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Abstract

Dipolar recoupling in solid state NMR is an essential method for establishing correlations between
nuclei that are close in space. In applications on protein samples, the traditional experiments like
ramped and adiabatic DCP suffer from the fact that dipolar recoupling occurs only within a limited
volume of the sample. This selection is dictated by the radiofrequency (rf) field inhomogeneity profile
of the excitation solenoidal coil. We employ optimal control strategies to design dipolar recoupling
sequences with substantially larger responsive volume and increased sensitivity. We show that it is
essential to compensate for additional temporal modulations induced by sample rotation in a spatially
inhomogeneous rf field. Such modulations interfere with the pulse sequence and decrease its
performance. Using large scale optimizations we developed pulse schemes for magnetization transfer
from amide nitrogen to carbonyl (NCO) as well as aliphatic carbons (NCA). Our experiments yield a
signal intensity increased by a factor of 1.5 and 2.0 for NCA and NCO transfers, respectively, compared
to conventional ramped DCP sequences. Consistent results were obtained using several biological
samples and NMR instruments.



Main text

Experimental sensitivity is the major obstacle in applications of solid state nuclear magnetic resonance
(NMR) in structural biology™. In studies of protein samples, correlations of chemical shifts between
amide nitrogen and carbon atoms of the protein backbone are essential for resonance assignments!?.
For this purpose, dipolar recoupling methods are employed. In the basic variant of the double cross
polarization (DCP) experiment®, a resonant radiofrequency (rf) field is applied to both the **N and *3C
nuclei which interferes with the spatial rotation of the sample (magic angle spinning, MAS) and re-
introduces the direct dipole-dipole interaction. For an efficient magnetization transfer, the rf
amplitudes have to satisfy the Hartman-Hahn (HH) condition™ (wy + w; = nwg, where wg /21 is the
sample spinning frequency, wy and w are the rf amplitudes on the N and **C channels respectively,
expressed in rad/s, and n = +1, +2). However, due to rf field inhomogeneities imposed by the NMR
coil the HH condition cannot be fulfilled for the whole volume of the sample and it leads to a loss of
sensitivity. The most widely used experiments today are the ramped and adiabatic DCP®! in which the
rf amplitude on one of the rf channels is modulated and swept through the HH condition.
Experimentally, the efficiency of the DCP experiment is evaluated as the ratio of the signal intensities
of the 3C CP-MAS spectrum and the DCP spectrum. The current standard efficiency of the
ramped/adiabatic DCP experiment is 30-40% when a rotor is completely filled with sample, and about
65% when the sample is restricted to the central slice of the rotor where the rf field is expected to be
homogeneous'®. It is obvious that the experiment does not work equally well for the whole sample
volume and it is estimated that 30-50% of the sample remains NMR silent!”. This fact is documented
in Figure 1 where one-dimensional images of the sample acquired in the presence of static field
gradient are compared. When a 13C hard pulse is used for excitation, the width of the image is much
larger compared to the DCP experiment. Recoupling is only effective within the central region of the
sample where rf fields are relatively homogeneous, while the other parts of the sample yield no signal.
Recently, an improved robustness towards rf inhomogeneity and rf amplitude mismatch was achieved
using the RESPIRATION-CP method!®. The recoupling element consists of a phase-alternating constant
amplitude rf field which is applied to only one channel while it is simultaneously interleaved with strong
pulses on both channels. This experiment provided an 80% increase of signal compared to adiabatic
DCP at a spinning frequency of 30 kHz and using a 3 ms contact time. Using numerical simulations, the
problem associated with volume selection is delineated further in supplementary Figure S-1. The
performance of ramped, adiabatic, RESPIRATION as well as optimal control DCP sequences is evaluated
as a function of the position of the sample along the 3.2mm rotor axis. These images provide strong
motivation for development of improved pulse sequences.
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Figure 1. Volume selectivity of the DCP experiment. Experimental *C NMR spectrum of 13C,,*N-glycine
obtained using ramped DCP excitation (top), the same experiment performed in the presence of a
static magnetic field gradient along the sample axis, which produces a one-dimensional image of the
sample (middle), and *3C sample image acquired under the same gradient but using a hard pulse for
excitation (bottom). It is evident that dipolar recoupling during DCP was efficient only within the
central part of the sample, yielding only 47% excitation of the available sample volume. All spectra
were acquired at a MAS frequency of 30 kHz using a 1.9 mm MAS probe with the gradient coil. See also
supplementary Figure S-1 presenting selectivity for other pulse sequences based on numerical
simulations.

