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CONS P EC TU S

R apid developments in solid-state NMR methodology
have boosted this technique into a highly versatile

tool for structural biology. The invention of increasingly
advanced rf pulse sequences that take advantage of better
hardware and sample preparation have played an impor-
tant part in these advances. In the development of these
new pulse sequences, researchers have taken advantage of
analytical tools, such as average Hamiltonian theory or
lately numerical methods based on optimal control theory.

In this Account, we focus on the interplay between these
strategies in the systematic development of simple pulse
sequences that combines continuous wave (CW) irradiation
with short pulses to obtain improved rf pulse, recoupling,
sampling, and decoupling performance. Our initial work on this problem focused on the challenges associated with the increasing
use of fully or partly deuterated proteins to obtain high-resolution, liquid-state-like solid-state NMR spectra. Here we exploit the
overwhelming presence of 2H in such samples as a source of polarization and to gain structural information. The 2H nuclei possess
dominant quadrupolar couplings which complicate even the simplest operations, such as rf pulses and polarization transfer to
surrounding nuclei. Using optimal control and easy analytical adaptations, we demonstrate that a series of rotor synchronized
short pulses may form the basis for essentially ideal rf pulse performance.

Using similar approaches, we design 2H to 13C polarization transfer experiments that increase the efficiency by one order of magnitude
over standard cross polarization experiments. We demonstrate how we can translate advanced optimal control waveforms into simple
interleaved CW and rf pulse methods that form a new cross polarization experiment. This experiment significantly improves 1H�15N and
15N�13C transfers, which are key elements in the vastmajority of biological solid-stateNMRexperiments. In addition,we demonstrate how
interleaved sampling of spectra exploiting polarization from 1H and 2H nuclei can substantially enhance the sensitivity of such experiments.
Finally, we present systematic development of 1H decoupling methods where CW irradiation of moderate amplitude is interleaved with
strong rotor-synchronized refocusing pulses. We show that these sequences remove residual cross terms between dipolar coupling and
chemical shielding anisotropy more effectively and improve the spectral resolution over that observed in current state-of-the-art methods.

Introduction
Solid-state NMR has undergone an impressive develop-

ment to become a tool used in wide areas of research

ranging from materials science to structural biology. This

has been driven by advances in hardware, sample prepara-

tion, pulse methods, and data interpretation software.

Hardware improvements involve, for example, stronger

magnets, faster rf, hyperpolarization, and probes with fast

magic-angle spinning1 (MAS). For biological applications,

large-scale sample preparation methods have been estab-

lished to generate homogeneous samples with uniform,

sparse, or specific incorporation of 13C, 15N, or 2H isotopes.2�5
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In parallel, there has been extensive development of pulse

sequences and software facilitating studies of structure and

dynamics of increasingly complex biological systems.6,7

NMR is an insensitive technique, which for solids faces

problems with broad lines and low spectral resolution. In

absence of fast isotropic molecular motion, anisotropic nuclear

spin interactions lead to severe line broadening. The dominant

part of this broadening may be eliminated using oriented

samples,8 as used to study proteins in lipid bilayers9�13

(review in ref 14) or MAS with the sample rotating fast around

an axis inclined by 54.74� with respect to the static field. In this

manner, high-resolution spectramay be obtained routinely for,

e.g., 13C and 15N. To improve the resolution and establish spin

connectivities, it is commonplace to spread the signals into

multidimensional spectra. Suchmethods are now highly devel-

oped and numerous structural studies have been carried out

on proteins inmicrocrystalline4,15�19 and fibrillar20�24 form as

well as onmembrane proteins in lipid environments25�27 and

proteins in larger complexes.28,29

MultidimensionalMASNMR relies onmagnetization trans-

fer between various nuclei, for example, 1Hf13C, 13Cf13C,

or 15Nf13C. These transfers rely on reintroduction (so-called

recoupling) of the relevant dipole�dipole couplings which in

MAS experiments are averaged by sample spinning. Since

sensitivity is a crucial issue, large efforts are put into optimiz-

ing the efficiencies of such elements. The need for efficient

transfers can be rationalized by a multidimensional experi-

ment, typically involving 2�4 recoupling elements. An effi-

ciency of 40% in each transfer has as consequence that only

3�16% of the magnetization “survives” the transfers,

whereas an efficiencyof 66% leaves 20�44% for acquisition.

