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Optimal control pulses for the 1.2-GHz (28.2-T) NMR

spectrometers

David Joseph and Christian Griesinger*

The ability to measure nuclear magnetic resonance (NMR) spectra with a large sample volume is crucial for con-
centration-limited biological samples to attain adequate signal-to-noise (S/N) ratio. The possibility to measure
with a 5-mm cryoprobe is currently absent at the 1.2-GHz NMR instruments due to the exceedingly high radio
frequency power demands, which is four times compared to 600-MHz instruments. Here, we overcome the high-
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power demands by designing optimal control (OC) pulses with up to 20 times lower power requirements than
currently necessary at a 1.2-GHz spectrometer. We show that multidimensional biomolecular NMR experiments
constructed using these OC pulses can bestow improvement in the S/N ratio of up to 26%. With the expected
power limitations of a 5-mm cryoprobe, we observe an enhancement in the S/N ratio of more than 240% using
our OC sequences. This motivates the development of a cryoprobe with a larger volume than the current 3-mm

cryoprobes.

INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy relies on the
magnetic moments of nuclei with spin quantum number mg > 0
(1, 2) (commonly and for this work: m; = %) to obtain atomic res-
olution information that is useful to determine the structure and
dynamics of molecules as well as their interactions (3). Thus, the
technique provides a unique atomic-level probe to investigate bio-
logical macromolecules such as proteins (4-9), enzymes (10), RNA
(11, 12), and DNA (13, 14) in their native physiologically relevant
states (15, 16), which in turn assists to solve a large variety of bio-
logical questions. One of the major bottlenecks in such NMR
studies is the inherent limitation on the sensitivity due to the very
small energy difference between the spin states (3, 17). On top of
this, many interesting biological systems such as the intrinsically
disordered proteins (IDPs) (16), in-cell samples (15), and metabolic
samples (18) will have little dispersion in the NMR resonance fre-
quencies of different homonuclear spins. This peak crowding limits
the analysis of NMR spectra. Because the energy difference between
the two states is proportional to the external magnetic field (B), by
increasing this field one can improve the sensitivity by Bg/ *(3). This
increased external magnetic field also increases the dispersion of
crowded peaks proportional to By, where # is the number of dimen-
sions of the NMR experiment (I). Thus, the recent availability of
commercial ultrahigh-field 1.2-GHz (28.2-T) (19, 20) NMR spec-
trometers with its increased sensitivity and dispersion broadens
the scope for studying increasingly complex biological systems
(21-23).

The sensitivity at 1.2 GHz will be improved by a factor of 2",
which is almost three times compared to a 600-MHz spectrometer
(fig. S1). One also observes a larger chemical shift dispersion for
proton resonances at 1.2 GHz, and this is true for most nuclei of
interest in biological NMR where field-independent dipolar relaxa-
tion dominates over chemical shift anisotropy-induced relaxation.
Thus, at 1.2 GHz, for the 'H nuclei a 10-ppm (parts per million)
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window corresponds to 12 kHz, for the >N nuclei a 40-ppm
window corresponds to ~4.8 kHz, and for the '*C nuclei a 200-
ppm window corresponds to 260 kHz, implying that we see an im-
proved dispersion in all the NMR experiments. Unfortunately, to
achieve uniform rotation of the spins dispersed in such large fre-
quency ranges, we require broadband pulses (24) during an NMR
experiment. If we scale the pulses with the B, field, the commonly
used hard pulses would be shorter by half compared to a 600-MHz
spectrometer. Hence, such a broadband 90° pulse on a 1.2-GHz
spectrometer would require twice the radio frequency (RF) ampli-
tude or four times the power. In principle, one should be able to
increase the RF power to achieve the required spin state transforma-
tion in these large frequency windows as long as the sample is intact.
However, the maximum power available for an NMR experiment is
strictly limited by the power handing capability of the current
probes, which is particularly limited for cryogenically cooled
probes (or cryoprobes) (25, 26) that are essential to obtain sufficient
S/N ratio, especially in concentration-limited biological samples.
The limited RF power tolerance thus requires low-power pulses
for the cryoprobes at ultrahigh-field 1.2-GHz spectrometers. The
immediate implication of using low-power RF pulses is the well-
known off-resonance effect (3), leading to offset-dependent devia-
tion from the desired rotation of spins, resulting in incomplete co-
herence transfer (3) between spins at distant offsets. This then
translates as a loss of sensitivity and, given the short phase cycles
(3) in multidimensional NMR experiments, as artifacts in the
NMR spectra, thus leading to incorrect or incomplete interpretation
of the NMR spectra. This problem can be avoided by reducing the
sample diameter and the sample volume (27), hence permitting to
reduce coil diameter of the cryogenically cooled probe. The RF coil
with a smaller diameter can generate adequate RF amplitude or B
field (28) to facilitate uniform excitation of a large bandwidth using
a tolerated power. At present, this limitation is visible for the ultra-
high-field magnets, and for the above reason, the commercial man-
ufacturer of 1.2-GHz spectrometers (Bruker) provides only a 3-mm
cryoprobe optimized for proton detection (inverse cryoprobe), lim-
iting the maximum sample volume to approximately 100 pl. This is
a serious limitation for studying concentration-limited samples
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such as some IDPs, large complexes, membrane proteins in mi-
celles, in-cell samples, and metabolic samples, where measuring
on a 5-mm cryoprobe with a larger sample volume (250 pl in a
Shigemi tube) would have the potential of an additional improve-
ment in the S/N ratio (2, 3). Furthermore, the abovementioned
power limitation would become even more critical for studying bi-
ological samples that have high salt concentrations, which are re-
quired for the stability of the biological macromolecules. These
large salt concentrations make the RF pulses even longer (29) on
the cryoprobes, aggravating the difficulties in implementing broad-
band pulses. To fully exploit the maximum sensitivity achievable at
our 1.2-GHz spectrometer, we are expecting such a 5-mm inverse
cryoprobe from Bruker to be installed at our facility in the near
future for studying concentration-limited samples. As a motivation
to build such a 5-mm inverse cryoprobe probe, we try to understand
the performance of RF amplitude-limited pulses for biomolecular
NMR experiments. We restrict the maximum RF amplitude to 20
kHz on the 'H, 15 kHz on the >C, and 5.6 kHz on the °N channels
to simulate such an RF power-restricted cryoprobe.

The problem of accomplishing maximum transfer with limited
power availability is an optimal control (OC) problem (30-36). OC
theory was introduced to NMR spectroscopy two decades ago as
gradient ascent pulse engineering (GRAPE) (37, 38) algorithm,
which is a general method for pulse design. The GRAPE method
aims at optimizing RF pulse shapes [controls or <P by maximiz-
ing a cost or fidelity function ® [c(k)(t)], that is, to maximize the real
part of the overlap between a desired target density operator state
and the resulting density operator state after applying the controls
or the pulse shape

(D[c“‘)(t)] _ Re<0targ|exp{_ijj[ﬁ(0> + ch(k)(t)ﬂ(k)]dt}

lo0)

(1)
where 0y, is the desired t%get density operator state, oy is the initial

density operator state, H' ~ is the system Hamiltonian (drift), and

~ (K
A" are the control Hamiltonians. The algorithm proceeds to

find the maximum for the fidelity function by varying the controls
®

in the direction of the function derivative w

C,

exit criteria is reached (39), where c¥) is the nth control after a piece-
wise-constant approximation of Eq. 1. This procedure was extreme-
ly effective in optimizing broadband excitation (40—42), inversion
(41, 42), and refocusing pulses (43) that had limited RF amplitude
(44) and large B; miscalibration (45). An improved version of the
GRAPE method has also been efficiently implemented in the
MATLAB-based open source package Spinach (46) as limited-
memory Fletcher-Goldfarb-Shanno algorithm (L-BFGS) (47-49),
which we used to generate our pulse shapes. The GRAPE method
has been extensively used for small-molecule pulse sequences (50—
53) and had applications in bio-NMR experiments such as for ho-
monuclear (54) and broadband decoupling pulses (55), as robust
inversion pulses in the NOESY-HMQC (nuclear Overhauser
effect spectroscopy with heteronuclear multiple quantum coher-
ence) experiment (24), and for band-selective pulse design (56,
57). In solid-state NMR, the GRAPE algorithm has been success-
fully used for designing improved OC cross-polarization schemes
(58-61). Inspired by the success of the GRAPE algorithm in

until one of the
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NMR spectroscopy, OC-based laser pulse design (62-64) is also
used for atom interferometry.

