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Abstract

We present novel pulse sequences for magic-angle-spinning solid-state NMR structural studies of 13C,15N-isotope labeled proteins.
The pulse sequences have been designed numerically using optimal control procedures and demonstrate superior performance relative
to previous methods with respect to sensitivity, robustness to instrumental errors, and band-selective excitation profiles for typical bio-
logical solid-state NMR applications. Our study addresses specifically 15N to 13C coherence transfers being important elements in spec-
tral assignment protocols for solid-state NMR structural characterization of uniformly 13C,15N-labeled proteins. The pulse sequences are
analyzed in detail and their robustness towards spin system and external experimental parameters are illustrated numerically for typical
15N–13C spin systems under high-field solid-state NMR conditions. Experimentally the methods are demonstrated by 1D 15N fi 13C
coherence transfer experiments, as well as 2D and 3D 15N,13C and 15N,13C,13C chemical shift correlation experiments on uniformly
13C,15N-labeled ubiquitin.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Biological solid-state NMR spectroscopy has evolved
tremendously during the past few years, now clearly dem-
onstrating its capability for atomic-resolution structural
analysis of peptides or proteins immobilized by their pres-
ence in aggregated structures (e.g., fibrils) or associated to
biological membranes [1–13]. These achievements have
been based on years of work establishing the necessary
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instrumentation, pulse sequence elements, such as dipolar
recoupling experiments for rotating samples, and refine-
ments in the sample preparation procedures. The newest
biological applications not only indicate good prospects
for biological solid-state NMR, they also induce new
demands to the solid-state NMR methods. When coping
with relatively large line widths, primarily by correlations
through 13C and 15N dimensions of multiple-dimensional
experiments, issues like resolution and sensitivity become
critical. Typically, several 2D and 3D experiments are
required to solve structures even for proteins with substan-
tially less than 100 residues. The sensitivity/resolution
problem obviously becomes more severe for larger
proteins.

When analyzing uniformly 13C,15N-isotope labeled pro-
teins with solid-state NMR, it proves useful to have access
to NCO- and NCA-type 2D/3D experiments providing
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correlations between 15N and 13C chemical shifts. The
transfer of coherence between 15N and 13C spin species in
these experiments may be carried out using double-cross-
polarization (DCP) [14], off-resonance [15], ramped [16],
adiabatic [17], or phase-alternated [18,19] versions of
DCP, or symmetry-based recoupling schemes such as C7
[20] or off-resonance C7 [21]. These schemes are, however,
in many respects far from optimal and typically they suffer
from one or more of the following problems: (i) Intolerance
to rf inhomogeneity, often being a major reason for low
transfer efficiencies, (ii) high rf demands on the 15N and
13C channels, which in concert with appropriate 1H decou-
pling may lead to undesired sample heating, (iii) difficult
setup because of very narrow Hartmann–Hahn matching
conditions, which also hamper transfer of experimental
conditions from sensitive ‘‘setup samples’’ to real protein
samples (we note that in some cases, e.g., using DCP, the
matching condition is so narrow that even minor instru-
mental variations in the rf power levels and tuning may
give substantial variations in transfer efficiency for identi-
cal experiments on a single sample), and (iv) low tolerance
towards chemical shift interactions, leading to reduced sen-
sitivity in cases with large chemical shielding anisotropies,
unless compensated for by the use of strong rf fields.

These difficulties call for improved experiments such as
the recently presented optimal control based version of
DCP, the so-called OCDCP experiment [22], or a recent
combination of DCP with improved characteristics from
composite rotations, i.e., the COMB DCP experiment
[23]. In the design of such experiments, it has been a key
element to obtain transfer efficiencies which at least match
those of typical c-encoded recoupling techniques [24], in
ideal cases enabling transfer of 73% of the coherence from
one spin to another in a powder sample. We note that we in
this study do not make any comparison with non-c-
encoded experiments such as TEDOR [25], since these,
due to less favorable powder crystallite angle dependency,
are associated with theoretical transfer efficiencies in the
order of 50% or lower (for broadband experiments, e.g.,
TEDOR, the sensitivity is often substantially further
reduced by distribution of coherence to spins beyond the
desired destination spin). For a comparison between
DCP, TEDOR, and a c-encoded TEDOR variant GATE,
we refer to Ref. [19]. We also note that coherence transfer
between adjacent spins using the recently suggested PAIN-
CP experiment [26] did not, in our hands, improve efficien-
cies in NCA and NCO experiments relative to normal
DCP, most likely due to rf inhomogeneity effects and distri-
bution of magnetization to more spins through third spin
interactions.

In this paper, we will extend our earlier ‘‘model-
system based’’ OCDCP experiments [22] to biological
applications by specifically designing experiments for
high-field 15N fi 13Ca (NCA) and 15N fi 13C 0 (NCO)
transfers in solid proteins under consideration of typical
internuclear distances, chemical shielding anisotropies,
ranges of isotropic chemical shifts, and rf inhomogeneity.
The goal is to provide optimum sensitivity over the rele-
vant range of chemical shifts, while providing experi-
ments which use relatively weak rf fields and which are
robust towards variations in the most critical instrumen-
tal parameters.