In this work, we focus on application of optimal control (OC) tools!® for the design of new pulse
sequences with improved robustness towards rf inhomogeneity. The optimal control problem is
defined as a state-to-state transfer of magnetization from °N to *3C for a prototypical spin system that
reflects the relevant experimental conditions. A numerical optimization protocol is set up to find
amplitudes and phases of element pulses that constitute the total pulse sequence and provide the
maximal transfer efficiency. Optimal control theory provides easy access to the first derivative of the
objective function and allows to optimize tens of thousands of variables at once. Since the first
application of OC to the DCP experiment!, two other studies have been published by Kehlet et a/.*%
and Loening et al.™ When performance of these sequences was tested experimentally, only minor
improvements compared to adiabatic DCP were observed. Clearly, there is a discrepancy between the
experimental implementation and the theoretical model that predicted about 2-fold increase of
sensitivity.

In both studies, a rather limited range of rf fields was used during optimization. The relative rf
amplitudes were assumed to vary by about +10% around the nominal value. This range was sufficient
to simplify the experimental setup but it is not large enough to cover all situations inside a typical
solenoidal coil which is used in MAS probes. Along the coil axis, the rf amplitude is reduced to 50% at
the ends of a coil compared to the center (supplementary Figure S-1). Recently, it was suggested to fit
the rf field profile using an empirical power-law formula and to determine its parameters
experimentally by evaluation of a nutation experiment!*?. However, such a model is still too simplistic.
It turns out that the rf field distribution in all three spatial dimensions and for the whole sample volume
needs to be considered. Sample rotation introduces periodical modulations of the rf amplitude and
phase. Under MAS, a given spin packet in a certain volume element travels along a circle and
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experiences variable rf fields. The variations depend on the position along the coil axis as well as on
the radial distance from the coil axis”. The modulations become particularly important for regions at
the surface of the MAS rotor and near the end of the coil, where the relative rf amplitude fluctuates
up to £25% and the rf phase changes by up to £30°. It is important to realize that most of the sample
material is located at the walls of the rotor and not in the center. The effect of radial rfinhomogeneities
on solid-state NMR spectra has been realized already many years ago'3!. However, so far it was not
possible to compensate for these periodic rf field modulations that interfere with the pulse sequence.

For the purpose of demonstration, the sample volume of a thin-walled 3.2 mm MAS rotor is divided
into 3 coaxial layers of equal thickness but of different volumes (Figure 2A). The position of a given
volume element is described using cylindrical coordinates (z, r,9) where z describes the position along
the rotor axis (and which is assumed to be identical to the coil axis), r is the radial distance and 9 refers
to the azimuthal angle. The spins in the volume elements which are located at different azimuthal
angles 9 experience rf field modulations with a different initial phase. The total Hamiltonian that
governs the spin dynamics (that is the dipole-dipole interactions and the rf irradiation) is homogeneous
in the sense of Maricq and Waugh™, i.e. it does not commute with itself at different times. Therefore
the spins with different angle 9 undergo different dynamics, the effect of rf inhomogeneity is different.
If the calculation assumes an OC pulse sequence which compensates only for rf field inhomogeneity
along the coil axis, we find that the transfer efficiency is small in a large fraction of the sample (Figure
2B).

To generate pulse sequences whose performance is not influenced by rotational modulations of the rf
field, a complex optimal control protocol was devised. In the following, we refer to the method as tm-
SPICE, standing for temporally modulated SPatial rf field Inhomogeneity CompEnsation. The sample
volume was divided into elements for which the rf field was calculated assuming a solenoidal coil as
described in our previous work!”. The actual values are provided in the Supporting material (Tables S-
1, S-2). The rotational rf field modulations were ignored for the inner layer while for the other volume
elements the pulse sequence amplitudes and phases were adjusted to reflect the local rf fields as they
change with time. The modified rf Hamiltonian and the corresponding gradient of the propagator
operator that are necessary for the OC optimization are presented in the Supporting material (section
4). The total duration of the sequence was set to 3.5 ms and was digitized using 2 us time steps,
resulting in 7000 free variables (amplitudes and phases on two rf channels). The MAS frequency was
set to 20 kHz. Parameters for powder averaging, dispersion of 3C and >N chemical shifts, and spatial
rf field inhomogeneity resulted in 54 600 different conditions that the OC sequence has to fulfill
simultaneously. The computation demands are magnified by the need of performing 4-spins
simulations to secure robustness towards different spin systems (vide infra). The calculations were
implemented in the SIMPSON software!* and typically required about 4 days per optimization when
using 200 Intel Xeon computer cores. More details about the calculation are provided in the Supporting
material. The optimization was repeated 5 times for each NCA and NCO magnetization transfers in
order to test for possible local minima traps. The typical performance of the resulting tm-SPICE CP
pulse sequence in the whole sample volume is documented in Figure 2C showing that the effect of
rotational modulations of the rf field is compensated.
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Figure 2. Performance of OC CP sequences calculated on the basis of individual volume elements for a
NCA transfer. (A) The sample volume is divided into layers 1, 2 and 3 of equal thickness but different
fractions of the total volume. (B) Performance of the OC CP sequence optimized assuming a rf field
distribution only along the coil axis. The transfer efficiency differs significantly for individual volume
elements in the different layers. While the performance is good along the rotor axis (layer 1), it is very
low due to rf modulations imposed by sample rotation in layer 3. (C) Performance of the final tm-SPICE
CP sequence optimized taking into account a full 3D rf field distribution including temporal
modulations of rf field amplitudes and phases. A high transfer efficiency is obtained in all 3 layers.