The bulk of the pulsed Fourier transform NMR experiments
require two common RF pulses that rotate spins through either
90° or 180° angles and are essential for building elementary
blocks (3) that achieve the desired coherence transfer [e.g., insensi-
tive nuclei enhanced by polarization transfer (INEPT) (65), cons-
tant time evolution (3), and multiple quantum generation block
(3)]. In these elementary blocks, the 90° RF pulse is used for exci-
tation and a 180° RF pulse is used for either inversion or refocusing
of the spin magnetization vector. To achieve the maximum perfor-
mance during each coherence transfer block, the abovementioned
high-power rectangular pulses need to have the ability to uniformly
rotate spins from all the involved nuclei that are spread across a
range of frequencies or bandwidth. This is not true for rectangular
pulses with limited RF amplitude where the well-known offset or
off-resonance effect becomes marked as one goes to higher and
higher field NMR spectrometers. Figure S1 (A and B) shows one-
dimensional (1D)~"H NMR spectra of the ubiquitin protein with
two different RF amplitudes at two different magnetic field
strengths. We observe that in agreement with our expectation, a
low-power pulse with an RF amplitude of 8.5 kHz (which is the ex-
pected maximum RF amplitude value on the 5-mm cryoprobe for a
sample with 3 mM salt) leads to a marked reduction of intensity at
the farthest offset at 1.2 GHz compared to 600 MHz. We observe
that the low-power rectangular pulses are inefficient due to the im-
perfections contributed by the off-resonance effects and B, inho-
mogeneity. These imperfections can accumulate and lead to
substantial signal loss in multipulse experiments. Hence, compen-
sating for such imperfections is mandatory for pulse sequence de-
velopment, especially at high fields (3).

We choose to use low-power universal rotation (UR)-90° and
UR-180° pulses because they can serve as basic building blocks
for constructing most of the solution NMR experiments. The UR
pulses (43) control all the three orthogonal Cartesian components
of the macroscopic magnetization vector; hence, they are costlier
than the point-to-point (PP) (41, 42) transformations, which
control only one of the Cartesian components of the magnetization
vector. There have been extensive studies in the past on designing
robust UR pulses using the OC theory; they are known as broad-
band universal rotation by optimized pulses (43). These UR
pulses can be thought of as idealized pulses that perform the
desired unitary rotation of the macroscopic magnetization vector
within an offset range and the B, field deviations of interest in an
NMR sample. Hence, a set of UR pulses can serve as a direct replace-
ment element for each of the hard pulse in a sequence. We are in-
terested in constructing pulses that covered a minimum bandwidth
of 15 kHz (12.5 ppm) with an RF amplitude less than 20.2 kHz on
the 'H channel and a bandwidth of 6 kHz (50 ppm) for the 5N
channel with an RF amplitude less than 5.6 kHz on the °N
channel. Because higher salt concentration in an NMR sample
will reduce the achievable RF amplitudes (29), we wish to generate
pulses with the lowest possible RF amplitudes, ideally less than 10
kHz on the 'H channel and less than or equal to 5 kHz on the '°N
channel. In addition, we aim for pulses that are tolerant to B; inho-
mogeneity of not less than +15% to have faithful experimental re-
producibility (66). Earlier studies exploring the limits of UR pulses
have shown that for a given RF amplitude, longer pulse durations
are required to cover a larger bandwidth and to tolerate higher B,
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inhomogeneity ranges (43). One could, in principle, design pulse
shapes with longer durations that have substantially lower RF am-
plitudes than our threshold values. Unfortunately, longer UR pulses
in the experiments for biological macromolecules will lead to a loss
in the S/N ratio due to the fast transverse relaxation (3) in these
macromolecules. Hence, as an additional constraint, we decided
to use pulses that had a maximum pulse duration of 700 us to
limit the relaxation losses. We show that robust UR pulses that
obey the low-power constraints can be designed for constructing
bio-NMR experiments. We also study the transfer efficacy of such
individual elemental UR pulses in detail and the performance of a
set of 2D bio-NMR experiments constructed using these pulses.

Furthermore, most NMR experiments with three or more di-
mensions involving the '>C nuclei require selective manipulations
(67) that differentiate between the types of 13C atoms [CO, C,, C-
aliphatic (C,y), etc.] based on the desired correlation (or the atom
type connectivity) we wish to achieve in a particular multidimen-
sional experiment (3, 67). The established way to realize this is by
using the band-selective Gaussian cascade pulses (68—70). These
pulses follow the excitation profile scheme (70) shown in fig. S1C,
where a selected band or region is excited, the signals far from this
band are minimized or suppressed (suppression band), and the
above two regions are separated by a transition band. It is observed
that the Gaussian cascade pulses reach the allowed threshold for
permissible RF power values already at 800 MHz (18.8 T) and
larger frequencies or fields. As an example, the Q3.1000 (69)
pulse when used for refocusing C,; spins that are over the band-
width of 16 kHz would require an RF amplitude of 22.7 kHz on
an 800-MHz spectrometer. The band-selective Q3.1000 pulse is
generated from a superposition of three Gaussians, and the offset
dependence was optimized using the Quaternion elements for the
UR with 1000 steps in the shape (69). A maximum RF amplitude of
15 kHz is expected to be achievable on the '*C channel of a 5-mm
inverse cryoprobe at 1.2 GHz. Thus, undoubtedly, these shaped
pulses are not suitable to be used at ultrahigh-field magnets,
where they usually fail to meet the performance requirements
with the RF powers tolerated by the cryoprobes. We were interested
in generating shaped pulses that cover a minimum of 9 kHz (30 ppm
at 1.2 GHz) for the CO spins, 12 kHz (40 ppm at 1.2 GHz) for the C,
spins, and crucially at least 24 kHz (80 ppm at 1.2 GHz) for the C,y
spins. In addition, the duration of these pulses should not exceed
the value required by the Gaussian cascade pulses currently used
at 1.2 GHz. This is a maximum duration of 380 us when we have
to limit the RF amplitude to 15 kHz. These pulses should be tolerant
to By inhomogeneity of at least +15% to obtain robust experimental
reproducibility. To meet the above constraints, we develop a multi-
band-selective pulse scheme that achieves different arbitrary nuta-
tion angles within each of these bands. We also show that improved
3D bio-NMR experiments can be realized for 1.2 GHz using the OC
pulses we developed.

In this work, we aim to design low-power OC-based biomolec-
ular solution NMR pulse sequences with RF amplitudes lower than
what is expected to be possible on a power-limited 5-mm inverse
cryoprobe for a 1.2-GHz spectrometer. We design a set of low-
power UR pulses for 90° or 180° transformations of the "H and
N nuclei. A modified OC scheme for multiband selection with
multinutation angle using a single pulse is introduced to do two-
band differential control (one of them being either a UR-90° or a
UR-180° transformation and the other a UR-360° rotation) on
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two different kinds of '>C nuclei in a protein. These OC pulses
were then used for constructing user-friendly low-power versions
of the 2D-['H,'*N]-HSQCs (heteronuclear single quantum coher-
ence spectroscopy) and 2D-['H,"*C]-TROSY (transverse relaxation
optimized spectroscopy) experiments. We also construct triple-res-
onance 3D-HNCO (experiment that provides correlation between
>N and its attached 'H and >C from the CO of previous amino
acid, hence the name HNCO) and 3D-TROSY-HNCO experiments.
By compensating for B, inhomogeneity or miscalibration of up to
+20%, we show that these pulse shapes and thus the OC-pulse se-
quences are virtually calibration free and that their setup can be
easily automated. We demonstrate that these low-power OC-
based pulse sequences outperform conventional sequences and
are expected to enable large-volume measurements at ultrahigh-
field 1.2-GHz NMR spectrometers.

RESULTS

Low-power universal rotation pulses for the 'H and

>N nuclei

The lack of robust UR pulse that meet the low-power requirements
motivated us to search for appropriate pulse shapes using the OC
module in Spinach (46). We designed a set of UR-90° and UR-
180° pulses for both the 'H and "°N channels by searching for the
minimum RF amplitude that can provide a fidelity greater than
0.995 to cover a bandwidth of 15 kHz on 'H and 6 kHz on
">N. The pulse lengths are restricted to a maximum of 650 s for
the UR-90° pulses and 700 us for the UR-180° pulses, and both ro-
tations aimed for a B; inhomogeneity compensation greater than
£15%. We evaluated the set of solutions obtained first with a sim-
ulated 2D excitation profile and second by recording an experimen-
tal 2D excitation profile to select for the best pulse shape solution.
We observed that with the low-power criterion, the GRAPE optimi-
zation did not benefit from the freedom to do amplitude modula-
tion. Such a choice resulted in shapes that had a constant RF
amplitude close to the maximum allowed value for most of the
pulse duration. Hence, we decided to fix the amplitude to the
maximum allowed value and to optimize for phase-modulated
UR pulse shapes. The use of phase-modulated shapes would
provide an additional benefit for faithfully reproducing the pulse
shapes by an arbitrary waveform generator (AWG) when compared
to generating an amplitude-modulated shape. To improve the reli-
ability of the phase-modulated shapes, we smoothened them using
either a moving average filter or the derivative norm square (DNS)
penalty (71, 39) as implemented in Spinach. This allows the AWG to
make nonerratic phase jumps and thus permit robust experimental
reproducibility (66). In addition, we scaled both the 'H and '°N
pulses to identical durations to avoid any undesirable evolution
when these pulses are simultaneously applied in a transfer block
such as the INEPT block. The details of various parameters used
for generating the final set of UR pulse shapes are discussed in Ma-
terials and Methods. The final set of UR pulses selected are shown in
fig. S2 (A and B) for the UR-90° pulses and in fig. S2 (E and F) for
the UR-180° pulses. The UR-90° pulses had a duration of 650 ps,
and the UR-180° pulses had a duration of 700 s for both the 'H
and "°N channels. On the 'H channel, the pulse shapes cover a
bandwidth of +7.5 kHz with an RF amplitude of 8 kHz, and on
the >N channel, they cover a bandwidth of +3 kHz with an RF
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amplitude of 5 kHz. All the UR pulse shapes were optimized fora B,
inhomogeneity compensation of +20%.