2. Optimal control design of recoupling experiments

Our objective in the use of optimal control theory
[27,28] for designing optimal NMR experiments is to
derive pulse sequences which in a given time, for a typical
nuclear spin system, and under typical experimental con-
ditions provide the highest possible transfer efficiency.
This is by no means a different aim than set for many
other strategies in numerical pulse sequence design. The
major difference is exploitation of the unique capability
of optimal control to handle systematic variation of hun-
dreds of free parameters throughout the optimization.
This property cannot be found for normal non-linear
optimization [29], or more analytical and semi-analytical
approaches, where even a handful of free variables may
impose severe challenges to the optimization and the time
required for this. In these latter cases, it is crucial to have
a well-defined problem and an ‘‘almost solved solution’’
(e.g., a pulse sequence scaffold), where the optimization
only is used for fine tuning of model variables. This rep-
resents a very important difference to optimal control
approaches, where one typically does not provide any
restraints to the pulse sequence scaffold but instead lets
the optimization take advantage of all degrees of freedom
by freely varying the amplitudes/phases of all pulses in a
multiple-pulse experiment (potentially with specified pen-
alty to the maximum rf amplitudes or other experimental
constraints). In this study, we apply the so-called Gradi-
ent Ascent Pulse Engineering (GRAPE) method devel-
oped with focus on liquid-state NMR by Khaneja,
Glaser and coworkers [30–35] and in the context of
solid-state NMR by Nielsen and coworkers [22,36–39].
For solid-state NMR applications, the algorithm has been
implemented into the SIMPSON software [40] using a
conjugate gradient based approach [22].

With our specific aim being optimization of coherence
transfer between two hetero-spins I and S (e.g., 15N and
13C), we consider the rotating-frame Hamiltonian

HðtÞ ¼ xIðtÞIz þ xSðtÞSz þ xISðtÞ2IzSz þ H rfðtÞ; ð1Þ
where the first three terms represent the I- and S-spin
chemical shifts and the heteronuclear dipolar coupling,
while the last term describes the external rf fields

H rfðtÞ ¼ xIx
rfðtÞIx þ xIy

rfðtÞIy þ xSx
rf ðtÞSx þ xSy

rf ðtÞSy : ð2Þ

Expressions for the time- and orientation dependent fre-
quencies for the internal nuclear spin interactions can be
found in, e.g., Ref. [40]. In a setting with a train of N pulses
acting consecutively on the initial spin density operator
q(0), the density operator at time tN = T (i.e., the chosen
length of the sequence) takes the form
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qðT Þ ¼ UN ðtN ; tN�1Þ . . . U2ðt2; t1ÞU 1ðt1; t0Þ
� qðt0ÞUþ1 ðt1; t0ÞUþ2 ðt2; t1Þ . . . UþN ðtN ; tN�1Þ; ð3Þ

with each propagator defined as Uðtkþ1; tkÞ ¼
exp �i

R tkþ1

tk
HðtÞdt

n o
. To optimize the transfer efficiency

s(T) = Tr[q(T)C+] for a particular destination operator C

(e.g., S+), we also need to calculate a ‘‘back-transformed’’
operator

kðtjÞ ¼ Uþjþ1ðtjþ1; tjÞ . . . UþN ðtN ; tN�1Þ
� CUN ðtN ; tN�1Þ . . . Ujþ1ðtjþ1; tjÞ; ð4Þ

using the same propagators as in Eq. (3). Equipped with
the formula in Eqs. (3) and (4), it is possible to describe a
gradient which in an iterative fashion modifies the rf field
(i.e., the Ix, Iy, Sx, and Sy coefficients) for each pulse
(e.g., the pulse j operating in time period Dtj from tj to
tj+1) according to

xq
rfðtjÞ ! xq

rfðtjÞ þ eTrfiDtj½q; qðtjÞ�kðtjÞg; ð5Þ
where e is a small real number. Using this gradient as ele-
ment in a conjugated gradient based optimization, it is pos-
sible to establish a powerful numerical environment for
optimal control design of pulse sequences.

The remarkable feature about Eq. (5) is that all 4N pulse
variables through individual gradients are adjusted in every
iteration, and thereby all contributing to a better transfer
efficiency. This implies that even with 1000 sets of pulses,
i.e., 4000 variables, it is possible to obtain convergence
within an acceptable period of time, also in cases of powder
samples, with inclusion of contributions from different rf
isochromats (for inhomogeneous rf fields), and with contri-
butions from nuclei with different chemical shift parame-
ters. In addition to these parameters and the initial and
desired final spin states, it is obviously also necessary to
provide an initial guess on the pulse sequence. This may
be an earlier proposed pulse sequence, or more typically
just a random pulse sequence for which the rf field ampli-
tudes (our control fields) are chosen randomly between
given upper and lower limits (either for each pulse in the
pulse train or more smoothly by randomly selecting the
amplitudes on every, say, fifth pulse and then interpolate
these amplitudes to the interleaving pulses).