The implication is that toobtain the samesignal-to-noise ratio

in the spectra after two-four recoupling elements for the two

cases, the time needed for the “low efficiency case” can be

8�40 times that of the latter, strongly motivating develop-

ment of efficient recoupling methods to retain sensitivity.

With similar aim, it is of interest to exploit all resources of

polarization, that is, focusing on nuclei with high gyromag-

netic ratio and abundance. Here excitation/detection

through 1H spins is obvious, as used extensively in liquid-

state NMR. In solid-state NMR, there is an increasing interest

in 1H detection, being complicated by strong 1H�1H dipolar

couplings calling for homonuclear decoupling, extremely

fast spinning, and so forth. An alternative approach involves

diluation of 1H spins (e.g., 5�10% protons at labile sites;

corresponding to 1�2% of the proton sites) through exten-

sive deuteration during preparation.30�37 This leads to a

gain in sensitivity throughdetectionof 1H, but also substantial

loss in sensitivity due to dilution of the detectable spins.

Thus, it may be of interest also to look into the deuteron

polarization.

In addition to sensitivity, it is crucial to obtain optimum

spectral resolution calling for efficient heteronuclear decou-

pling methods removing residual couplings between the

detected spins and surrounding hetero nuclei. The most com-

monplace situation is 13C detection in samples with abundant
1H spins, which calls for efficient 1H decoupling. This challenge

has motivated design of increasingly advanced decoupling

experiments.

Addressing the needs for sensitivity and resolution in biolog-

ical solid-state NMR, we will in this Account demonstrate

systematic development of efficient rf pulses, dipolar recou-

pling, interleaved sampling, and heteronuclear decoupling

methods eventually represented as simple combinations of

continuous wave (CW) irradiation and interleaving rf pulses.

Efficient rf Manipulation of 2H Spins
Dilution of protons by 2H paves the way for 1H-detected

solid-state NMR. Relating to proteins, this may be accom-

plished through expression of perdeuterated samples com-

bined with reintroduction of 1H at labile positions. Such

preparations have proven useful to obtain highly resolved
1H-detected spectra.30�37 The use of deuterated samples

renders it relevant to exploit the abundant deuterons, not

only as a source of sensitivity but also as probes for

dynamics38 or separating domains capable of or not capable

of 1H exchange. For this to be realized, it is fundamental to

have efficient rf pulses for 2H. The complication herein is the

presenceof aquadrupolar coupling interaction, in theorder of

200 kHz in frequency units. This markedly influences the

effect of rf pulses unless very strong rf fields are applied, as

Illustrated in Figure 1 showing single-pulse (Figure 1a) excita-

tion and inversion of 2H signals from U�2H,13C glutamine

(Figure 1d). It is evident that inversion is inefficient and cannot

be carried out using a simple single pulse at normal rf power.

This is illustrated numerically in Figure 1f, where an extreme

of 500 kHz rf irradiation is required for full inversion.

To develop pulse schemes, for example, addressing a

challenge like efficient rf pulses for 2H MAS NMR, typically

analytical tools as average Hamiltonian theory (AHT),39

refined AHT variants,40,41 Floquet theory,42 or numerical

approaches have been employed. Recently, attention has

devoted to numerical procedures relying on optimum con-

trol (OC) theory43 where NMR-adapted algorithms44�48

have proven useful for design of experiments in liquid-49

and solid-state NMR,50,51 as well asMRI.52,53 The advantage
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of OC is that it enables consideration of all relevant param-

eters (related to instrument or spin system), and relative to

standard nonlinear optimization it facilitates optimizations

of a very large number of pulse variables. Accordingly, OC

sequences take the form of arrays of pulses with varying

amplitudes and phases, that is, rf waveforms.