The desired transfer of a UR-180° pulse is to convert the vector
(I, I, I) to (=1, I, —I,)), whereas the UR-90° pulse transfers (I, I,
L) vector to (=I,, I, I.) with an efficacy, given by n,,, greater than
0.995. Here, N,y is the average transfer efficacy that we used as a
performance index to select a robust UR pulse shape. We aimed
to retain more than 99.5% of the net transverse magnetization,
[Myy| =,/ M2+ Mj, after applying the pulse along with a small
phase error of ¢,y less than +1°. We tested the robustness of our
pulses for the desired transfers by simulating the 2D excitation pro-
files that report the effect of varying the offset and B, field. The sim-
ulated excitation profiles for the UR-180° pulses that we have
designed for '"H and "N are shown in fig. S3 (B and D). We
observe transfer efficacies greater than 0.995 for all the transforma-
tions of interest. The only exception was the —I, to I, transfer of the
UR-180°-"°N pulse that had Navg = 0.9938. Fortunately, this value
can be accepted because we had a large homogeneous region with
transfer efficacy greater than 99%. For comparison, we also show the
simulated excitation profiles of the rectangular pulses with the same
RF amplitude on top of all the simulated excitation profiles of every
UR pulse. It is evident from fig. S3 (A and C) that rectangular pulses
of lower RF amplitudes will not achieve the performance necessary
at 1.2 GHz. In the case of the UR-90° pulses, we obtain similar
robust transfer efficacies with n,,, greater than 0.995 for all the
transfers except for the I, to I transfer (1., of 0.9949) of the UR-
90°-"°N pulse (fig. S4, B and D). We verified the experimental ro-
bustness (fig. S5, D to F and J to L) for some of the common trans-
formations that are necessary in an NMR experiment using the
above UR pulses. These are the I to —I, transfer for the UR-90°
pulses and the —I, to I, and I, to —I, transfers for the UR-180°
pulses. All the above UR pulses did unitary rotations around the x
axis with experimental transfer efficacy greater than 0.995 except for
the —I, to I, transfer of the UR-180°-°N pulse (Nayg = 0.9947, which
is similar to its simulated performance). We also experimentally ob-
served that none of the low-power rectangular-180° or rectangular-
90° pulses have sufficiently large transfer efficacies to execute the
desired spin rotations (fig. S5, A to C and G to I) at a 1.2-GHz
spectrometer.

We were further interested in decreasing the pulse duration to
reduce the transverse relaxation losses for larger biological macro-
molecules. This was possible by optimizing for pulses with reduced
bandwidth of +6.3 kHz on 'H and +2.4 kHz on the >N channel
along with a smaller B; inhomogeneity compensation of +15%.
An example of such a short UR-180° pulse that had a duration of
540 ps with an RF amplitude of 7.5 kHz, bandwidth coverage of +6.3
kHz, and B, inhomogeneity compensation range of +15% is shown
in Fig. 1A. The robust simulated and experimental performances for
the I, to —I,, transfer of this pulse can be observed from Fig. 1B. We
also see that a rectangular pulse of the same RF amplitude has an
average transfer efficacy of less than 90% for the above transfer
(Fig. 1B). The above UR-180° pulse retained more than 99.5% of
the net transverse magnetization and resulted only in a small
phase error of ¢, less than +0.15° as observed from Fig. 1C. The
set of short pulse shapes is shown in fig. S2 (C and D) for the UR-90°
pulses and in fig. S2 (G and H) for the UR-180° pulses. We obtained
pulse lengths of 480 ps for the UR-90° pulses and 540 ps for the UR-
180° pulses, which is around a 23% reduction in the pulse duration.
These shapes also deliver robust transfer efficacies as seen from their
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simulated and experimental 2D excitation profiles (figs. S6 to S8).
The outliers that had slightly lower simulated performance effica-
cies, that is, 1,yg less than 0.995, were the I to —I, transfer using
the shorter UR-180°-'°N pulse (Nayg = 0.9945) and the I, to I, trans-
fer for the shorter UR-90°-'H pulse (Nayg= 0.9947). In the experi-
ment, the I, to —I, transfer using a shorter UR-180°-"°N pulse
had n,yg of 0.9932 as seen in fig. S8, permitting the pulse to be
used experimentally. We chose UR shapes that retained a net trans-
verse magnetization |M,,| greater than 0.995 and resulted only in a
small phase error of ¢,y less than +0.25° as observed from the sim-
ulated profiles. In all the above cases, the corresponding rectangular
pulses of the same RF amplitude failed to meet the required band-
width coverage and had a poor tolerance to B; inhomogeneity. We
also observed that reducing pulse lengths to below 480 us for the
UR-90° pulses and to below 540 ys for the UR-180° pulses demand-
ed relaxed constrains that are a smaller B; inhomogeneity or a
higher RF amplitude, both of which are undesirable.

The above-reported efficacies for the UR pulses compared to the
rectangular pulses can be understood from the simulation movies
(movies S1 and S2) of spins on the Bloch sphere generated by
solving the Liouville~von Neumann equation for their dynamics
under the influence of our UR pulses and for comparison with cor-
responding hard pulses of the same power. In movie S1, the effect of
a UR-180° pulse is compared with that of the hard-180° pulse with
the same RF amplitude, and in movie S2, an analogous comparison
is done for a UR-90° and hard-90° pulse of the same RF amplitude.
By focusing on the initial and final state for 11 spins within an offset
range of £7.5 kHz and three different B, fields (i.e., miscalibrated by
—10, 0, and +10%), we see that both UR-180° and UR-90° pulses
perform robust 90° or 180° unitary rotations, which is impossible
using the rectangular pulses of the same RF amplitude. It is worth
appreciating the intricate excursions on the Bloch sphere taken by
different spins under the influence of the UR pulses to compensate
for the range of offsets and B; inhomogeneity effects, which are
unlike the intuitive rotations carried out under the influence of
hard or rectangular pulses.

We also observe a mirror symmetry about the midpoint of the
pulse phases for two of the UR-"’N pulses shown in fig. S2 (D
and F). Such a symmetry was absent in all our 'H pulses; thus, we
consider it a curiosity potentially worth exploring in future work. In
general, we observe two types of symmetry for our UR-90° and UR-
180° pulses; these are described as type I and type IV previously
(43). The pulses with type I have a mirror symmetry in the
middle for both the x and y control components of the pulse
shape when represented in the Cartesian coordinates. In the case
of type IV, both the x and y control components have antisymmetric
profiles (43). As a representative example, a UR-180°-"°N pulse with
such a mirror (type I) symmetry is shown in fig. SOA. We also
observe the expected correlation between the spin trajectory and
the mirror symmetry of such UR pulses. This relation is presented
in fig. S9 (B to D) where the purple curve shows the trajectories
during different transformations possible using the UR-180° pulse
shown in fig. S9A. The yellow curves are the time-reversed trajecto-
ries after flipping the purple curve to illustrate the symmetry rela-
tion about the midpoint of the pulse. As observed from these plots, a
mirror symmetric UR-180°-"°N pulse produces trajectories with
two types of symmetries. The spins starting along the unitary rota-
tion axis (x axis for the above pulse) preserve mirror symmetry
under both offset and B; inhomogeneity variations. In the case of
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Fig. 1. Simulated and experimental performance of a low-power UR-180° pulse. (A) Example of the low-power UR-180° pulse with a duration of 540 us, RF amplitude
of 7.5 kHz, bandwidth of +6.3 kHz, and B, inhomogeneity compensation of +15%. (B) The simulated and experimental 2D excitation profiles obtained for the above pulse
are represented as a contour plot (bottom panels) along with the 2D excitation profiles of a rectangular pulse of the same RF amplitude in the top panel. In these plots,
offset (v) in kilohertz is shown along the abscissa, and the deviation from the real RF amplitude (Av,) in percentage is shown on the ordinate. The average performance
index is given on top of each panel as n,,4 for the —/, to I, transfer of these pulses. The region with transfer efficacy greater than 0.99 is represented in the lighter shade
inside the first inner contour in all the plots. (C) The transverse magnetization retained after the UR-180° pulse is shown in the first panel. The average normalized
transverse magnetization, |Myy|, within the region of interest is given at the top of the first panel. The phase error obtained after the UR-180° pulse is shown in the
second panel, and the average phase error is given as ¢,,q on top of this panel in degrees.
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spins that are being inverted (I, to —I) or refocused (I, to —I,), we
observe an inversion symmetry (reflection about the midpoint fol-
lowed by a sign change) about the midpoint under both offset and
B, inhomogeneity variations. Such symmetric trajectories are
absent for the spins under the action of the UR-180° pulse shapes
for which a mirror symmetry was absent. The above symmetry re-
lations can be observed in movie S3 where the top panel shows the
effect of the UR-180° pulse (fig. S2E) without any mirror symmetry
and the bottom panel for a UR-180° pulse (fig. S2F) with the mirror
symmetry. In the case of the UR-90° pulse (fig. S2D) with a mirror
symmetry, only for the trajectories of spins starting along the
unitary rotation axis, we observe a conserved symmetry. To the
best of our knowledge, so far it has not been proven that symmetric
shaped pulse solutions are the global optimum for a GRAPE opti-
mization. In practice, one gets completely dissimilar solutions
without significant statistical correlation between the shapes if dif-
ferent initial starting points are chosen for the GRAPE optimization
(72). From our UR-180° and UR-90° pulses, we observe a complete
symmetry breaking for all the pulse shapes that had a smaller RF
amplitude to bandwidth ratio. We also notice that having a larger
ratio is not the only necessary requirement for obtaining pulse
shapes with a mirror symmetry. As seen from the experimental ex-
citation profiles discussed in the above sections for all our UR
pulses, we do not observe any noteworthy correlation between the
performance and the mirror symmetry of a pulse. Hence, under-
standing the role of symmetry, if any, in the GRAPE pulse shapes
remains an open problem at the time this study was conducted.