While the optimal control based approach described
above is completely general for problems dealing with opti-
mizing transfer from one state to another on the level of
density operators (approaches dealing with optimizations
on the level of effective Hamiltonians or propagators can
be found in Refs. [30] and [38]), it is obviously the system
as described by the internal and external Hamiltonians that
may change as reflected in previous papers [22,36–39]. In
this paper, we focus on 15N M

13C coherence transfer in
MAS NMR of rotating solids with specific attention to
15N fi 13Ca (intraresidue) and 15N fi 13C 0 (interesidue)
transfer between directly attached nuclei in a polypeptide
backbone as illustrated in Fig. 1a. For this purpose, we
optimize the pulse sequence element illustrated by the
toned boxed in Fig. 1b, in the form of a generalized train
of pulses depending on the x- and y-phase rf fields as indi-
cated in Fig. 1c. In the present setup, we have chosen the
pulses to be of equal length and the resonance offset to
be fixed at the mean isotropic chemical shifts of the specific
type of nuclei under consideration, e.g. 13Ca. With respect
to the latter constraint, we note that sweeping of the offset
may be accommodated during the optimization by varia-
tions in the rf pulse phases, which is obviously within the
limits of the chosen digitalization of the pulses.

In the optimization, it is relevant to consider typical spin
system parameters for the given transfer, and known vari-
ations in these, to provide ‘‘spin-system robust’’ pulse
sequences. For most spin systems of relevance for proteins,
this may conveniently be accomplished using the SIMMOL
software [41] which on basis of structural coordinates from
PDB files [42] may provide typical parameters for the mag-
nitudes and orientations of dipolar couplings and aniso-
tropic shielding tensors. This feature is quite obvious for
dipole–dipole couplings which only depend on the internu-
clear distance and the orientation of the bond vector. For
the shielding tensors, it is based on the well-established fact
that the magnitudes and orientations of these within pro-
tein backbone peptide planes are relatively insensitive to
secondary structure, with variations that may be estimated
to a good approximation [[41,43–45], and references
therein]. Here we base our NCO optimizations on the inter-

action tensors: bNC0=2p¼ 1176 Hz, XNC0

PE ¼ðaNC0

PE ;b
NC0

PE ; c
NC0

PE Þ¼
ð0�;90�;57�Þ, J NC0

iso ¼�15 Hz, dN
iso¼ 120 ppm, dN

aniso¼
99 ppm, gN = 0.19, XC0

PE¼ð�90�;�90�;�17�Þ, dC0

iso¼175ppm,

dC0

aniso¼�76ppm, gC0 ¼0:90, and XC0

PE¼ð0�;0�;94�Þ. As both
chemical shift tensors in this case are fixed to the peptide
plane, we initially consider the dominant variation to be
the isotropic chemical shifts where we incorporated varia-
tions from 100 to 140 ppm for 15N and 168–182 ppm for
13C 0, which on a 16.4 T (700 MHz for 1H) instrument
amounts to variations within ±1.4 kHz for 15N and
±1.2 kHz for 13C 0, when the rf carrier frequencies are
placed at the mean isotropic chemical shifts for the
involved types of spins. The NCA optimizations were
based on (same 15N chemical shift tensor): bNCa/

2p = 890 Hz, XNCa
PE ¼ð90�;115:3�;0�Þ, J NCa

iso ¼�11Hz, dCa
iso¼

55ppm, dCa
aniso¼�20ppm, gCa = 0.43, and XCa

PE¼
ð90�;90�;0�Þ. In this case, we used a variation of the 13Ca

isotropic chemical shifts within 42.5–67.5 ppm, which for
a 16.4 T instrument correspond to variations within
±2.2 kHz around the mean isotropic chemical shift.
We note that, in this case, the orientation of the 13C chem-
ical shift tensor may vary somewhat depending on the sec-
ondary structure [46], but under conditions of relatively
fast sample spinning the precise orientation for this tensor
seems not to be critical for the optimizations.

In addition to consideration of the spin-system parame-
ters, it is highly relevant to consider the external manipula-
tions, with the aim of generating sequences being robust to
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Fig. 1. (a) SIMMOL representation of a peptide fragment indicating the 15N fi 13Ca (NCA) and 15N fi 13C 0 (NCO) transfers and typical 13C, 15N
chemical shielding tensors relevant for the design of optimal control pulse sequences. (b) Schematic diagram of a typical 2D solid-state NMR triple-
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sequence element indicating the x- and y-phase field strengths on the 15N and 13C rf channels which represent our control variables in the design of
recoupling experiments providing optimum coherence transfer from time t0 to time T = tn.
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rf inhomogeneity, providing relatively fast excitation, and
having low-to-modest rf power consumption to avoid
excessive sample heating. We presently assume high-field
conditions with 16.4 T equipment (700 MHz for 1H) to
ensure optimization over a relevant range of isotropic
chemical shifts and to face the increased influence from
anisotropic shielding at high fields. We base the investiga-
tion on 12 kHz spinning, which represents a good comprise
between the lower spinning frequencies typically compati-
ble with broadband symmetry-based recoupling sequences
[20,21,47–49] and the ultra-fast spinning situation relying
on J-mediated transfer or adiabatic recoupling for
13C fi 13C transfers [50] while typically using DCP or
adiabatic DCP for 15N fi 13C transfers. We take into con-
sideration 5% Lorentzian rf inhomogeneity (full-width-
half-height for the rf distribution function relative to the
nominal rf field strength; in the relevant range resembling
a 10% Gaussian profile inhomogeneity) which is typical
for 2.5–4 mm Bruker probes, and we set an upper limit
on the 15N and 13C rf field strengths to 30 kHz. The latter
restriction implies that 1H decoupling with less 100 kHz
amplitude will readily allow for efficient decoupling—
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which for 12 kHz spinning is far from being the case for
most symmetry-based CN or RN [20,47–49] recoupling
elements.

