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The accurate experimental determination of dipolar-coupling constants for one-bond heteronuclear
dipolar couplings in solids is a key for the quantification of the amplitudes of motional processes. Aver-
aging of the dipolar coupling reports on motions on time scales up to the inverse of the coupling constant,
in our case tens of microseconds. Combining dipolar-coupling derived order parameters that characterize
the amplitudes of the motion with relaxation data leads to a more precise characterization of the dynam-
ical parameters and helps to disentangle the amplitudes and the time scales of the motional processes,
which impact relaxation rates in a highly correlated way. Here. we describe and characterize an improved
experimental protocol – based on REDOR – to measure these couplings in perdeuterated proteins with a
reduced sensitivity to experimental missettings. Because such effects are presently the dominant source
of systematic errors in experimental dipolar-coupling measurements, these compensated experiments
should help to significantly improve the precision of such data. A detailed comparison with other com-
monly used pulse sequences (T-MREV, phase-inverted CP, R185

2, and R187
1) is provided.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Accurate measurements of one-bond dipolar couplings in solid-
state NMR are of great interest in the context of characterizing
backbone and side-chain dynamics in biological molecules [1–9].
The partial averaging of dipolar couplings gives information about
the amplitude of the motional processes from the fastest time
scales up to the time scale corresponding to the inverse of the cou-
pling strength, i.e., typically up to tens of microseconds. In the case
of isotropic motions, the amplitude is often expressed in terms of
an order parameter S which simply expresses the ratio of the mea-
sured dipolar-coupling anisotropy and the theoretical rigid-limit
value and, therefore, characterizes the scaling of the dipolar cou-
pling. Obviously, no information about the actual time scales can
be obtained from such measurements. Information about the time
scales is available from relaxation data that can be used to supple-
ment the information obtained from dipolar-coupling measure-
ments [6,7,9,10]. In principle, relaxation data measured at
different B0-field strengths allow a separation of time scales and
motional amplitudes but due to the weak dependence of the relax-
ation-rate constants on the magnetic field strength such a determi-
nation is often not very precise for experimental data sets [10,11].
Dipolar couplings are, thus, a very useful complement to relaxation
ll rights reserved.
data, and are generally required if motional amplitudes and time
scales are to be analyzed quantitatively.

Heteronuclear dipolar couplings can generally be measured un-
der magic-angle spinning (MAS) conditions using recoupling se-
quences, where the evolution of an initial density operator
prepared to be proportional to Sx is observed during a recoupling
sequence. Preparation of this initial in-phase Sx magnetization
can be achieved by cross polarization from protons using the dipo-
lar coupling or by an INEPT-type pulse scheme, based on the scalar
coupling. The general scheme for the latter approach of measuring
one-bond dipolar couplings is shown in Fig. 1 which uses two refo-
cused INEPT blocks [12,13] for polarization transfer from the I
spins to the S spins and back. Such an INEPT-transfer based ap-
proach is best suited for isotopically diluted spin systems where
most of the protons are replaced by deuterons because dephasing
of transverse magnetization in such samples is slow enough to al-
low efficient heteronuclear polarization transfer. It is often possible
to achieve either reprotonation of exchangeable proton sites by an
appropriate choice of the solvent, selective protonation of methyls
[14,15] or stochastic protonation of aliphatic sites [16]. Of course,
other polarization-transfer method such as Hartmann–Hahn cross
polarization [17] can also be used instead. The measurement of the
dipolar couplings is implemented as a dephasing period after the t1