Performance of low-power 2D-['H,">N]-HSQCs and 2D-
['H,"°N]-TROSY at 1.2 GHz

As observed from the simulated and experimental 2D excitation
profiles of the UR-180° and the UR-90° pulses, they act as an
ideal pulse with a minor phase error (¢qvs < +0.25 degree) inside
the optimized range of offsets and B, values. Thus, we expected
that these pulses could be used as direct replacement elements for
all the hard pulses in any existing standard biomolecular NMR ex-
periment. We tested this by modifying the commonly used 2D-
['H,">N]-HSQC experiment. For brevity, we will refer to this se-
quence as HSQC in the following discussions. The HSQC experi-
ment provides a fingerprint spectrum with a 2D correlation
between the chemical shift of a covalently bound proton and a ni-
trogen atom from each amino acid in a protein. Such a correlation
spectrum is characteristic of a specific protein state and hence is a
common starting point for protein NMR studies. For all the OC se-
quences constructed in this study, we make a comparison with cor-
responding high-power (with RF amplitudes of 35.57 kHz on the 'H
channel and 6.41 kHz on the '°N channel) standard sequence and a
low-power (with RF amplitudes of 8 kHz on 'H channel and 5 kHz
on °N channel) standard sequence. The low-power versions of the
standard experiments are used in this study as an approximate ex-
perimental simulation of the worst-case scenario on a 5-mm inverse
cryoprobe when a sample with high salt concentration is used. The
OC pulse sequence for the HSQC experiment is shown in fig. SI0A.
When we tested the OC-HSQC at 1.2 GHz equipped with a 3-mm
cryoprobe, we observed an improvement of 2.7% in the mean S/N
ratio compared to the high-power standard sequence (figs. S11 to
S$13) for our test sample containing ubiquitin protein in a phosphate
buffer. The improvement can be appreciated from the overlay of
HSQC spectra obtained with the standard sequence and the OC

Joseph and Griesinger, Sci. Adv. 9, eadj1133 (2023) 10 November 2023

sequence in fig. S11. The S/N improvements observed for various
amide (NH) backbone peaks can be seen in the traces along the
"H dimension in fig. S12. These enhancements are quantified in
fig. S13 where the average improvement is shown as a dotted line.
We observed an improvement of up to 277% in the mean S/N ratio
(fig. S13) compared to the low-power version of the standard HSQC
experiment. We attribute the improvements from the OC sequence
to the better compensation for offset and B, inhomogeneity by the
UR shapes. To test whether such a robust compensation by the
pulses would give better enhancements for the sequences with
more pulses, we constructed OC versions of 2D-['H,"”N]-
HSQCSI (heteronuclear single quantum correlation with sensitivity
improvement, for brevity referred to as HSQCSI) and 2D- ['H,"°N]-
TROSY (for brevity referred to as TROSY). The version of HSQCSI
we are using has four additional pulses, and TROSY has two addi-
tional pulses on the 'H channel. Both of these experiments provide
the same information as HSQC, but in addition, HSQCSI delivers
sensitivity enhancement for moderately sized proteins (3) and
TROSY is essential for studying large proteins with considerable
transverse relaxation (3). As an example, the pulse sequence for
the low-power OC-TROSY is shown in Fig. 2A. The comparison
of its performance at 1.2 GHz to the high-power standard TROSY
and with the low-power standard TROSY (same RF amplitude as for
the OC-TROSY sequence) is shown in Fig. 2B and fig. S14 as an
overlay. It is visually evident from the projections shown in
Fig. 2B that low-power OC-TROSY outperforms the standard se-
quence that uses hard pulses. The above improvements are better
observed from the traces shown along the 'H dimension for a set
of selected NH peaks in Fig. 3A and for all the observed backbone
NH peaks in fig. S15. These enhancements are quantified in Fig. 3B
as a normalized S/N ratio for all the peaks along with normalized
mean values. The mean values and coefficients of variation for dif-
ferent peaks within the same spectrum are tabulated in table S1 for
all the above 2D experiments. On average, we see an improvement
0f 26% in the S/N ratio for OC-TROSY compared to the high-power
standard sequence. The improvements are even more marked if we
compare them to the low-power implementation of the standard
TROSY sequence, where we see an improvement of 416% in the
mean S/N ratio (Fig. 3B). The pulse sequence for OC-HSQCSI is
given in fig. S9B. When we used this modified sequence at 1.2
GHz, we observed an improvement of 20% in the mean S/N ratio
compared to the high-power standard HSQCSI and an enhance-
ment of 590% in the mean S/N ratio compared to the low-power
standard HSQCSI (figs. S16 to S18). The above enhancements
were in agreement with our expectation, suggesting that compensat-
ing for the offset effects and B, inhomogeneity can provide im-
provements for longer bio-NMR sequences at 1.2 GHz.
Furthermore, the successful implementation of these sequences
shows that the low-power UR-180° and the UR-90° pulses are suit-
able for direct replacement of the hard pulses and thus can be used
for constructing any low-power bio-NMR experiment. The marked
improvements of up to 26% compared to a high-power sequence are
obtained using OC pulses that had approximately 20 times lower
power on 'H and 1.6 times lower power on "°N for a 3-mm
inverse cryoprobe at 1.2 GHz.
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Fig. 2. Low-power 2D-OC-['H,"*N]-TROSY experiment. (A) Schematic representation of the 2D-OC-['H,"*N]-TROSY pulse sequence (further details are given in the
Supplementary Materials). (B) Selected region from the spectra overlay of 2D-OC-['H,"*N]-TROSY (rose color spectra) and its standard version with maximum RF amplitude
possible for the hard pulses (magenta color spectra) on a 3-mm inverse cryoprobe at 1.2 GHz. The corresponding low RF amplitude version (cyan color spectra) for

simulating the power-limited situation on a 5-mm inverse cryoprobe at 1.2 GHz.