3. Experimental

13C,15N-labeled ubiquitin was overexpressed in Esche-
richia coli BL21(DE3) cells transformed with pET-21b(+)
plasmid encoding for human ubiquitin in M9 minimal
medium containing 1 g/l 15NH4Cl and 1 g/l uniformly
13C-enriched glucose. After purification, the protein was
dialyzed into a 20 mM Na-citrate buffer at pH 4.1.
Microcrystals were grown from a solution containing
10 mg protein in 400 ll buffer gently mixed with 600 ll 2-
methyl-2,4-pentanediol (MPD) [7].

Numerical calculations and optimal control based devel-
opment of pulse sequences were performed on standard
Linux PC’s using the open-source SIMPSON software
package [40] combined with [22] a conjugate gradient ver-
sion of the GRAPE algorithm [30] as described above.
Representative 15N, 13Ca, and 13C 0 dipolar coupling and
chemical shielding tensors and tensor visualization were
provided using the open-source software SIMMOL [41]
and powder averaging were based on crystallites selected
using the REPULSION method [51].

All experiments were performed on a widebore Bruker
700 Avance NMR spectrometer equipped with a standard
4 mm triple-resonance MAS probe. The sample was cooled
to approx. �10 �C using an FTS Airjet (FTS Systmes, Inc.,
Stone Ridge, NY). All experiments used 12 kHz spinning,
4 s repetition time, and 1H to 15N cross-polarization of
duration 800 ls with a 80–100% ramp on 1H and using rf
field strengths of approx. 47 (1H) and 35 (15N) kHz. Depen-
dent on the applied 1H–13C and 1H–15N cross-polarization
conditions the overall efficiency of DCP 1H fi 15N fi 13C
transfer relative to direct CP 1H fi 13C transfer was in
the order of 25% after ensuring that sufficiently strong 1H
decoupling is applied to avoid dissipation to the proton res-
ervoir. This number may at first sight appear low, but can
be rationalized in the DCP 15N fi 13C transfer step due to
rf inhomogeneity (with 5% Lorentzian rf inhomogeneity
the efficiency of this step drops from 73% to around
35%) and the application of different CP conditions for
the 1H fi 13C and 1H fi 15N CP elements, including losses
through broadband-facilitating RAMPs and rf inhomoge-
neity etc. However, when comparing the performance of
the sequences, the only important issue is that the DCP
experiment is carefully optimized and sufficient decoupling
is applied throughout this element. The 2D NCO/NCA
experiments used 148/120 scans for each of the 80/80 t1

increments with a spectral width of 3.55/3.55 kHz (zero-
filled to 1024/1024 points) and with a spectral width of
61.7/62.5 kHz (zero-filled to 4096/4096 points) for the t2

dimension. Phase-sensitive 2D/3D spectra were obtained
using the TPPI protocol [52]. The 3D NCOCX experiment
used the same set up and parameters as the 2D NCO exper-
iment followed by a 30 ms DARR element [53] for
13C 0 fi 13CX magnetization, where ‘X’ indicates all types
of 13C in a protein. The DARR element was implemented
with 13C p/2 pulses of 6 ls and the soft pulse amplitude
matching the spinning frequency. The t1 and t2 dimensions
were acquired with 16 and 32 increments, spectral widths of
1.70 and 2.46 kHz, and zero-filling to 64 and 512 points.
The t3 dimension had a spectral width of 67.0 kHz (zero-
filled to 8192 points). 240 scans were used for each
increment.

4. Results

Using the optimal control based version of SIMPSON
with parameters for the internal and external parts of the
heteronuclear two-spin Hamiltonian as described above,
and assuming the initial operator Ix (15N) and the destina-
tion operator S� (13C), it is possible to derive a pulse
sequence which for a given mixing time provides optimum
transfer efficiency. In our implementation, the optimiza-
tions run in an automated fashion, leading to an optimal
pulse sequence. For the practical use, it is relevant to men-
tion that the optimization can be relatively time consuming
(from hours to several days on a normal Linux PC),
depending on the number of crystallites (typically 20–144
aCR, bCR angles selected using REPULSION [51], 5–10
cCR angles), the number of rf isochromats (typically 5–10
rf field values weighted according to the inhomogeneity
profile, e.g., 5% Lorentzian), the number of offset points
(typically in a 2D grid with 4–16 points), the size of the spin
system (here a heteronuclear two-spin-1/2 system), and the
number of pulses used in the transfer element (typically a
train of pulses each of 10 ls duration, which for a 2.4 ms
pulse sequence corresponds to 240 pulses on each channel).
While optimization of a single sequence may take less than
a couple of hours of CPU time, it is much more time
demanding to make a large number of optimizations based
on random initial pulse sequences to avoid the effect of
local extrema and thereby with good likelihood obtain a
sequence with the optimal efficiency.