Loening et al.'¥ discuss the deficiency of the OC sequences that are optimized using a two-spin model.
In their case the efficiency of the NCA transfer drops down to about a half when it is applied to a 5-
spin system including the nearby carbon atoms and assuming a fully labeled protein. We find that this
problem can be removed when the optimizations assume a four-spins system consisting of N, Ca, C’,
CB and Ca, C’, N, Ca for NCA and NCO transfers, respectively. Our tm-SPICE CP yields almost equal
performance when applied to different spin systems comprising 2-5 nuclei (supplementary Figure S-
2).



Another objection against OC pulse sequences relates to pulse transients!*®. Rapid switching of
amplitudes and phases cannot be followed exactly by the NMR hardware due to the finite bandwidth
of its rf circuits. As a consequence, the actual shape of a pulse is distorted. We used a Bruker
1H,13C,>N,2H 4-channel MAS probe with the 2H channel realized using a secondary rf coil. This coil was
used as a pick-up system for direct observation of rf irradiation and to visualize the exact shapes of the
OC pulse sequences. The experimental details are summarized in the Supporting material (section 3).
In addition to the transients that occur at a switch of amplitude or phase, we observe small variations
of the absolute value of amplitudes and phases when a pulse is applied repeatedly during a sequence.
This additional effect is presumably due to amplifier instabilities during the pulse sequence.
Nevertheless, in our measurements we found that the amplitudes did not differ more than 2% and the
phase was reproduced with 5° accuracy. The distorted pulses were used in numerical simulation of the
transfer efficiency and compared to the original sequence with perfectly rectangular pulses. It was
found that transients and amplifier effects decreased the performance of the OC sequences by less
than 10%. Optimal control pulse sequences are not periodic and do not seem to be largely influenced
by pulse transients. This is in contrast to symmetry-based recoupling sequences for which the pulse
imperfections lead to an additional effective field that alters the recoupling condition!*”). While it is
possible to include transients in optimal control protocol **¢, no effort was made to compensate for
them in our calculations.

The resulting tm-SPICE CP pulse sequences were tested experimentally using several microcrystalline
samples including a MLF tripeptide, the a-spectrin SH3 domain, ap-amyloid fibrils and a
proteoliposoms sample of the membrane protein Diacylglycerol kinase (DGK). Several NMR
instruments were used, with proton Larmor frequencies of 400, 500, 750 and 900 MHz. More details
are given in the Supporting material (section 6). To date, ramp and adiabatic DCP™ are widely used for
15N to 13C transfers in biological samples. To obtain good transfer efficiencies, both versions of the
experiment have to be carefully optimized with respect to the shape, rf amplitudes and offsets. Using
a contact time of 3.5 ms and a MAS frequency of 20 kHz, we obtained a similar performance for both
of the two optimized experiments. We therefore decided to use the widely employed ramp 90-100%
for all reference experiments. The variation by changing the DCP sequence is much smaller than the
observed improvement using tm-SPICE CP. We consistently observe more than a 2-fold increase of the
signal amplitude for the NCO transfer and about a 1.5-fold increase for the NCA transfer when
compared to the ramp DCP experiment. The spectra of the DGK membrane protein are compared in
Figure 3 while the other experimental results are included in supplementary Figure S-8. In the case of
the NCO experiment our results agree very well with numerical predictions. The transfer efficiency of
ramp DCP and tm-SPICE CP was calculated using the 3D maps of the rf field distribution as it is described
in Supplementary material (section 7). The predicted signal improvement factor of 2.22 agrees
perfectly with our experimental observations. The efficiency of the NCA transfer is compromised
presumably by strong dipolar couplings to the surrounding protons. To evaluate the influence of
remote protons, the signal intensity of the tm-SPICE CP experiment was measured as a function of the
proton decoupling strength using the MLF sample (supplementary Figure S-9A). We observe that the
signal increases till the hardware limit for *H decoupling power is reached (about 110 kHz). We
performed numerical simulations assuming a 7-spins system consisting of the nuclei N, Ca, Cp together
with the 4 closest protons (HN, Ha, HB1, HB2), accounting for rf field inhomogeneities on all 3 rf
channels along the coil axis. The results suggest that the performance of the sequence is reduced to