Multiband selection using a single OC pulse with
multinutation angles for differential control of the '3C spins
in proteins

Initially, we tried to optimize for shapes obeying the scheme in fig.
S1C using the GRAPE procedure, but we were unable to generate
shapes that were shorter than 380 us when our low-power criteria
are used. Hence, we decided to use the multiband-selective scheme
that is popular in Hadamard NMR experiments (66, 73). In this
context, we use the well-known distribution of chemical shift
ranges of the '>C spins in proteins [fig. S19 based on distributions
from Biological Magnetic Resonance Data Bank (BMRB) database].
Such an approach for two-band control has been used earlier for

Joseph and Griesinger, Sci. Adv. 9, eadj1133 (2023) 10 November 2023

designing OC pulses without Bloch-Siegert shifts (54). In our
scheme, we aim to control two chemical shift ranges simultaneously
with two different nutation angles for the spins in these two regions.
There have been previous studies on optimizing multiband-selec-
tive (54, 64) pulses using OC theory, but to the best of our knowl-
edge, there are no studies with multiple nutation angles in a single
pulse for different bands. A common fidelity (64) used for such
multiband-selected GRAPE optimization procedure to achieve a
PP transformation in B number of bands is

B
o = o g
b=1
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Fig. 3. The enhancement in S/N ratio observed with the 2D-OC-["H,"*N]-TROSY at 1.2 GHz. (A) Overlay of a selected set of traces through backbone NH peaks that are
observed in the TROSY spectra from fig. S10 with the same color coding. The peak position in parts per million and the S/N for each trace are given in respective color on
top of each subpanel. (B) The normalized S/N ratio for different backbone NH peaks from the above TROSY spectra is shown for comparison. The peak numbers shown on
the abscissa are in descending order of the S/N ratio from the OC-TROSY spectrum. The average values from each spectrum are shown as a dotted line in their respec-
tive color.
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where y can be x, y, or z depending on the initial operator state that
is controlled in the PP transformation. The ensemble-averaged fi-
delity for the bth band with N offsets in the system Hamiltonian,

I:I(()), and M different B, fields in the controls is calculated as

> D o)

n=1m=1
—_— 3

(Nx M) 3)
®[c®(#)] is given by Eq. 1. We can generate UR pulses by averaging
over the three possible (Dl%) fidelities

1
—— )
Pur = 3 zy: P

This approach of combining different fidelities for each band
would be expensive if we need to introduce multiple nutation
angles additionally. As an alternative approach, we notice that the
fidelity function d)l(gp given as a summation of @, in Eq. 2 can be
equivalently reformulated as

O, =

(4)

o) = @, (5)

~ (0
if we redefine our system Hamiltonian A" as

B
I;I(0> _ ZI;I(OJI)
b=1

and the desired target state after a rotation through an arbitrary
angle 0, in the bth band as

B
Otar = Zog’r) (eb)
b=1

Such a definition would also allow combining the UR and PP
targets without introducing a summed fidelity function with the ad-
ditional computational cost (57) proportional to the number of
bands from evaluating B term in the summation in Eq. 2. We
were able to implement this procedure without any modification
of the default fidelity calculation in the OC module of Spinach soft-
ware. This procedure can thus easily generate any finite number of
different nutation angles for the same number of bands using a
single pulse.

We illustrate this concept by constructing three types of band-
selective pulses; the first example is a set of eight pulses for
protein NMR experiments. The second and third examples are to
demonstrate the generality of this approach. First, we generate
pulses that control two chemical shift ranges simultaneously with
two different nutation angles. The example pulse shape shown in
Fig. 4A is a band-selective pulse that can selectively rotate C,
spins through a UR-180° rotation without in effect disturbing the
CO spins through a UR-360° rotation. As seen in Fig. 4A, this
shaped pulse achieves two-band excitation: For the first band with
the C, spins represented in orange color, the pulse acts as a UR-180°
pulse, and for the second band with the CO spins in green color, it
acts as a UR-360° pulse. On the basis of the above results, we use a
modified scheme for designing low-power band-selective pulses for
the protein NMR experiments. This modified scheme is shown in
Fig. 4B, where we have three regions, which are a controlled active
region that does a UR or PP-90° rotation or a UR or PP-180°

(6)

(7)
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rotation, and a controlled inactive region that does a UR-360° rota-
tion or equivalently an effective 0° rotation. We leave the rest of the
region as uncontrolled, thus considerably reducing the RF ampli-
tude requirements of this OC scheme. Using the above scheme,
we designed pulses for the CO or the C, UR-90° or UR-180° trans-
formations without perturbing the C, or CO spins, respectively, and
pulses for the CO or the C,; UR-90° or UR-180° transformations
without perturbing the C,j; or CO spins, respectively. The pulse
that affects UR-180° on the C, spins without perturbing the CO
spins is named band-selective C, 180° universal rotation (CO pre-
served) by optimized pulse, abbreviated to BSCa(CO)URBOP-180°.
The simulated and experimental excitation profile of the above
pulse is shown in Fig. 4C for the I, to —I, transformation of this
pulse. We can see the robustness of the OC pulse to the offset
and B, field variation within the controlled active and inactive
regions from these profiles. The set of final pulse shapes designed
to differentially control the CO and C, spins is shown in fig. S20.
Initially, we designed pulse shapes with an RF amplitude of 15
kHz and B; inhomogeneity compensation of £20%. The pulses
that did a UR-90° rotation in the controlled active region had a du-
ration of 290 ps, and those that did a UR-180° rotation in the con-
trolled active region had a duration of 300 ps. We obtained pulse
shapes that can be used for samples with higher salt concentrations
by further ramping down the RF amplitude to 12 kHz and relaxing
B, inhomogeneity compensation to +15%. The reduction in the B;
inhomogeneity compensation to £15% was necessary to limit pulse
duration to 380 ps. In these pulse shapes, those that did a UR-90°
rotation in the controlled active region had a duration of 360 ps, and
those that did a UR-180° rotation in the controlled active region had
a duration of 380 ps. All the above shapes had transfer efficacies
greater than 0.99 (in most cases, it was nayg > 0.995 with a few ex-
ceptions) for the necessary operator transformations in both the
controlled regions. This can be seen from the simulated and exper-
imental 2D excitation profiles shown in figs. S21 to S26. The above
shapes retained greater than 99.5% of the net transverse magnetiza-
tion for the controlled active region and above 99% for the con-
trolled inactive regions. They also show a small phase error with
Pavg less than +0.25° in the simulations. The efficacy of this category
of band-selective pulses can be appreciated from the spin dynamics
in movie S$4 showing the simulation of such a two-band differential
control using BSCa(CO)URBOP-180° and BSCa(CO)URBOP-90°
pulses by solving the Liouville~von Neumann equation. In both
the simulations, C, spins in orange color do either a UR-180° or
UR-90° rotation under the influence of the respective pulse
shapes with robust efficacy. A clear difference between the stop
band in the Gaussian cascade band-selective pulses and our con-
trolled inactive region is that we permit the freedom to move
around the Bloch sphere for all the spins during the low-
power pulses.