Fig. 2 shows typical optimal control based pulse
sequences for NCA and NCO transfers under conditions
of high static magnetic field (16.4 T) and sample spinning
at 12 kHz. For each of the two transfers, the pulse sequence
contains two channels of 240 rf pulses each having a duration
of 10 ls, and characterized by a x- and y-phase amplitude
(i.e, xIx

rf=2p;xIy
rf=2p;xSx

rf =2p;xSy
rf =2p) represented by solid

and dashed lines, respectively, in Fig. 2. To appreciate the
overall consumption of rf power, the figures also provide
the absolute rf amplitude for each pulse marked by a dot
and for each channel a horizontal line representing the aver-
age root-mean-square rf power. Addressing the latter point,
it is remarkable that the average rf power of the two
sequences is in the order 13–17 kHz on both channels, which
is substantially lower than the rf fields typically used for
DCP, adiabatic DCP, and certainly symmetry-based recou-
pling experiments. This facilitates efficient 1H decoupling
during the low-c spin coherence transfer, and reduces the
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Fig. 2. Optimal control (a) OCNCA and (b) OCNCO pulse sequences
designed to provide optimum 15N fi 13Ca and 15N fi 13C 0 coherence
transfer, respectively, between directly bonded nuclei in protein back-
bones. x- and y-phase components of the rf field amplitude are marked by
solid and dashed lines, respectively, while the absolute amplitude is
indicated by dots. The upper panels represent rf irradiation on the 13C
channel, while the lower represent irradiation on 15N. The average root-
mean-square rf powers are represented by horizontal lines. The sequences
are optimized for 12 kHz spinning, a static magnetic field of 16.4 T, 5%
Lorentizan rf inhomogeneity, maximum rf field strengths of 30 kHz, and
typical parameters for NCA and NCO relevant chemical shift and dipolar
coupling tensors in peptides. The amplitudes and phases for the pulse
sequences can be found in Supplementary material.
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risks of sample heating to be essentially the same as for stan-
dard decoupling under acquisition in the direct dimension.
4.1. Numerical analysis of the OCNCA and OCNCO

experiments

Several parameters are important factors for the perfor-
mance of the pulse sequences, not only with respect to the
overall efficiency of the experiment, but also for the setup
and reliability of the pulse sequence throughout time-con-
suming experiments and for reliable extraction of signal
intensities from the resulting multiple-dimensional spectra.
In this section, we will by a series of numerical simulations
illustrate that the optimal control pulse sequences, in con-
trast to common reflections, are very robust in most
respects and certainly live up to the performance that one
should request for in experiments of this kind.

In our preliminary account on optimal control derivation
of pulse sequences for 15N to 13C magnetization transfer [22],
it was clearly recognized that one of the major problems for
DCP-based heteronuclear dipolar recoupling experiments is
their sensitivity towards rf inhomogeneity. Exactly this issue
rendered the OCDCP experiments around 50% more efficient
than DCP, simply through a better compensation toward
inhomogeneous rf fields. Accordingly, our OCNCA and
OCNCO elements for protein applications under high-field
conditions are optimized to compensate for typical rf pro-
files, as here expressed by a 5% Lorentzian shape. To illus-
trate the performance of the resulting optimal control
sequences and compare this with DCP and adiabatic DCP
(with the rf fields, including the adiabaticity parameters,
optimized under consideration of the same inhomogeneity),
Fig. 3 shows contour plots mapping the 15N to 13C transfer
efficiency as function of the inhomogeneity on the two rf
channels expressed in terms of factors jC and jN represent-
ing the scaling of the two rf fields relative to their nominal
values. The DCP and APCP (adiabatic-passage cross
polarization) [17] experiments were optimized numerically
based on 12 kHz spinning and rf fields strengths of 33 and
21 kHz on the 13C and 15N rf channels, respectively, with
minor readjustments for NCO where the large carbonyl
chemical shielding tensor may influence the Hartman–Hahn
match condition. The length of the OCDCP, DCP, and APCP
experiments are 2.4, 1.8, and 8 ms, respectively.