Returning to pulses for 2HMASNMR,we appliedOC in the

design through specification of a powder of 2H nuclei with

typical quadrupolar coupling parameters, 400 MHz static

field, 20 kHz MAS, a realistic limit for the rf field strength, as

well as typical variations in offset and rf inhomogeneity. In

the iterative optimization, the amplitudes and phases of 40

pulses of 5 μs each were varied to provide the inversion

pulse in Figure 1b. Effectively, this pulse sequence consists of

four pulses each separated by a rotor period among much

weaker pulses. This simple OC sequence inspired a solution

to 2Hpulses inMASNMR, namely, so-called Rotor Echo Short

Pulse IRrAdiaTION (RESPIRATION) pulses as shown in

Figure 1c.54 Such pulses are easy to understand in the sense

that instead of a “long” pulse through which the orientation-

dependent quadrupolar coupling varies and thereby in-

duces different effects for different crystallites, the pulse is

divided into small segments applied at the rotor echoes with

identical influence from the anisotropic interaction each

time. It is seen from experimental spectra (Figure 1e) and

simulations (Figure 1g) that the simple excitation scheme in

Figure 1c is indeed useful. The RESPIRATION pulses, which

can consist of two or more pulses each separated by a rotor

period, may replace single pulses in experiments applied to

quadrupolar nuclei where irregular pulse performance is a

challenge. An independent study focusing on excitation of
14N nuclei makes use of similar principles.55

Exploiting 2H Polarization in Perdeuterated
Proteins
Being able to control 2H pulses, the next need is transfer of

polarization from 2H to nuclei such as 13C and 15N. Here the

cross-polarization (CP) technique56 does not perform ade-

quately unless using very strong rf fields. This is not satisfac-

tory, considering the desired use of 13C and 15N coherence

for assignment and structural constraints. The typical argu-

ments for CP is to exploit an advantage in polarization due to

the higher gyromagnetic ratio of the donating spin, and also

a gain in accumulation speed due to shorter T1 of, for

example, 1H relative to 13C.56 In the former regard, the idea

of transferring magnetization from 2H to 13C may seem

counterintuitive considering that γ for 2H is lower than for
13C.However, T1 is typical orders ofmagnitude shorter for 2H

FIGURE 1. (a) 2H rf pulse leading to the experimental excitation (upper) and inversion (lower) spectra of 2H,13C-glutamine in (d) using 50 kHz rf
amplitude at 20 kHz MAS and to the simulated trajectories in (f) starting from Iz for a powder of 2H spins (CQ = 180 kHz, η = 0.1) using amplitudes of
500 (red), 100 (green), 60 (blue), and 30 (magenta) kHz. (b) Optimal control pulse (top, amplitude; bottom, phase), and (c) analytical RESPIRATION-4
pulse inspired from OC. (e) Experimental excitation (upper) and inversion (lower) spectra as in (d) acquired with the RESPIRATION-4 pulse. (g) Same
trajectories as in (f) with the RESPIRATION-4 pulse. Figure reproduced with permission from ref 54. Copyright 2011 American Chemical Society.
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than for 1H and 13C, paving theway for very fast experiment

repetition when 2H is taken as source. We note that with an

extensively deuterated sample, high-power 1Hdecoupling is

not needed during acquisition. Another argument is the high

abundance of 2H relative to 1H in deuterated samples,

implying that the deuterons upon appropriate CP could

contribute more 13C or 15N polarization than the 1H spins.

Accordingly, it makes sense to develop the potential for
2Hf13C transfer in perdeuterated samples. It is easily de-

duced that the simple CP experiment and e.g. ramped

variants,57 does not offer high efficiency and in simulations

for a two-spin 2H�13C model, only 1/4�1/3 of the magne-

tization is transferred even using strong rf fields. Adapting

the OC design strategy, it proves possible, even when

including offsets and rf inhomogeneity, to achieve 85%

efficiency.54 phases and amplitudes for the OC pulse trains

(OCCP) are shown in Figure 2a, and although looking chaotic,

some systematics are visible, for example, for the 2H rf ampli-

tudes where strong pulses are separated by rotor periods.

An experimental demonstration of 2Hf13C OCCP is given

in Figure 2b�d for uniformly 2H,13C,15N-labelled R spectrin

SH3 with 100% 1H back substitution at exchangeable sites.