time (see Fig. 1) where the heteronuclear dipolar coupling is recou-
pled by a suitable pulse sequence. Variations of this scheme and
more elaborate pulse schemes are possible. Measuring a series of
two-dimensional heteronuclear chemical-shift correlation spectra
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Fig. 1. Schematic drawing of the pulse sequences used for measuring heteronuclear
dipolar couplings.
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as a function of the dephasing time smix allows the determination
of the dipolar-coupling constants from the modulation of the
cross-peak intensities. In principle, it is also possible to determine
the dipolar couplings from the oscillation in a polarization-transfer
experiment, such as in CP experiments, rather than from a dephas-
ing experiment. One method that was used very early on is Lee–
Goldburg cross polarization (LG CP) [18,19] where the abundant
spins are spin locked along the magic angle to average out homo-
nuclear dipolar couplings [20]. This method has been used to mea-
sure C–H dipolar couplings in uniformly 13C- and 15N-labeled
ubiquitin [2–4] but it is well known that the averaging of the
homonuclear dipolar couplings is incomplete in such experiments
[21,22]. In addition, this approach suffers from rf-field miscalibra-
tion and inhomogeneities in the same manner as CP experiments
[23]. We will focus here only on experiments that are based on a
dephasing of in-phase Sx coherence.

Several methods have been proposed to measure the magnitude
of one-bond dipolar couplings in proteins. One approach is the use
of the transverse MREV (T-MREV) pulse sequence [24] which also
leads to a partial averaging of the homonuclear dipolar coupling
while the heteronuclear dipolar couplings are retained with a scal-
ing factor. The T-MREV sequence has been used to measure N–H
and C–H dipolar couplings in fully protonated GB1 [1] and N–H
dipolar couplings in fully protonated huPrP23-144 [7]. Symme-
try-based pulse sequences [25] can also be used to selectively rein-
troduce the heteronuclear dipolar coupling while at the same time
suppressing the homonuclear dipolar coupling. The R187

1 sequence
[26] has been used to measure N–H couplings in fully protonated
thioredoxin [6] and the R185

2 sequence has been used to quantify
N–H dipolar couplings in the context of hydrogen bonding [27].

Because perdeuteration of proteins (and reintroducing some
protons) has been shown to have a number of advantages, most
importantly a high resolution in the 1H spectrum and the possibil-
ity for sensitive proton detection, experimental schemes for such
proteins have also been developed. Here the design can concen-
trate more on the compensation of systematic errors introduced
by non idealities in the experiment, because the suppression of
the homonuclear dipolar interaction is not any more the dominant
design requirement. A variation of the CP experiment, called
phase-inverted CP (CPPI) [23,28] was used to measure N–H dipolar
couplings in a highly-deuterated SH3 domain [5]. REDOR tech-
niques [29–31] are another attractive choice in such systems.
Using a shifted-time finite-pulse version of REDOR, N–H dipolar
couplings in highly-deuterated ubiquitin have been measured [9].
There are also measurements of N-C dipolar couplings using the
TEDOR [32] pulse sequence applied to fully protonated huPrP23-
144 [7]. Multiple-quantum correlation spectroscopy [33,34] has
also been used to measure C–C dipolar couplings [8].

The accuracy of the experimental measurement of dipolar cou-
plings is crucial, especially if motional amplitudes in different pro-
teins are to be compared, or if dipolar couplings are used in
combination with relaxation data in order to describe time scales
and amplitudes quantitatively. Therefore, we assess here the accu-
racy of different recoupling experiments by determining the mag-
nitude of systematic errors that arise from miscalibrations of the
radio-frequency amplitude, the influence of homonuclear dipolar
couplings, chemical-shift offsets and CSA parameters, and the com-
bined effect of miscalibrations of rf fields and homonuclear dipolar
couplings. We decided to investigate five different pulse schemes,
namely the CPPI scheme, the R187

1 and R185
2 pulse sequences, the

T-MREV sequence and the REDOR scheme using numerical
simulations.

This article is organized as follows: Section 2 provides a theoret-
ical description of the different recoupling schemes. It is intended
for the interested reader, but not an absolute necessity for the
reader mainly interested in choosing and implementing a recou-
pling experiment for practical use. Section 3 investigates the
robustness of the different pulse schemes using numerical simula-
tions. From these numerical simulations we conclude that the RE-
DOR scheme which can be used for a wide range of spinning
frequencies gives the lowest systematic errors for samples with
low proton density. For samples with dense proton coupling net-
works (as non-deuterated protein samples), the T-MREV sequence
leads to accurate results for slow to intermediate MAS frequencies.
In Section 4 we show experimental data of N–H dipolar-coupling
measurements with a REDOR experiment, measured on a highly
deuterated preparation of the protein ubiquitin.