From the plots in Fig. 3, it is evident that the OCNCA
and OCNCO experiments compensate very well for the rf
inhomogeneity imposed in the optimizations leading to
transfer efficiencies exceeding 60–70% in the relevant
regime (for OCNCO the maximal transfer is 78%) and an
overall transfer of 65% when coadding weighted contribu-
tions from all isochromats in the case of correlated (i.e.,
same scaling factor on both channels) 5% Lorentzian inho-
mogeneity profiles on the two channels. For the DCP and
APCP experiments, the maximal transfer efficiencies for the
best isochromats are 35% and 65% for NCA/NCO, with an
extremely narrow profile (in particular for DCP), and an
overall transfer efficiency of 25/29% and 56/55% for
NCA/NCO DCP and APCP experiments, respectively,
when adding all isochromats in case of 5% Lorentzian
inhomogeneity. We note that the optimizations may read-
ily be set up to cover situations with larger inhomogeneity
essentially without reducing the efficiency of the OC
experiments.

A major concern in the design of optimal coherence
transfer schemes for biological applications is the chemical
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shift range over which the method works. The method has
to be sufficiently broadbanded to ensure transfer of coher-
ence from the initial state to the desired target state for all
spin pairs of the same type in the sample independent on
their chemical shifts. At the same time, it may for sensitiv-
ity, spectral simplicity, digitalization, or rf power consump-
tion reasons be desirable to restrict the transfers to specific
bands of chemical shifts instead of using excessively broad-
banded experiments. In this study, we focus on band-selec-
tive experiments accomplishing specific 15N fi 13Ca and
15N fi 13C 0 transfers and not a mixture between the two.
Accordingly, the NCA and NCO experiments were opti-
mized to cover 40, 25, and 14 ppm bands (full width)
around the isotropic chemical shifts of amide 15N, 13Ca,
and 13C 0. The performance of the OCNCA and OCNCO
sequences with respect to resonance offset are given in
Fig. 4, along with comparisons to DCP and APCP. All
curves takes into consideration 5% Lorentzian rf inhomo-
geneity. From the plots, it is clear that optimal control
enables design of band-selective excitation schemes with
perfect tailoring of the frequency range (here rectangular
shapes, but it could be designed to any profile) over which
the excitation occurs with an efficiency exceeding 60% while
the efficiency rapidly decreases to zero outside this band.
We note that the excitation bands of DCP and APCP will
never be rectangular shaped and that the efficiencies in the
‘‘hot spots’’ are lower than for the optimal control
sequences, in particular for the DCP experiment. For the
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latter experiments, the profile can obviously be adjusted by
changing the rf field strengths and the parameters for the
tangential shape for APCP. However, this has the draw-
back that, e.g., increase/decrease of the isotropic chemical
shift bandwidth will typically scale the bandwidth on both
channels simultaneously and may often be associated with
increased sensitivity towards chemical shielding anisotro-
pies (in case of decreased rf fields) or result in increased
sensitivity to rf inhomogeneity and demands to proton
decoupling (and thereby increased sample heating) in case
of increased rf fields.

In comparing the quality of the recoupling experiments
in terms of sensitivity towards rf inhomogeneity and off-
sets, it is relevant to emphasize that the favorable perfor-
mance of the optimal control experiments appears while
simultaneously decreasing the demands to the rf power,
and thereby associated problems with sample heating.
For the OCNCA and OCNCO experiments the root-mean-
square average 13C/15N rf powers are in the order of 14/
17 kHz while it is 33/21 kHz for the corresponding DCP
and APCP experiments. Taking into account the different
lengths of the experiments, this corresponds to relative rf
energy factors (i.e., the squared rf field strength multiplied
by time accumulated for the full sequence) 0.57/0.32 (opti-
mal control, 2.4 ms), 1/1 (DCP, 1.8 ms), and 4.45/4.44
(APCP, 8 ms) for the 13C/15N rf irradiation in NCA exper-
iments. For NCO experiments the corresponding numbers
are 0.62/0.40 (optimal control, 2.4 ms), 1/1 (DCP, 1.8 ms),
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and 4.05/4.44 (APCP, 8 ms). Considering that irradiation
on the 1H channel with an rf field strength is typically
2.5–3 times the rf field strength on the low-c channel with
strongest rf irradiation, it is clear that the most relevant
comparison concerns the optimal control experiments
and DCP. On the other hand, if extended excitation times
are acceptable, it is relevant to consider APCP or probably
more favorably optimal control experiments optimized for
longer excitation periods.

In Fig. 5, we explore the robustness of the optimal con-
trol derived OCNCA and OCNCO pulse sequences towards
changes in the spinning frequency and the static external
magnetic field relative to the parameters used in the optimi-
zations, and compare their performances to that of DCP
and APCP. It is evident that the optimal control
sequences—as expected—are less tolerant towards varia-
tions in the spinning speed than to traditional recoupling
experiments, but certainly sufficiently robust to ensure that
it is insensitive to any typical variation in the spinning
speed using standard solid-state NMR equipment (other-
wise, it would have been straightforward to optimize the
experiments to compensate for a reasonable variation in
the spinning frequency). For more general applications,
however, it is also clear that OC sequences are not ‘‘scal-
able’’ as standard recoupling experiments with respect to
substantial changes of the spinning frequency. This was
clear already at the stage of the optimizations. Considering
the other positive quality factors of the optimal control
sequence, we do not consider this a major practical prob-
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possible efficiency [17].
lem. This applies not least when noting that for most appli-
cations published so far the spinning speed falls into three
categories: (i) low-speed spinning 4–7 kHz dictated by a
wish to use recoupling sequences with relatively high rf-
to-spinning-speed demands while simultaneously requiring
efficient 1H decoupling, (ii) fast spinning 10–14 kHz being
dictated by the wish of having less intensity of the carbo-
nyls and aromates going into sidebands, while avoiding
the sidebands interfering with the aliphatic region of the
spectrum, or (iii) ultra-fast spinning 30–70 kHz to use
DREAM [54] or J-based TOBSY [50] transfers, or the
more recent CMAR [55] experiments. Accordingly we
believe that derivation of optimal control sequences for a
few selected spinning frequencies will cover the full range
of typical applications.

