45 kHz), E,F) sech/tanh
(45 kHz), and G,H) BUSS (45 kHz). Since the sideband spectra are
symmetric with respect to the decoupled 'H center peak of Figure 2
only the spectral region from —200 Hz to —1000 Hz on the left hand
side of Figure 2 is depicted. Axes labels apply to all graphs.

decoupling (black) and caWURST-2 (red). Significant off-
diagonal artifact peaks are produced by caWURST-2, which
makes accurate spectral interpretation difficult. Figure 4B
and Figures S6-7 show overlays of 1D traces at several 'H
offsets comparing BUSS decoupling to the other decoupling
schemes. The sideband artifacts are marked with an asterisk.
The sidebands from GARP-4 and sech/tanh decoupling are
small and generally below the 0.2 % threshold. However, the
intensity of a peak, the frequency of which is the same as the
sideband frequency, will be inaccurately interpreted. Quanti-
tative experiments that rely on accurate measures of peak
intensities such as NOESY experiments will clearly benefit
from using BUSS over GARP-4 or sech/tanh. As seen in the
simulations and experimental examples with “C sodium
formate (Figure 2, Figure3), the caWURST-2 pulse has
intense sideband intensities at harmonics of 1/pulse duration,
rendering it impractical for use in NOESY. Although the
intensity and location of sideband artifacts from adiabatic
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Figure 4. "H,"H NOESY spectra collected with *C decoupling. A) Over-
lay of the 2D spectra collected with BUSS (black) and caWURST-2
(red) decoupling. Contours are set to 1% of the decoupled peak
intensity at 1.4 ppm. B) Overlay of 1D traces through 1.40+0.05 ppm
from the spectrum collected with BUSS (black) and GARP-4, sech/
tanh, and caWURST-2 (all in red). Asterisks mark the decoupling
sidebands. Axes labels apply to all graphs.

decoupling could be minimized by using higher power, this
will induce sample heating, can exceed probe limitations and
is antithetical to the objective here of low-power broadband
decoupling.

In conclusion, we presented a novel noncyclic, single-scan
decoupling pulse (BUSS) and demonstrated that it provides
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substantially improved performance compared to existing
state-of-the-art decoupling schemes. BUSS decoupling is thus
a preferable alternative for ultra-broadband decoupling with
minimal sideband amplitudes at low power. Compared to
conventional decoupling schemes based on average Hamil-
tonian theory, this next generation of decoupling pulses
exploits the flexibility and power of optimal control theory.
For biomolecular NMR applications, the BUSS pulse exceeds
the performance of conventional composite pulse and adia-
batic decoupling and fulfills all of the requirements for
heteronuclear decoupling at 1.2 GHz. Further, this approach
will also be useful for decoupling other nuclei with very large
chemical shift ranges (e.g. °F) in biomolecular and small-
molecule NMR applications. BUSS performs at least as well
as adiabatic decoupling pulses with regard to robustness to B,
inhomogeneity. This performance can be improved by
employing additional constraints in the optimal control
algorithm for applications that exhibit more significant non-
homogenous B, distributions, such as in low-field NMR or
in vivo spectroscopy.l'”’ We note that further robustness and
reduction of sidebands can be achieved through application of
multi-scan cooperative pulses?” to heteronuclear decoupling.
Developing such methods is on-going but beyond the scope of
the current study, which focuses on decoupling in a single
scan.
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