2. Theory

2.1. REDOR experiments

For the analytical description of the REDOR experiment [29,30]
we consider a heteronuclear dipolar-coupled two-spin system in a
strong magnetic field with a rotating-frame Hamiltonian of

HISðtÞ ¼ 2IzSz

X2

n¼�2

xðnÞIS einxrt ð1Þ

with xðnÞIS ¼ 1
2 � d

2
n;0ð�hmÞ � e�inc � d2

0;nðbÞ � dIS. Here, b and c are the Eu-
ler angles describing the orientation of a crystallite in the rotor-
fixed frame, hm is the magic angle, and the dn;n0 ðbÞ are the reduced
Wigner rotation-matrix elements [35]. The anisotropy parameter
of the dipolar-coupling tensor is given by

dIS ¼ �2
l0

4p
cIcS�h

r3
IS

ð2Þ

The timing of a standard REDOR experiment with finite pulses is
shown in Fig. 2a with the pulse length given by sP ¼ /

2 sr and xr/
x1 = /. The first-order average Hamiltonian (often also termed
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the zeroth-order average Hamiltonian)1 for standard finite-pulse
REDOR experiment has been solved analytically [31] leading with
an alternation of the phases of subsequent p pulses during the
recoupling pulse train following the xy-4 scheme [40] to a Hamilto-
nian of the form

H
ð1Þ
IS ¼

�dISffiffiffi
2
p

p
cos p/

2

� �
sinð2bÞ sin c� p/

2

� �
1� /2 2IzSz ð3Þ

In the limit of strong rf pulses / ? 0, we obtain the well known re-
sult for the REDOR experiment with d pulses, namely

H
ð1Þ
IS ¼

�dISffiffiffi
2
p

p
sinð2bÞ sinðcÞ2IzSz ð4Þ

The finite pulses lead to a scaling of the REDOR oscillation frequency
by

j ¼ cosðp/=2Þ
1� /2 ð5Þ

We now consider a finite-pulse REDOR experiment where the
pulses in the center of each rotor period (at nsr/2) are shifted to
the left by ss = esr/2 (see Fig. 2b) in the first half of the REDOR se-
quence and to the right in the second half of the REDOR sequence
[30]. A calculation similar to the finite-pulse REDOR experiment
[31] leads, with the phases following the xy-4 scheme, to a first-or-
der average Hamiltonian of

H
ð1Þ
IS ¼

dIS

4pð4/4�5/2þ1Þ
� ð/2�1Þsin2ðpeÞcosðp/Þsin2ðbÞsinð2c�p/Þ
h
þ2

ffiffiffi
2
p
ð4/4�1Þcos2 pe

2

� �
cos

p/
2

� �
sinð2bÞsin c�p/

2

� �	
2IzSz

ð6Þ

This Hamiltonian contains contributions from the xð�1Þ
IS and

xð�2Þ
IS component of the dipolar coupling while only xð�1Þ

IS contrib-
utes in the standard REDOR experiment. In the limiting case of
e ? 0 we obtain back the average Hamiltonian of Eq. (3) while in
the limit of e ? 1 we obtain H

ð1Þ
IS ¼ 0. The Hamiltonian of the

shifted finite-pulse REDOR experiment contains a scaled effective
dipolar coupling with a scaling factor that can be adjusted by the
experimentalist through the choice of the pulse timing. Note, that
the scaling factor depends on the crystallite orientation and is not
uniform over a powder sample. In the limit of d pulses (/ ? 0),
Eq. (6) reduces to the well-known expression [30]
1 In the past we have used a numbering of the average Hamiltonian starting from 0
as it was introduced by Haeberlen and Waugh [36,37]. Such a numbering leads to
differences between AHT and Floquet treatments [38] where comparable terms
appear in the Floquet treatment in order (n) while they appear in order (n � 1) in the
AHT expansion. We have, therefore, decided to follow the convention suggested by
Hohwy et al. [39] and start the numbering of the AHT expansion with 1.
H
ð1Þ
IS ¼