67% in comparison to the theoretical maximum, in case only 100 kHz proton decoupling is employed
(supplementary Figure S-9B). Taking into account the reduced performance due to insufficient proton
decoupling we arrive at a theoretical signal enhancement factor of about 1.57 which again agrees
perfectly with the experiment.
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Figure 3. Experimental tm-SPICE CP spectra (blue) compared to standard ramped DCP spectra (red)
measured for the membrane protein diacylglycerol kinase DGK. (A) The NCO experiment yields two
times more signal. (B) In addition to the gain of 1.6 in sensitivity, the NCA experiment provides better
selectivity as no CB signals are observed. In the experiment, a 3.5 ms contact time and a MAS frequency
of 20 kHz has been employed. The measurement was carried out at a magnetic field strength of 21.1
T.

It is interesting to closely inspect the tm-SPICE CP pulse sequence. In Figure 4 the rf fields are
represented separately for their w, and w, components. To a large extent, the rf field of the shapes is
synchronously modulated with sample rotation. Effectively, one pulse is applied every rotor period
(50 us). Other representations of the pulse sequences as well as their electronic form are provided in
the Supporting material (section 5). While we still lack a detailed understanding on the level of effective
Hamiltonian, we can identify some of the concepts used in analytically derived pulse sequences. For
example, the phase of pulses on the 3C channel at the end of the NCO tm-SPICE CP sequence (Figure
4D, time 2.6 — 3.5 ms) is changed from —x to +x in the XiX fashion. The fragment of the NCA sequence
between times 1.0 and 1.3 ms (Figure 4A,B) strongly resembles the RESPIRATION-CP pulse sequence
with fast XiX pulses on the >N channel synchronized with strong y-phase pulses on the 3C channel. It
is interesting to see that this motif is present for the next 0.3 ms, with only the role of the >N and the
13C channel being swapped. Like in the case of RESPIRATION-CP!®), the outcome of the numerical
optimizations might serve in the future as an inspiration for the analytical development of pulse
sequences. Generally, we observe more synchronization and a clearer structure in the optimal control
pulse sequences when the optimization is performed only for a single set of conditions. The more
conditions that have to be fulfilled simultaneously, the more complex the optimized shape will be.
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Figure 4. tm-SPICE CP pulse sequences for NCA (panels A, B) and NCO (panels C, D) transfers. The rf
pulses are presented using their w, (red) and w,, (blue) components for the 5N channel (panels A, C)
and the 3C channel (panels B, D), respectively. The maximal rf amplitude is below 35 kHz and the
average is below 10 kHz for all shapes. The duration of all pulses was fixed to 2 us.

In conclusion, we have shown that optimal control can provide pulse sequences that greatly increase
the NMR responsive sample volume. It is crucial to take into account the 3D distribution of the rf field
inside the NMR coil. Due to sample rotation, the rf fields for a given sample volume fluctuate
significantly both in their rf amplitudes and phases which can strongly influence the performance of
the pulse sequence. We have shown that OC pulse sequences can be designed for prototypical spin
systems that are encountered in biological solids such as uniformly labeled proteins. We find that their
performance is not altered significantly when the spin labeling scheme is changed. Similarly, the
performance does not depend on the size of static magnetic field or construction details of the NMR
probe. Our data clearly demonstrates the transferability of the sequences among spectrometers. Re-
optimization for different magnetic fields is not necessary as long as a MAS frequency of 20 kHz and a
contact time of 3.5 ms are used. Although the OC sequences may involve elements with rapid
amplitude and phase changes, pulse transients and small amplifier instabilities do not seem to affect
the performance of the heteronuclear dipolar recoupling in these experiments. We find that the
observed 1.5-fold to 2.0-fold increase in signal intensity of the tm-SPICE CP experiment is a
consequence of the exploitation of a larger fraction of the sample volume. When volume restricted
samples are used (i.e. center packed samples) the tm-SPICE CP experiment performs equally in
comparison with the ramped DCP. We anticipate that experimental techniques that make use of the



full volume of the available sample are crucial for the future of solid state NMR where the sensitivity
of the experiment is limiting.
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