An optimized ramped CP spectrum is shown in Figure 2b,

while Figure 2c provides the corresponding OCCP spectrum

increasing the sensitivity by a factor of 4. Combining OCCP

with initial RESPIRATION excitation (Figure 2d) adds another

factor of 2.5, hereby approaching a factor of 10 relative to

standard CP. The increase in sensitivity obtained replacing a

standard 90� pulse with a RESPIRATION-4 90� pulse is

ascribed to removal of the orientation dependent intensity

and phase distortion produced by the conventional pulse

(compare Figure 1f and g). Overall this demonstrates not

FIGURE 2. (a) rf amplitudes (top) and phases (bottom) for the 2H (left) and 13C (right) channels of an optimal control 2Hf13C CP experiment. (b�d)
2Hf13C transfer experiments (20 kHz spinning) of perdeuterated, amide 1H back-exchanged U�13C,15N R spectrin SH3 domain acquired using (b)
ramped CP, (c) OCCP, and (d) RESPIRATION-4 OCCP. Figure reproduced with permission from ref 54. Copyright 2011 American Chemical Society.
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only the power of OC experiment design, but also provides us

with two important elements (rf pulses and cross polarization)

needed to exploit 2H polarization in perdeuterated proteins.

Harvesting 1H and 2H Polarization through
Interleaved Sampling
The strong interest in deuterated 13C,15N-labeled proteins

with full/partial 1H back substitution of the labile sites

motivates design of experiments exploiting both 2H and
1H. As demonstrated above 2Hf13C transfer serves as an

efficient means for excitation of 13C. However, as also

revealed from Figure 2, for example, carbonyls are not

excited in 2H-based spectra since 2H�13C dipolar couplings

are rather weak, and mostly transfer from 2H to directly

bonded 13C is facilitated. Also, with 1H back substitution,
1Hf13C transfer remains attractive for 13C excitation.

To exploit complementary 1Hf13C and 2Hf13C trans-

fers, a sampling strategy using dual acquisition with a single

receiver was developed which also pinpoints the inefficient

use of spectrometers in standard experiments. In 13C CP/MAS

experiments, the time spent on the pulse sequence and acquisi-

tion typically last less than 50 ms whereas the repetition delay

amounts to2�4s.Oneapproach tomoreefficient spectrometer

usage has been the introduction of paramagnetic agents in the

sample which greatly reduce the 1H T1 relaxation time.58�61

Another approach was based on different 13C relaxation times

and selective pulses.62 Here we exploit the different relaxation

times of 2H and 1H in partly deuterated proteins, with the

specific T1's depending on the degree of deuteration.36 The

much shorter T1 for 2H relative to 1H makes it attractive to

interleave 1H- and 2H-based experiments using the pulse

sequence in Figure 3a. In this 1D version of the so-called

Relaxation-optimized Acquisition of Protons Interleaved with

Deuterium (RAPID) experiment,36 8�16 2Hf13C RESPIRATION
OCCP scans are recorded for each 1Hf13C CP scan. Hereby the

waiting time for the proton experiment is used to take com-

plementary polarization from the deuterons. Figure 3e demon-

strates the possibility to enhance the overall sensitivity through

summation of simultaneously sampled spectra from 1Hf13C

CP (Figure 3c) and 2Hf13C CP (Figure 3d). In addition, Figure 3

reveals interesting differences in the two 13C spectra of

U�2H,13C,15N-SH3 with 100% 1H back substitution due to the

different sources of polarization.

AssemblingOCCP into aNewCross-Polarization
Experiment
Exemplified by the 2H pulse and 2Hf13C CP elements, OC

proves to be a great tool for pulse sequence design.

However, it is evident thatmost OC sequences are represented

by complicated rf waveforms and it may be claimed that they

are designed for specific spin systems at given conditions. Both

may hamper their widespread application, and may concern

the user as being “black-box” elements in experiments other-

wise in control of the user through understandable physics.

Accordingly, there is an interest in transforming OC sequences

into “easier-understandable” sequences resembling those de-

signed by traditional means or at least let OC guide what is

possible and subsequently try to reach this analytically.

In favorable cases, insight can be gained by searching for

patterns in the OC sequences that may be converted into

standard pulse elements. One such example is the Rotor

Echo Short Pulse IRradiaTION mediated Cross-Polarization

(RESPIRATIONCP)63 sequence which closely resembles the OC se-

quence for 2Hf13C transfer (Figure2a). Thegeneralized solution

(Figure 4a) is a simple rotor synchronized sequence consisting of

two “CW periods” with opposite phases on one rf channel

followed by simultaneous short pulses on both channels.