�dIS

4p
sin2ðpeÞ sin2 b sinð2cÞ
h

þ2
ffiffiffi
2
p

cos2 pe
2

� �
sinð2bÞ sin c

i
2IzSz ð7Þ

A more general solution for an asymmetric-dipolar coupling
tensor can be found in the Supporting Information.

Given the fact, that the time evolution under the REDOR se-
quence can only be sampled at integer multiples of the cycle time
sc = 2sr, such a scaling is a useful property that can be used to ob-
tain a better experimental sampling of the REDOR curve for large
dipolar couplings. This is an important feature for the measure-
ment of one-bond N–H or C–H couplings which are of the order
of 23 and 43 kHz, respectively. The scaling of the REDOR recoupling
is illustrated in Fig. 3 where the maximum dipolar splitting (i.e. the
maximum value of the prefactor in front of the 2IzSz term in Eq. (6)
over the powder distribution) is shown as a function of the position
of the shifted pulse (expressed in e) for four different ratios of spin-
ning frequency to rf amplitude xr/x1 = / (Fig. 3a). As predicted,
the width of the powder pattern is reduced with increasing values
IS

Fig. 3. Analytical calculation of REDOR characteristics and REDOR curves as a
function of the parameters / = xr/x1 and e = 2ss/sr. (a) Plot of the maximum dipolar
splitting DxðmazÞ

IS =dIS as a function of e for three different values of /. The curve for /
= 0 represents the d-pulse limit. (b) REDOR curves DS/S0 plotted as a function of tdIS/
(2p) for / = 0.3 and values of e = 0, 0.3, 0.6, and 0.9. (c) Powder patterns
corresponding to the four REDOR dephasing curves in (b).
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of e. This can also be seen from a plot of the REDOR curves in Fig. 3b
where the REDOR oscillations become slower and the correspond-
ing powder patterns (Fig. 3c) narrower with increasing value of e.
The differences between the curves for different values of xr/
x1 = / are small (Fig. 3a) showing that the xy-4 scheme partially
eliminates the effects of finite pulses [31]. Since each rotor period
contains two 180� pulses, the rf-field requirement for the finite-
pulse REDOR experiment is x1 P xr (see Fig. 2) which makes it a
quite suitable experiment for fast MAS.

While homonuclear dipolar couplings vanish in the hard pulse
limit, they are partially recoupled in the finite-pulse REDOR exper-
iment. Analytical expressions for the first-order average Hamilto-
nian under the shifted finite-pulse REDOR experiment can be
found in Eq. (S5) of the Supplementary Information. With increas-
ing field strength, i.e., smaller values of /, the magnitude of the
first-order average Hamiltonian decreases. Therefore, it is advis-
able to use high rf fields in order to minimize the recoupling of
homonuclear dipolar couplings.

The dephasing in the REDOR experiment is simple and evolves
according to a powder average over cosine functions, cos(xt),
where x denotes the entire prefactor in front of the 2IzSz spin-
operator term in the first-order average Hamiltonian of the REDOR
pulse sequence (Eqs. (3), (6), or (7)). The REDOR experiment has
the added benefit (over the other pulse sequences shown in
Fig. 1) that a control experiment without recoupling can be imple-
mented by leaving out the refocusing pulses on the I spins (Fig. 1c).
This control experiment compensates the signal loss of the magne-
tization due to relaxation. Therefore, the REDOR curve DS/S0 can be
fitted with a single free parameter, the dipolar coupling dIS. Fur-
thermore, the REDOR pulse sequence is the only sequence of the
ones considered here that produces, to first-order average-Hamil-
tonian theory, an Ising-type Hamiltonian of the form