The right-hand column of Fig. 5 illustrates that the opti-
mal control sequence are very robust towards variation in
the static magnetic field, and hence can be used with benefit
for practically all relevant magnetic fields, provided the
chemical shift ranges optimized (along with the sequence)
are adequate. It is also clear that the gain relative to the
DCP and APCP experiments (optimized numerically for
700 MHz) becomes more pronounced for higher fields,
illustrated e.g., by gain factors of 2.49/3.29 and 1.14/1.34
for relative to DCP and APCP in NCA transfers at 700/
900 MHz, while the corresponding numbers are 2.25/4.01
and 1.26/1.63 for NCO transfers.

As a final topic in our numerical demonstration of the
capability of optimal control recoupling experiments for
500 700 900

ω (MHz)/2π0

d) external magnetic field (in 1H MHz) dependencies for the OCNCA and
the dotted line uses xC

rf=2p ¼ 32 kHz) and APCP (dash–dot line; for NCO
NCO transfers. The DCP and APCP experiments use rf field strengths of

angential shape of the adiabatic sequences optimized to provide highest
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biological applications, we examine variation in the inter-
nuclear distances and the ability of optimal control recou-
pling experiments to extract information about
internuclear distances from excitation profiles. We note
that this is not a primary issue for the use in assignment
protocols, but more an issue of general interest since dipo-
lar recoupling experiments so far has been proposed/used
both for specific transfers and for measurement of dipolar
coupling constants. To explore the latter aspect, Fig. 6
shows the transfer efficiency as function of time and as
function of dipolar coupling strength for the proposed
OCNCA and OCNCO experiments. These curves reveal that
although the experiments are designed for specific dipolar
couplings and for fixed time, it is possible to derive infor-
mation about internuclear distances from the excitation
profiles. This subject is currently under further investiga-
tion, with specific focus on the use of optimal control
derived pulse sequences for measurement of nuclear spin
interactions to probe structure and dynamics.
4.2. Experimental demonstrations for U–13C,15N-ubiquitin

The ultimate tests of the performance of the optimum
control experiments involve experimental demonstrations
for samples of practical relevance. For this purpose, we
have performed a series of 1D, 2D, and 3D experiments
on a uniformly 13C,15N-enriched microcrystalline sample
of ubiquitin—a small globular protein consisting of 76
amino acid residues. With the aim of conducting experi-
ments with least possible sample heating effects, we
restricted the experimental comparison to the relatively
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here address two individual pulse sequences, optimized to be at maximum at t
for the various time points—which will require individual optimizations and th
dipolar coupling constant bNC/2p. In latter plots, the vertical bar indicate typ
short OC and DCP recoupling experiments (2.4 and
1.8 ms, respectively) while leaving out the adiabatic exper-
iments which require very long periods (in the order of
8 ms) with strong rf irradiation (21, 33, and around
100 kHz for the 15N, 13C and 1H channels, respectively).

In Fig. 7, we compare the performance of OCNCA/
OCNCO experiments with the corresponding DCP experi-
ments for 15N fi 13Ca/15N fi 13C 0 coherence transfer for
ubiquitin at 16.4 T (700 MHz for 1H) and using 12 kHz
spinning. The figure is organized with 1D spectra for spe-
cific comparison of transfer efficiencies to the left, and
2D 15N,13C chemical shift correlation spectra obtained
using the optimal control sequences to the right. Compar-
ing the 1D spectra to the left the OCNCA and OCNCO
sequences provide gain factors of 1.33 and 1.57 relative
to the corresponding DCP experiments, translating into
time reduction factors of between 1.8 and 2.5 which obvi-
ously serves a useful resource in practical applications.
We should note that the experimental gains—although
quite substantial—are lower than the theoretically pre-
dicted gains, which may be due to several factors currently
to be explored. Differences in the specific rf inhomogeneity
profiles (e.g., smaller experimental inhomogeneity) could
influence the results, likewise may instrumental imperfec-
tions such as phase transients play a role. Despite this dis-
crepancy, the 2D spectra support the overall view from the
1D spectra, namely that the sensitivity gain appears uni-
formly over the NCA and NCO spectra regions and that
a spectral quality similar to that previously reported for
spectra of uniformly 13C,15N-isotope labeled ubiquitin
[7,56,57] has been obtained.
bNC
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With reference to the extensive numerical analysis of the
DCP and optimal control recoupling experiments in the
previous sections, it seems relevant to explore experimen-
tally the performance of these experiments on ubiquitin
and demonstrate the superior performance of the optimal
control experiments. For this purpose, Fig. 8 shows the
influence of different 13C (Fig. 8a) and 15N (Fig. 8b) rf field
scaling factors for DCP (upper row) and OCNCO (lower
row) for the case of 15N fi 13C 0 transfer. Indeed, these
arrays of 1D spectra of the carbonyl region reveal that
the OCNCO experiment is much more robust to rf inhomo-
geneity than the DCP experiment not only providing signif-
icantly higher sensitivity but also greatly facilitating the
experimental setup and long-term stability of the experi-
ments for biological applications.