ThemechanismofRESPIRATIONCPmaybedescribedusingAHT.

The interaction frame effective dipolar Hamiltonian (assuming

90� flip angles for the pulses) for a IS two-spin system is givenby

H~hhDIS ¼ 8
3π

(ω(1)
D þω( �1)

D )(IySz � IzSy )þ (ω(2)
D þω( �2)

D )(IySy � IzSz )

revealing recouplingof twopairsof Fourier components. This

leads to a transfer efficiency which is higher than the

FIGURE 3. (a) RAPID 1Hf13C/2Hf13C CP experiment with the left part
representing the 1H-based experiment, interleaved with m 2H
RESPIRATION-4 OCCP experiments (right). (b) Cartoons illustrating
transfers of magnetization in the two experiments. (c) 1Hf13C CP/MAS
and (d) 2Hf13C RESPIRATION-4 OCCP spectra extracted from a RAPID
1Hf13C/2Hf13C CP data set recorded on [100%-U�2H/1H,13C,15N]
SH3. (e) Sum of the two spectra in (c) and (d). Figure reproduced from
ref 77 with permission.
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celebrated γPR-encoded sequences,64 since the terms ω(1) þ
ω(�1) = bIS sin(2βPR) cos(γPR)/(2

√
2) and ω(2) þ ω(�2) =

�bIS sin
2(βPR) cos(2γPR)/4 (bIS is the dipolar coupling; constant

βPR and γPR are Euler angles relating rotor and crystal frames

of reference, respectively) more efficiently exploit crystallites

with different βPR angles.
RESPIRATIONCP is not restricted to 2Hf13C transfer; it forms

a general CP experiment that can be used for a wide range

of nuclei and experimental conditions, as exemplified nu-

merically in Figure 4b through improvement of 1Hf15N and
15Nf13C transfers. Experimental demonstrations are given

in Figure 4c�f for U�13C,15N-GB1, where a gain of 30% in

sensitivity is observed for the 1Hf15N transfer as compared

to conventional ramped CP, and a gain of 80% is observed

for the 15Nf13C transfer relative to conventional adiabatic

Double Cross-Polarization (DCP).65 In combination, this pro-

vides a factor of 2 in gain as seen in Figure 4c,which following

two consecutive 2D experiments (Figure 4d,f) increased to a

factor 4 in gain for the RESPIRATIONCP experiment for reasons

discussed in the following.

Since RESPIRATIONCP only applies CW irradiation on one

channel, the overall power requirement is less than that for

Hartmann�Hahn matched CP, DCP, and derivative

experiments.57,66�68 Furthermore, RESPIRATIONCP is highly

tolerant to rf amplitude settings, hereby to a great extent

reducing the cumbersome job of optimizing parameters. On

the same token, it reduces sensitivity losses due to rf detun-

ing during long-term experiments for hydrated/lossy sam-

ples explaining the additional factor of 2 in gain of sensitivity

for the 2D experiments in Figure 4d,f. Another advantage of
RESPIRATIONCP is its broadbandedness on the channel with

CW irradiation. This facilitates recording of NCA and NCO

transfers in one experiment, which for conventional/adia-

batic DCP requires very strong rf during 15N�13C recoupl-

ing.69 In another perspective the channel only containing

short rf pulses is easily adaptable to nuclei with large

anisotropic interactions.

Efficient 1H Decoupling Using CW and
rf Pulses
Turning to 1H decoupling in 13C/15N-detected solid-state

NMRexperiments,many sophisticated techniques exist with

improved performance compared to CW decoupling. These

includes Two Pulse PhaseModulation (TPPM),70 Small Phase

Incremental Alternation (SPINAL),71 and broadband ver-

sions of these, for example, swept-TPPM,72 swept-SPINAL,73

and supercycled-swept-TPPM.74 Thesemethods havemark-

edly improved the resolution in solid-state NMR spectra, but

they have in common that their performance depends

critically on careful optimization. This involves the ratio

FIGURE 4. (a) RESPIRATIONCP pulse sequence (ωr, spinning speed; n, small integer; τr, rotor period). (b) SIMSPSON78 simulations comparing RESPIRATIONCP
(blue)with standardCP (Red) for 1Hf15N transfer (solid lines) and 15Nf13C transfer (dashed lines). (c) 1Dand (d�f) 2D (projections in (e)) NCA spectra of
U�13C,15N-GB1 (9.4 T, 30kHz spinning). Blue spectra are obtainedusing RESPIRATIONCP,while red spectra use conventional rampedCP 1Hf15N (350μs)
and adiabatic 15Nf13C (3 ms) transfers. Figure reproduced with permission from ref 63. Copyright 2012 American Chemical Society.
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between the rf field strength and the spinning speed, but