P
i;j2IizSjz. In

the case of more than 2 spins, this Hamiltonian is not susceptible
to dipolar-truncation phenomena [33,41–43]. Note, that for the fi-
nite-pulse REDOR experiment the Hamiltonian has only such an Is-
ing-type form if the xy-4 [40] scheme is used [31]. The xy-4
scheme is a prerequisite for the robustness of the experiment
(see Fig. S1 in the Supplementary Material). Without the phase cy-
cle, the Hamiltonian has two terms of the form 2IzSz and 2IySz

which do not commute and can lead to dipolar truncation effects.

2.2. Phase-inverted cross-polarization experiment

The phase-inverted cross-polarization (CPPI) [28,23] experi-
ment uses a periodic inversion of the rf phase on both channels
with a simultaneous change of the Hartmann–Hahn side-band
matching condition under MAS from n = +1 to n = �1. This implies
a change of the rf-field amplitude by 2xr on one of the channels
(Fig. 1c). Such an experiment can be viewed as a phase-alternating
irradiation (XiX) on the I spins with amplitude x1I and on the S
spins with amplitude x1S with a modulation frequency xm = 2p/
sm. Superimposed on the phase-alternating irradiation, there is
an additional cw irradiation on the S spins with amplitude Dx1S/
2 = xr. Such an experiment can be described by operator-based
Floquet theory [44] using three basic frequencies after an interac-
tion-frame transformation that eliminates the rf-field part of the
Hamiltonian

UðtÞ ¼ exp �ibIðtÞ
X
‘

I‘z

 !
exp �i

p
2

X
‘

I‘y

 !

� exp �ibSðtÞ
X
‘

Spz

 !
exp �i

Dx1S

2
t
X

p

Spz

 !

� exp �i
p
2

X
p

Spy

 !
ð8Þ
where the time-dependent flip angles bI(t) and bS(t) lead to an inter-
action-frame transformation of the form

eIxðtÞ ¼ Ix cosðbIðtÞÞ þ Iy sinðbIðtÞÞ ¼
X1

k¼�1
IxaðkÞIx þ IyaðkÞIy

� �
eikxmt ð9Þ

and

eSxðtÞ ¼ Sx cosðbSðtÞÞ þ Sy sinðbSðtÞÞ ¼
X1

k¼�1
SxaðkÞSx þ SyaðkÞSy

� �
eikxmt

ð10Þ

respectively. The time-dependent interaction-frame Hamiltonian is
given by

HðtÞ ¼
X2

n¼�2

X1
k¼�1

X2

‘¼�2

Hðn;k;‘Þeinxrt eikxmt ei‘
Dx1S

2 t ð11Þ

Neglecting all isotropic J couplings and considering a Hamiltonian
that contains only isotropic chemical shifts, CSA tensors, and dipolar
couplings leads to Fourier coefficients that are given by