More demanding circumstances are encountered when both Cyj;
and CO spins need to be controlled differently using a single pulse.
The requirement of controlling a bandwidth of at least 24 kHz (80
ppm) for the C,j; region exerts higher RF amplitude demands for
the shaped pulses. A recent study to design such selective universal
rotations by optimized pulses (SURBOP) for C,j; selection involved
quaternions to represent universal rotation (57). As seen from fig.
S27, the SURBOP-180° and SURBOP-90° shapes have a good exper-
imental performance within the 24-kHz bandwidth for which they
are optimized to work. The experimental efficacy for the SURBOP-
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Fig. 4. Low-power OC band-selective pulse. (A) An example of the two-band-selective pulse, with an RF amplitude of 15 kHz, a pulse duration of 300 ps, and B,
inhomogeneity compensation of +20%. The effect of this pulse is shown for spins in two selected bands. The spins that are experiencing a UR-180° rotation in the
first band are shown in the orange color, and the spins in the second band undergoing a UR-360° rotation are in the green color. The effect of the pulse is shown at
three time points, with all spins starting from the —y direction at time t = 0. The dotted arrows shown on the Bloch sphere at t = 300 ps with the angles in radians marked
with their respective colors are to indicate the net rotation for the spins in each band, and this does not represent the path taken by the spins under the OC pulse. (B) The
modified scheme for designing the two-band—selective pulses has three regions, which are controlled active (in orange color), controlled inactive (in green color), and
uncontrolled (in black color) regions, respectively. (C) The simulated and experimental 2D excitation profiles obtained for the I, to —/, transfer of the BSCa(CO)URBOP-180°
pulse following the scheme in (B) are shown as contour plots. In these plots, offset in kHz (Av;) is given along the abscissa, and the deviation from the real RF amplitude
(Avy) in percentage is shown on the ordinate. The average performance index is represented by n,,4 for the respective transformation using the pulse. The region rep-
resented in a lighter shade that is inside the first inner contour is for contour values greater than 0.99 in the controlled active region.
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90° shape is 1,y of 0.9598, and that for the SURBOP-180° shape is
Navg Of 0.9917. The major limitation of the SURBOP shapes is their
lower tolerance to B; inhomogeneity of +5%. In our experience, at
1.2 GHz, a B; inhomogeneity compensation of at least £15% is nec-
essary to robustly reproduce the performance of the pulse shapes. A
smaller B; inhomogeneity compensation will result in a substantial
deviation from the simulated excitation profiles during the experi-
ment. We investigated whether the modified two-band-selective
scheme could reduce the power demands or alternatively reduce
the pulse duration for a given RF amplitude. To our delight, equiv-
alent shaped pulses could be generated with shorter duration using
the modified two-band-selective scheme. The decrease in pulse du-
ration can be understood from the excitation profiles generated by
the SURBOP pulses and the Gaussian cascade pulses. We notice
that the region outside the large stopbands (42 kHz each) of the
SURBOP pulses (57) behaves similarly to our uncontrolled
region, whereas in the Gaussian cascade pulses stopbands extend
to infinity without actively controlling the spins. This difference
shows that the two large stopbands flanking the transition band
in the SURBOP pulses consume part of the RF power to control
the spins to achieve minimal perturbation from their initial state.
This is unlike our small controlled inactive region where spins
have the freedom to move around the surface of the Bloch sphere
before returning to the initial state, hence reducing the RF power
demands. The set of pulse shapes we generated is shown in fig.
S28 (C, D, G, and H). In the reported pulses, those that did a UR-
90° rotation in the controlled active region had a duration of 265 ps
and those that did a UR-180° rotation in the controlled active region
had a duration of 270 ps, with an RF amplitude of 15 kHz and B,
inhomogeneity compensation of +5%. We observe approximately
20% reduction in the pulse duration with the two-band-selective
scheme shown in Fig. 4B. The ability to compensate for stricter
set of constrains by different excitation schemes can be understood
from the ratio of bandwidth to pulse duration given in fig. S29 for
the corresponding shaped pulses with the same RF amplitude. We
observe that a shorter pulse length for a given RF amplitude or al-
ternatively a lower RF amplitude for a given length is possible by
careful choice of the excitation scheme that is used for generating
OC band-selective pulses. As seen from the simulated 2D excitation
profiles in figs. S30 and S31, all our band-selective shapes had ac-
ceptable transfer efficacies for the operator transformations in the
controlled active and inactive regions. The experimental 2D excita-
tion profiles (fig. S32) were comparable to those obtained for the
SURBOP pulses. Because larger B; inhomogeneity compensation
is necessary for a robust experimental performance, we increased
the compensation range to £15% for the above shapes and obtained
pulses shown in fig. S28 (A, B, E, and F). This resulted in shapes
with a duration of 330 ps for pulses that did a UR-90° rotation in
the controlled active region and a duration of 350 us for the
shapes that warranted a UR-180° rotation in the controlled active
region. All the final shapes had an RF amplitude of 15 kHz and
covered a bandwidth of 24.6 kHz in the C,; region and 9 kHz in
the CO region. As observed from the simulated and experimental
2D excitation profiles in figs. S33 to S35, we see an improvement
in transfer efficacies after including a larger B; inhomogeneity com-
pensation and have an acceptable phase error ¢,y of less than
+0.30°. We also developed pulses with B; inhomogeneity compen-
sation of £20%, but this resulted in even longer pulse durations,
which were greater than 380 ps, and hence are not used in this work.
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A summary of the performance obtained with the low-power OC
band-selective pulses developed for the 3D-solution NMR experi-
ments of the protein samples is presented in Fig. 5. In total, we de-
signed eight types of two-band differential control pulses for the CO
and C, spins or the CO and C,); spins with the controlled active
region realizing either a UR-180° or UR-90° rotation. The experi-
mental robustness of the final pulse shapes we designed becomes
obvious from a simple 1D-">C experiment using the above OC
band-selective pulses as seen in the results shown in Fig. 5. The
two-band differential control that these pulses execute is clear
from a comparison with the normal carbon 1D spectra obtained
with a hard pulse.

We now illustrate the generality of our multiband scheme with
different nutation angles per band by constructing the following ex-
amples. A single-band-selective pulse for UR(180°, 90°) rotation
combinations is designed to show how two arbitrary nutation
angles can be carried out at two different bands using a single
pulse. The shape obtained for such a UR(180° 90°) pulse is
shown in Fig. 6A. In this example, two different bands are con-
trolled using the above pulse: In the first band, spins in green
color undergo a UR-180° rotation, and in the second band, spins
in orange color undergo a UR-90° rotation. The last example dem-
onstrates how PP and UR rotations can be combined in a single
pulse along with the three-band selection. The UR(180°)-UR
(360°)-PP(90°) pulse shown in Fig. 6B does a UR-180° rotation in
the first band, a UR-360° rotation in the second band, and a PP-90°
rotation in the third band. This can be observed from the excitation
profiles shown in Fig. 6 (C to E). The influence of the UR(180°)-UR
(360°)-PP(90°) pulse on I, magnetization is shown in Fig. 6C, on I,
magnetization is shown in Fig. 6D, and on I, magnetization is
shown in Fig. 6E. We observe that the pulse executes a three-band
selection with different nutation angles in each band. In the above
examples, we have demonstrated that two-band and three-band se-
lection can be combined with different nutation angles with the UR
and/or PP combinations in these bands using a single pulse. This
procedure can be easily extended to a larger number of bands (B
> 3) and nutation angles other than 90°, 180°, and 360°. Further
studies are needed to completely explore the scopes and limits of
this category of OC pulses.

Performance of the low-power 3D-HNCO and 3D-TROSY-
HNCO experiments at 1.2 GHz

The set of OC band-selective pulses and the UR-'H and UR-"°N
pulses were used to construct low-power 3D bio-NMR experiments.
In this work, we report the performance of low-power OC 3D-
HNCO and 3D-TROSY-HNCO at the 1.2-GHz spectrometer
equipped with a 3-mm inverse cryoprobe. We modified the existing
standard Bruker pulse sequences to work with the low-power OC
pulses. The pulse sequence diagrams for the 3D-OC-HNCO and
3D-OC-TROSY-HNCO experiments are shown in fig. S36. In the
above 3D-OC experiments, either a water gate element or the flip-
back pulses are used to achieve solvent suppression. The OC band-
selective pulses on the '>C dimension had an RF amplitude of either
15 or 12 kHz, and the "H and "°N pulses had an RF amplitude of 8
and 5 kHz, respectively. As an example, the pulse sequence diagram
for the low-power 3D-OC-HNCO is shown in Fig. 7A. The perfor-
mance comparison between the high-power standard 3D-HNCO,
the low-power standard 3D-HNCOs, and 3D-OC-HNCOs is
shown in Fig. 7B and fig. $37 as an overlay of the 2D-["*C,'H]-
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Fig. 5. A summary showing the effect of eight different OC band-selective pulses. The effect of eight different OC band-selective pulses developed in this work for
achieving differential control of the 'C spins in the protein samples. The results obtained using a labeled ubiquitin sample are shown as spectra in dark magenta color,
and for comparison, a standard 1D '3C spectrum is shown in gray color in all the panels. The expected excitation profile is shown as a blue curve in each panel. The

abbreviated name of the corresponding pulses is given on top of individual panels.

projections. It is evident from these overlay plots and the projec-
tions along the w, and w, axes that the low-power OC-based se-
quence outperforms the standard 3D-HNCO sequence. A selected
set of traces along the 'H dimension showing these improvements is
presented in Fig. 8A, and all the observed backbone NH-CO corre-
lation peaks are in fig. $38. The careful inspection of the normalized
S/N ratio for all the cross-peaks shows that the low-power 3D-OC-
HNCO sequence has an average improvement in the S/N ratio of
17% (Fig. 8B) compared to the high-power standard 3D-HNCO
with the maximum possible RF amplitudes on all the channels.
The enhancement in the mean S/N is up to 270% (Fig. 8B) com-
pared to the low-power implementations of the standard 3D-
HNCO. We also observe an improvement in mean S/N ratio of
20% for 3D-OC-TROSY-HNCO when compared to the high-
power standard 3D-TROSY-HNCO that had RF amplitudes much
larger than possible for the hard pulses on a 5-mm inverse cryo-
probe at 1.2 GHz. If we compare the 3D-OC-TROSY-HNCO exper-
iment to the low-power implementation of the standard sequence,

Joseph and Griesinger, Sci. Adv. 9, eadj1133 (2023) 10 November 2023

we see an enhancement of up to 411% in the mean S/N ratio (figs.
$39 and $40). The traces along the "H dimension clearly showing
these improvements are presented for all the observed backbone
NH-CO correlation peaks in fig. S41. The average values and coef-
ficient of variation for the peaks within different 3D-HNCO and
3D-TROSY-HNCO spectra are summarized in table S1. We also
see a marginal improvement in the S/N ratio if the Gaussian
cascade band-selective pulses with high RF amplitudes are replaced
with our low-power OC-based band-selective pulses in the standard
Bruker sequences at the high-field magnets from 800- to 1200-MHz
spectrometers.