To experimentally demonstrate the chemical shift speci-
ficity of the optimal control designed experiments, Fig. 9
shows a series of 1D 15N fi 13C 0 spectra plotted as function
of the rf carrier position (i.e., chemical shift offset) for (a)
13C and (b) 15N for the DCP (upper row) and OCNCO
(lower row) for uniformly 13C,15N-isotope labeled ubiqui-
tin. These spectra clearly demonstrate the power of optimal
control based procedures in designing experiments with
appropriate band-selective excitation profiles covering the
region of specific interest (vide infra, note that in the pulse
sequence optimization, penalty was not given to transfer
outside the desired spectral window, implying a smooth fall
off, relative to a sharp cutoff that may have been obtained
upon incorporating request on zero transfer outside this
window in the optimization).

As a final example, Fig. 10 demonstrates the use of the
OCNCO transfer element as a building block in a 3D exper-
iment correlating 15N, 13C 0, and 13C chemical shifts on the
x1, x2, and x3 axes in a so-called NCOCX experiment. The
pulse sequence is shown schematically in Fig. 10a with an
OCNCO element, following the 1H–15N cross-polarization,
transferring magnetization exclusively from 15N to the pre-
ceding carbonyl in the protein backbone. The DARR ele-
ment, consisting of two p/2 pulses on 13C and a weak rf
field (rf field strength matching the rotor frequency)
applied to 1H, causes a broadband 13C–13C magnetization
transfer facilitating establishment of the desired chemical
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Fig. 8. Experimental 1D spectra (only carbonyl regions are shown) illustrating the performance of 15N fi 13C 0 coherence transfer for uniformly 13C,
15N-labeled ubiquitin as function of scaling (j = 1 corresponds to the optimal rf fields) of the (a) 13C and (b) 15N rf field strengths applied during the
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Fig. 9. Experimental 1D spectra illustrating the performance of 15N fi 13C 0 coherence transfer for uniformly 13C,15N-labeled ubiquitin as function of
13C (a) and 15N (b) offset during DCP (upper row) and OCNCO (lower row) recoupling.
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shift correlations. Fig. 10b shows the 13C 0 (left) and 13Ca

(right) regions of the 3D spectrum, while Fig. 10c shows
2D slice elements of the 3D spectrum extracted for x1/
2p(15N) = 119.5 ppm. On these slice elements, three
15N–13CO–13Ca correlations are seen, and the assignments
are given.

5. Conclusions

In conclusion, we have in this paper demonstrated the
applicability of optimal control theory for numerical opti-
mization of dipolar recoupling experiments with relevance
for typical biological solid-state NMR. The optimal con-
trol OCNCA and OCNCO pulse sequence elements pro-
posed for 15N fi 13Ca and 15N fi 13C 0 coherence transfer
in 2D and 3D NCA and NCO type chemical shift correla-
tion experiments provide 35–60% higher transfer efficien-
cies than typical DCP-based alternatives while keeping
the pulse sequence short and reducing the required rf field
strengths by factors of 2–3. The latter is very important for
biological applications where sample heating is a major
issue of concern. The sensitivity gains result from improved
robustness towards rf inhomogeneity and band-selective
transfer between the spins of relevance. These features also
render the optimal control experiments easy to setup rela-
tive to DCP and APCP experiments which are critically
depending on the match between the two rf fields mutually
and relative to the sample spinning frequency. We also
demonstrated that the optimal control sequences, despite
their many pulses with different amplitudes and phases,
are not more susceptible to errors than conventional exper-
iments. Actually, it proves to be exactly the opposite, the
complexity of the experiments serves to compensate for
many of the errors typically encountered in practical appli-
cations, as they are made part of the design requirements.

Obviously, the two experiments chosen in this study for
demonstration of the applicability of optimal control
experiment design in biological solid-state NMR do not
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by any means fulfill the needs for all new and improved
experiments. We foresee that similar improvements can
be found for essentially all relevant coherence transfers,
and that thereby optimal control pulse sequence elements
will find their way into a majority of the pulse sequences
presently used for biological solid-state NMR spectros-
copy. This may be numerically derived pulse sequences,
as presented here, or analytically derived ‘‘normal’’ pulse
sequences designed with inspiration from the optimal con-
trol experiments.
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