fHð0;0;0Þ ¼
X

d

xð0ÞId
að0ÞIx Idx þ að0ÞIy Idy

� �

fHðn;0;0Þ ¼
X

d

xðnÞId
að0ÞIx Idx þ að0ÞIy Idy

� �
�
X
d<e

xðnÞId Ie
IdzIez �

1
2
ðIdxIex þ IdyIeyÞ


 	
�
X
p<q

xðnÞSpSq
SpzSqz �

1
2
ðSpxSqx þ SpySqyÞ


 	
�
X
d<e

3
2
xðnÞIdIe

ðIdxIex þ IdyIeyÞbð0ÞIx þ ðIdxIey þ IdyIexÞbð0ÞIy

� �

fHðn;k;0Þ ¼
X

d

xðnÞId
aðkÞIx Idx þ aðkÞIy Idy

� �
þ
X
d<e

3
2
xðnÞIdIe

ðIdxIex þ IdyIeyÞbðkÞIx þ ðIdxIey þ IdyIexÞbðkÞIy

� �

fHðn;k;�1Þ ¼
X
d;p

xðnÞSpIp
S�p Idx bðkÞxx � ibðkÞxy

� �
� Idy bðkÞyx � ibðkÞyy

� �� �
� 1

2

X
p

xðnÞSp
S�q aðkÞSx � ibðkÞSy

� �

fHðn;k;�2Þ ¼
X
p<q

3
4
xðnÞSpSp

S�p S�q bðkÞSx � ibðkÞSy

� �
ð12Þ

where the aðkÞS ¼ aðkÞSx þ iaðkÞSy and the bðkÞS ¼ bðkÞSx þ ibðkÞSy are the Fourier
coefficients of the exp(ibS(t)) and exp(2ibS(t)) terms, respectively,
as defined by Eqs. (9) and (10). They can either be calculated
numerically or analytically using an infinite sum over Bessel func-
tions [45]. The amplitude of the rf field does not enter directly into
the interaction-frame transformation but indirectly through the
magnitude of the aðkÞS and bðkÞS coefficients. Typically, the aðkÞS coeffi-
cients are maximum for k(max) = x1S/xm while the bðkÞS coefficients
are maximum for k(max) = 2x1S/xm [45]. The same expressions hold
for the aðkÞI and bðkÞI coefficients. The bðkÞlm coefficients describe com-
bined modulations by the irradiation on the I and S spins and are
defined as

bðkÞlm ¼
X1

k1¼�1
aðk1Þ

Il aðk�k1Þ
Sm ð13Þ

where l, m are either x or y. Some of the aðkÞl and aðkÞm Fourier coeffi-
cients are plotted in Fig. S2 of the Supporting Information as a
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function of k under the assumption that x1I = x1S for values of x1/
xm = 1.0 and 1.2.

In the CPPI experiment, the conditions x1I = x1S = x1 and
Dx1S = 2xr are fulfilled while the modulation frequency xm is
arbitrary. This leads to the resonance condition

n0xr �
Dx1S

2
¼ 0 ð14Þ

with n0 = ±1 and, as a consequence of the parameters used in the
experiment, we find aðkÞI ¼ aðkÞS and bðkÞI ¼ bðkÞS . The first-order effec-
tive Hamiltonian on the resonance condition is then given by

Hð1Þ ¼ fHð1;0;�1Þ þ fHð�1;0;1Þ

¼ �1
2

X
p

að0Þ�S xðþ1Þ
Sp

S�p þ að0ÞS xð�1Þ
Sp

Sþp
� �

þ
X
d;p

xðþ1Þ
SpId

S�p Idx bð0Þxx � ibð0Þxy

� �
� Idy bð0Þyx � ibð0Þyy

� �h i
þ
X
d;p

xð�1Þ
SpId

Sþp Idx bð0Þxx þ ibð0Þxy

� �
� Idy bð0Þyx þ ibð0Þyy

� �h i
ð15Þ

The expression of Eq. (15) can be simplified since the b0
xy and b0

yx are
usually small or even zero for integer ratios of x1 and xm (see
Fig. S1 of the Supporting Information)

Hð1Þ ¼ �1
2

X
p

að0Þ�S xðþ1Þ
Sp

S�p þ að0ÞS xð�1Þ
Sp

Sþp
� �

þ
X
d;p

xðþ1Þ
SpId

S�p Idxbð0Þxx þ Idyibð0Þyy

h i
þxð�1Þ

SpId
Sþp Idxbð0Þxx � Idyibð0Þyy

h i
ð16Þ

Assuming in addition that bð0Þxx ¼ bð0Þyy =0.5 and að0Þx ¼ 0 which is ful-
filled for integer ratios of x1 and xm (see Fig. S1 of the Supporting
Information), we obtain

Hð1Þ ¼ i
2

að0Þy

X
p

xðþ1Þ
Sp

S�p �xð�1Þ
Sp

Sþp
� �

þ 1
2

X
d;p

xðþ1Þ
SpId

S�p Iþd þxð�1Þ
SpId

Sþp I�d
� �

ð17Þ

which is in essence a rotary-resonance recoupling Hamiltonian
[46,47] for the CSA tensors and a zero-quantum recoupling Hamil-
tonian on the heteronuclear dipolar coupling. Note, that for non-
integer ratios of x1 and xm, the Hamiltonian will be a mixed
zero-quantum and double-quantum Hamiltonian since bð0Þxx –bð0Þyy un-
der these conditions.