The extraordinary tolerance to B; miscalibration and the
scope for automation

In this work, we generated and selected OC pulse shapes that com-
pensated for a large B, inhomogeneity or miscalibration range of
either +15 or +20%. Hence, these OC shapes can work as virtually
calibration free pulses. In Fig. 9A, we show the tolerance upon
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Fig. 6. Two- and three-band-selective OC pulsesthat A
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(90°) pulse with an RF amplitude of 15 kHz and a pulse % 400 §
duration of 300 ps. The effect of the above pulse is -:_3 50 %
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direction of the Bloch sphere. The dotted arrows shown =
in the Bloch sphere at t = 300 ps with the angles marked
in radians are to indicate the net rotation for the spins in
each band. (B) An example of a three-band—selective
pulse shape that executes three different nutation
angles of UR-180°, UR-360°, and PP-90° in these bands.
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systematic miscalibration of all the three channels from —20 to
+20% for the 3D-OC-HNCO experiment. The ['H,"’C]-projection
from 3D-OC-HNCO at the above miscalibrations is virtually indis-
tinguishable with no observable phase or baseline errors. The vari-
ation due to these miscalibrations is quantified in Fig. 9 (B and C),
and the average values are shown in fig. S42. We observe that the
maximum variation in the mean S/N ratio and the average integrals

Joseph and Griesinger, Sci. Adv. 9, eadj1133 (2023) 10 November 2023

is only —16% without any artifacts in the spectra. This variation is
slightly less than the 17% improvement we see compared to a stan-
dard 3D-HNCO with the maximum achievable power on a 3-mm
cryoprobe. Hence, even with large miscalibrations, we get perfor-
mance that is in the worst case equal and otherwise with a smaller
enhancement for the 3D-OC-HNCO experiment. We also observe a
better tolerance for the positive B, miscalibrations than for the
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Fig. 7. Low-power OC 3D-OC-HNCO experiment. (A) Pulse program scheme of the low-power OC-based 3D-OC-HNCO (further details are given in the Supplementary
Materials). (B) Selected region from the overlay of the standard 3D-HNCO (magenta color spectra) that had hard pulses with an RF amplitude of 35.57 kHz on the H
channel, 6.41 kHz on the '°N channel, and 22.76 kHz for the Gaussian cascade pulses. 3D-OC-HNCO that had UR pulses with an RF amplitude of 8 kHz on the "H channel, 5
kHz on the "N channel, and 15 kHz (rose color spectra) or 12 kHz (cyan color spectra) for the band-selective OC pulses. The RF amplitude-limited situation on a 5-mm
inverse cryoprobe at 1.2 GHz is simulated using the standard 3D-HNCO that had hard pulses with an RF amplitude of 8 kHz on the "H channel, 5 kHz on the '*N channel,
and 15 kHz (pink color spectra) or 12 kHz (yellow color spectra) for the Gaussian cascade pulses.

negative B; miscalibrations for the 3D-OC-HNCO experiment.
This extraordinary tolerance is also observed in all the other OC se-
quences we discussed in this article (figs. S43 and S44 and table S2).
The highest variation in mean S/N ratio was up to —22% for the 3D-
OC-TROSY-HNCO experiment, and the mean integral was up to
—25% for the 2D-OC-['H,'*N]-TROSY experiment. Hence, we
expect that the low-power OC pulse sequences will help the re-
searchers in automating the bio-NMR experiments without com-
promising the spectral quality at 1.2 GHz and conceivably at
other high-field magnets starting from 800 MHz.

Joseph and Griesinger, Sci. Adv. 9, eadj1133 (2023) 10 November 2023

DISCUSSION

The recent availability of 1.2-GHz spectrometers is part of the con-
tinuing quest for higher-field magnets among the bio-NMR com-
munity. While these spectrometers provide unparalleled
performance, they come with challenges because the broadband re-
quirements of pulses demand power levels that are not tolerated by
available probes, especially with large diameters such as a 5-mm
cryoprobe. We demonstrated that robust low-power UR pulses
can be designed for the 'H and °N channels by careful optimization
and evaluation of the pulse shapes. All the pulses we generated have
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abscissa are in descending order of the S/N ratio from the 3D-OC-HNCO spectrum.
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Fig. 9. The B, miscalibrated spectra obtained with the 3D-OC-HNCO experiment. The ['3C,'H]-projection from 3D-OC-HNCO that was recorded by systematic mis-
calibration of all the three channels starting from —20 to +20% in systematic steps of +5%. (A) A selected set of such spectra at five such points are shown with the light
orange color to the dark magenta color in the direction of increasing RF amplitude. (B) The normalized S/N ratios and (C) the normalized integral values from these
miscalibrated spectra are shown for all the backbone NH-CO correlation peaks. The normalization was done with respect to the peak with the maximum value in the 3D-

OC-HNCO spectrum that had 0% miscalibration.

generally smooth phase profiles and constant amplitude. They
achieved the bandwidth demands of all the routine 2D-['H,"*N]
correlation experiments such as HSQC, HSQCSI, and TROSY. In
our experience, smoother pulse shapes were highly reproducible
in contrast to the noisy-looking pulse shapes. These UR-180° and
UR-90° pulse shapes were further selected on the basis of their per-
formance in simulated and experimental 2D excitation profiles,
where they exhibited an average performance index 1,y greater
than 0.99 and had a minor phase error ¢, less than +0.25°. We
also observe that there is no significant correlation between the sym-
metry of the pulse shape and its experimental performance. The
above pulses were considered as a robust equivalent to ideal

Joseph and Griesinger, Sci. Adv. 9, eadj1133 (2023) 10 November 2023

pulses, i.e., without any substantial offset effect, B; inhomogeneity
effect, and phase errors within the optimized range. Hence, we dem-
onstrate that they can be easily used as replacement elements for all
the hard pulses in any bio-NMR sequences. The robustness of the
UR pulses can be appreciated from the improvements in the mean
integrals and the mean S/N ratios of the low-power OC pulse se-
quences (table S1). In all the 2D low-power OC sequences, we
saw an improvement compared to the standard hard pulse-based
sequences that had maximum permissible power on a 3-mm
inverse cryoprobe, indicating that the UR-180° and UR-90° pulses
are efficient transfer elements for the desired rotations, especially at
1.2-GHz ultrahigh-field magnets. These pulses when combined will
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retain their performance; hence, a small block in the pulse sequence
like INEPT will have a better transfer efficacy, and thus, the entire
pulse sequence will have better performance using the OC pulses.
The reverse is also true where using the low-power rectangular
pulses will lead to the accumulation of pulse imperfections over
the blocks resulting in a lower transfer efficacy, and thus, the com-
plete pulse sequence performs poorly, oftentimes with severe phase
errors and serious signal losses. We also observe that the more
pulses in a sequence, the bigger is the improvement, which is the
case for OC-HSQCSI and OC-TROSY when compared to the
OC-HSQC experiment. In the case of OC-TROSY, the improve-
ment in the mean S/N is 26.2%, while the improvement seen for
OC-HSQC is only 2.7%.

In this work, we demonstrated that the GRAPE algorithm can be
used for multiband excitation that produces different nutation
angles in each of these bands. Furthermore, the reformulation of
multiband selection from the summation of the fidelities for each
band to a summation of the system Hamiltonian and the target
states can allow combining UR and the PP rotation with different
nutation angles per band in a single pulse. To the best of our knowl-
edge, such pulses have not been reported previously, and further
studies are necessary to explore the limits of such multiband, multi-
nutation angle pulses. As an immediate application of such pulses,
we use a two-band scheme that enables different nutation angles in
each band. Thus, we design OC band-selective pulses based on con-
trolling one active (UR-180° or UR-90°) and one inactive (UR-360°)
region while leaving the rest of the spectrum uncontrolled. Using
this modified scheme, we designed a set of eight different types of
low-power OC band-selective pulses that did two-site differential
control between the CO spins and the C, or Cy; spins with the con-
trolled active region undergoing a universal rotation. The final
pulses had a B; inhomogeneity compensation of either +15 or
+20%, which makes them in practice calibration-free pulses. The
variations upon miscalibration result only in a reduction in the en-
hancement, and even with the maximum miscalibration, we observe
a minor enhancement compared to the standard experiments based
on hard pulses. The robust reproducibility of these shapes in exper-
iments is due to their smooth phase profiles and the larger B, inho-
mogeneity compensation range. In addition, the careful choice of
the excitation profile scheme based on the '>C spin dispersion
from the BMRB database allowed us to generate shapes that were
shorter for a given power level compared to the previous reports
based on the Gaussian shapes. We have demonstrated how these
pulses can be easily used in creating a low-power OC version of
the 3D-OC-HNCO and 3D-OC-TROSY-HNCO experiments. The
conclusions from the low-power 2D experiments are further rein-
forced by the observed improvements we see in both the 3D exper-
iments. These enhancements we observe now translate as reduced
experimental time for attaining a given S/N ratio because the latter
depends on the square root of the number of scans and hence the
total experimental time (2). The expected experimental time is 0.63
times less for OC-TROSY as compared to its hard pulse equivalent
to attain the same S/N ratio (table S1). The low-power standard ex-
periments we reported for comparisons are an approximate exper-
imental simulation of the worst-case scenarios for the expected 5-
mm inverse cryoprobe. From the extraordinary improvements of
more than 240% in S/N ratio, when compared to the low-power
standard experiments, we expect the OC sequence to behave robust-
ly even with the limited RF power availability on a 5-mm inverse

Joseph and Griesinger, Sci. Adv. 9, eadj1133 (2023) 10 November 2023

cryoprobe for a 1.2-GHz spectrometer. It is also evident that the
low-power OC sequences developed in this work are immediately
useful at 1.2 GHz even on a 3-mm cryoprobe and possibly starting
from 1-GHz spectrometers where one can benefit from the S/N
ratio enhancements. In such cases where the cryoprobes are not
limited by the RF amplitude, it is possible to scale the UR pulses
up in power to reduce their durations, which might benefit the
studies on large proteins of molecular weight (MW) greater than
40 kDa. With the availability of low-power alternatives for basic
building elements, we believe that any bio-NMR experiment can
in general be constructed by assembling the OC pulses appropriate-
ly. We are working on creating such a low-power OC pulse sequence
library to be used for large-volume measurements at the 1.2-GHz
spectrometers and the higher ultrahigh-field magnets that are ex-
pected to be available in the future.