also pulse length and phase parameters.

To remedy these problems and make decoupling robust

toward anisotropic shielding at high fields, we undertook

development of efficient decoupling sequences based on

AHT analysis of a simple 13C�1H (in the following denoted S

and I, respectively) spin system.75 This exposed a critical

second-order term proportional to 2IxSz and two-third-order

terms proportional to 2IzSz and 2IySz, appearing as cross

terms between dipolar coupling and chemical shielding

anisotropy of the I spin. By incorporation of a y-phase

π-pulse, it is possible to refocus evolution due to the second-

order and 2IzSz third-order terms. Further incorporation of an

x-phase π-pulse refocuses evolution due to the 2IySz term.

This approach yields the decoupling sequences A and B in

Figure 5a. Another attempt to remove second- and third-

order terms uses phase-alternated elements. In the analysis

semicontinuous BCH40 calculations are applied, and the

resulting sequences are shown as variants C and D in

Figure 5a. Introduction of π/2-purging pulses downscale

terms unaffected by π-pulses, for example, terms like

4I1xI2xSz which occur if two or more coupled protons

FIGURE 5. (a) rCW decoupling sequences (open boxes, CW irradiation; closed bars, π pulses; dashed bars, π/2 pulses). (b) Simulations of 13C fids and
spectra ((100 Hz region) using different decoupling sequences for CH (top) and CH2 (bottom; spectra scaled by factor 10). Average decoupling
rf-field strengthsof 93.7 kHz (for rCW:90kHzCWand222kHzpulses), 20kHz spinning, anda static field of 850MHz. Reddots indicate10ms intensity.
(c) Experimental comparison of 13C spectra (850 MHz spectrometer, 20 kHz spinning, 30 ms acquisition, no apodization) for 25% 13C-glycine using
70 kHz rf decoupling field strength with 222 kHz refocusing pulses. Figure reproduced from ref 75 with permission.
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are present, leading to sequence E in Figure 5a. Common to

the sequences A�E is the refocusing element, and they are

named rCWA-rCWE (rCW: refocused CW).

The rCW schemes are compared to CW and state-of-the-

art decoupling through numerical simulations in Figure 5b

assuming CH (top) and CH2 (bottom) spin systems. Both fids

and spectra are shown, and the red dots indicate intensities

in the fids at 10 ms. It is evident that rCW has a great

potential for heteronuclear decoupling for CH and CH2 spin

systems, in the latter case also handling homonuclear cou-

plings with a visible effect of the purging pulses in the rCWE

sequence. The performance is analyzed experimentally in

Figure 5c, through line shapes observed for CR in glycine in

the case of decoupling with rf field strengths in the order of

70 kHz. Optimum conditions are found for moderate CW rf-

field strengths combinedwith high-power refocusing pulses,

under which conditions rCW outperform the state-of-the-art

sequences. The somewhat peculiar result that the rCWA se-

quence is found most efficient is ascribed mainly to a small

third-order 2IySz term for the glycine sample. Overall, the

performance of the rCW sequences are at least on par with

the state-of-the-art sequenceswith theadditional gainof easier

optimizization. Furthermore, the rCW sequences are found to

be well-performing for large chemical shift anisotropies as

evidenced in a recent study of 19F decoupling.76

We have in this Account demonstrated how biological

solid-state NMR may be improved in terms of sensitivity and

resolution through systematic design of rf pulses, recoupling,

sampling, and decoupling methods. Our design involved

optimal control and average Hamiltonian analysis, hereby

serving to demonstrate that combinations of these tools

may lead to efficient, yet analytically understandable pulse

sequences with impact on experimental performance.
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