The major limitation of the above sequences currently is for the
application on very large proteins (MW > ~40 kDa), where the re-
laxation effects would subsume the improvements in the S/N ratio.
In addition, there could be potential signal losses in such large
systems due to the relatively long duration of the UR-180° and
UR-90° pulses when used in 3D sequences. This limitation can be
overcome by designing relaxation-compensated OC pulses and se-
quences (74, 75) or using a shorter PP pulses such as the OPERA
(optimizing phase of excitation removes artifacts) (76, 77) or
Ramsey-COOP (cooperative) (24) type pulses wherever possible.
The availability of a reliable pulse shape generator for the NMR in-
strument is also a limitation in using these OC pulses routinely. In
our experience, we have observed that, in general, working with the
latest Neo consoles provides the most reliable results for the OC
sequences.

In conclusion, we have addressed the low RF power limitation at
the 1.2-GHz ultrahigh-field magnets that prevented the use of large-
volume probes by designing low-power OC-based sequences. In
this work, we designed a set of eight robust low-power UR pulses
with an RF amplitude of either 8 or 7.5 kHz on 'H that covers a
bandwidth of 15 or 12.6 kHz and an RF amplitude of 5 kHz on
"N that covers a bandwidth of 6 or 4.8 kHz. The duration of
these pulses was from 480 to 700 us with B; inhomogeneity com-
pensation of either +15 or +20%. We also generated a set of multi-
band-selective OC pulses that rotates the spins through different
nutation angles in each band. With this scheme and knowledge of
chemical shift difference between the *C spin types in a protein, we
do a two-band differential control between the spin types in a
protein sample. The above pulses were used to construct low-
power OC-based 2D-OC-['H,'’N]-HSQC, 2D-OC-['H,'°N]-
HSQCSI, 2D-OC-['H,"*N]-TROSY, 3D-OC-HNCO, and 3D-OC-
TROSY-HNCO experiments. All the low-power OC experiments
gave an enhanced performance at the 1.2-GHz ultrahigh-field
magnet equipped with a 3-mm inverse cryoprobe. Thus, we are con-
fident that these low-power OC-based sequences will enable mea-
surements on the expected 5-mm TCI cryoprobe for the 1.2-GHz
instruments. At present, we are creating a library of OC-based
bio-NMR pulse sequences for the large-volume measurements at
1.2-GHz spectrometers.

17 of 20

202 ‘TT Afenuer uo A18100S Moueld Xe N e 610°a0us 105 MmM//:sdny WoJ ) papeo jumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

MATERIALS AND METHODS

Numerical optimization and performance simulation of
pulse shapes

All the pulse shapes were numerically optimized using the OC
module in Spinach v2.5 or v2.7 simulation package based on
MATLAB R2020b or R2022b software. Calculations were done on
a spin system with N number of noninteracting spins that are evenly
spread in the bandwidths of interest. The number of spins N used
for optimizing pulses reported in this study are tabulated in tables
S3 and S4. We used M = 121 number of B, fields with linear weights
to compensate for B; inhomogeneity. The optimization method
used was the GRAPE-Ibfgs procedure as implemented in Spinach,
where the goal was to maximize the real value of the fidelity func-
tion in Eq. 1. Other details such as the initial and target states, the
bandwidths, the pulse lengths, the RF amplitudes, and the B; devi-
ations used for searching the pulse shapes are given in table S3 for all
the UR pulses and in table S4 for all the band-selective OC pulses.
The initial guess was chosen from 10 randomly generated shapes or
a linear combination of sine waves with different frequencies both
with 1200 points for discretization, these were optimized systemati-
cally by introducing each of the target parameters in steps, and the
best among these shapes was chosen for a final optimization. The
final shape was smoothened using a moving average filter or DNS
penalty as implemented in Spinach.

The spin dynamics simulations on the Bloch sphere and the 2D
excitation profiles were calculated by numerically solving the Liou-
ville-von Neumann equation for a single spin

00 oo
i If1,5) (®)

where the Hamiltonian for time t during the ith element in OC
pulse is given by
H(t) = wo Hes + ¢ iy + Ciy I:Irf,y 9)

Here, Hcs is the chemical shift Hamiltonian and H rfx and H of.y
are the x and y components of the pulse Hamiltonian. The density
operator after this ith element is given by

8(t) = U' (1) 6(t —7) U(x)
Here, the propagator is

(10)

U(1) = exp[—iH(1)1] (11)

The transfer efficacy for the pulse to do a transformation from a
state 0, to the desired product operator state O, for a spin with the
nth offset and mth B, value from the optimized range is given by Eq.
12

(Dmm(GO - o-targ) =Re <Gtarg ‘ H U(T)i ‘ 0-O> (12)

1

where II; represent a Dyson time-ordered series for the discretiza-
tion of Eq. 1. The pulse shape has steps with duration T when the
pulse Hamiltonian is time invariant. Overall performance index 1y,
is defined as the trace of the projection of the achieved product op-
erator to the desired product operator averaged over N number of
offsets and all the M number of B, values for a region of interest.

_ Zn,m CDn,m (00 - O'ta\rg)
Mavg = (N x M)

(13)
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The average expected phase error for a UR pulse is calculated as
follows

1 [Pum(oo—1y)
2 nm tan [@,,m(c?.)—»li)}

(N x M)

Pavg = ( 14)

Material

The uniformly '°N- and "*C-labeled 2 mM ubiquitin sample in 50
mM sodium phosphate buffer of pH 6.5, containing 100 mM NaCl
and 0.1% sodium azide (with 5% D,0), was used as a test sample to
study the performance of all the OC sequences at 1.2 GHz
instrument.

NMR measurements

The NMR measurements were performed on an Avance Neo 1200
and 600 MHz Bruker NMR spectrometers at 298 K. The 1200-MHz
spectrometer was equipped with a 3-mm TCI cryoprobe, and the
600-MHz spectrometer was equipped with a 5-mm Prodigy cryo-
probe. The 90° pulse length on all the three channels was calibrated
for the test sample and was used to calculate the power required for
OC pulses using the following relation

(15)

Here, vocp is the RF amplitude of the OC pulse in kilohertz and
Vmax = 32 is the calibrated RF amplitude of the hard pulse on a
particular channel in kilohertz. The experimental 2D excitation pro-
files were recorded at the 600neo spectrometer with a sample of
99.9% D,O doped with 2% GdCl; to achieve shorter recycle time
using a 5-mm Shigemi tube, and the data were acquired as a
pseudo-2D spectra with the frequency list in the indirect dimension.
The experiments were repeated for 41 or 31 power values corre-
sponding to B; deviations and 101 frequency points for UR-180°
and UR-90° pulses and with 401 frequency points for OC band-se-
lective pulses. The pseudo-2D data were processed using Topspin
4.0.1 along the direct dimension with the on-resonance, zero-
order phase correction, and then the 2D excitation plots were
created using a self-written MATLAB code for reading and plotting
the processed data.

A 2 mM ubiquitin sample in a 3-mm NMR tube was used to
measure the performance of all the low-power OC sequences at
the 1200-MHz spectrometer. The important NMR measurement
parameters used for acquiring data reported here are tabulated in
table S5. The spectra reported were processed using NMRPipe
and integrated using PINT software (78). All the spectral plots
used here were prepared using a self-written MATLAB code for
plotting processed data from NMRPipe files. All the reported OC
pulses, pulse sequence codes, and the necessary parameter files to
reproduce the results on a Bruker Avance Neo 1200 MHz are pro-
vided at the Dryad database (doi:10.5061/dryad.g4f4qrfwf).

Pocp (dB) = Prax (dB) — 20 logy (VOCP>

max
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This PDF file includes:

Figs. S1 to S44

Tables S1 to S5

Optimal control pulse sequences in Bruker format

Legends for movies S1 to S4

Legends for data S1 to S3

Instructions for setting up and acquiring optimal control experiments

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S4

Data S1 to S3
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