The phase-inverted CP experiment as implemented previously
[5] with the amplitude jump on the S spins leads to a simultaneous
dephasing of the S-spin magnetization under the heteronuclear
dipolar coupling and the S-spin CSA tensor. The evolution under
the full Hamiltonian of Eq. (17) cannot be calculated analytically
but neglecting the CSA tensor we obtain a dephasing of the S-spin
magnetization by a single heteronuclear dipolar coupling de-
scribed by cos2 1

2 xðþ1Þ
SI

��� ���t� �
. Moving the amplitude jump to the pas-

sive spins would have the advantage that the dephasing by the CSA
tensor will only enter as a second-order effect. The spin-locking
properties for such an experiment, however, are only good if the
rf-field amplitude is an integer multiple of the modulation fre-
quency (see also Fig. 9 below). This can be seen from Eq. (12) since
the non-resonant contribution to the effective Hamiltonian
ðfHð0;0;0ÞÞ contains isotropic chemical-shift terms that are scaled
by að0ÞIx and að0ÞIy . These scaling factors are zero for integer ratios of
x1 and xm. Otherwise an additional oscillation under the scaled
isotropic chemical shift can be observed which makes data evalu-
ation difficult. Due to the fact that the rf-field amplitude on one of
the spins has to be changed by 2xr, the phase-inverted CP experi-
ment is only applicable for slow to intermediate MAS frequencies.

2.3. Symmetry-based RNm
n sequences

Symmetry-based pulse sequences [25,48–50] can be used to
generate effective Hamiltonians by selecting terms of the full
spin-system Hamiltonian that have certain properties under rota-
tions in spin space and real space. Such sequences can be analyzed
using bimodal Floquet theory [44,51]. The interaction-frame trans-
formation for the RNm

n sequence on the I spins is given by

UðtÞ ¼ bT exp i
Z t

0
x1I

X
e

ðcosð/ðt0ÞÞIex þ sinð/ðt0ÞÞIeyÞdt0
 !

ð18Þ

where bT is the Dyson time-ordering operator [52] which ensures
the proper time ordering of non-commuting propagators in prod-
ucts. The interaction-frame Hamiltonian has two independent fre-
quencies and can be written as

fHðtÞ ¼ X2

n¼�2

X1
k¼�1

fHðn;kÞeinxrteikxmt ð19Þ

where the basic frequency xm = 2p/sm depends on the cycle time
sm = nsr of the RNm

n sequence. The Fourier coefficients of the Hamil-
tonian are given by

fHð0;kÞ ¼
X
d<e

xð0ÞIdIe
2 I
!

d � I
!

e þ
X
p<q

xð0ÞSpSq
2S
!

p � S
!

q þ
X

p

xSð0Þp
Spz

( )
dk;0

þ
X

d

xð0ÞId

X1

s¼�1

aðkÞ1;sT
ðdÞ
1;s þ

X
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xð0ÞIdSp
2Spz

X1

s¼�1

aðkÞ1;sT
ðdÞ
1;s

fHðn;kÞ ¼
X
p<q

xðnÞSpSq
ð3SpzSqz � S

!
p � S
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qÞ þ
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p

xðnÞSp
Spz
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þ
X
d<e

ffiffiffi
6
p

xðnÞId Ie

X2

s¼�2

aðkÞ2;sT
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2;S þ

X
d

xðnÞId

X1

s¼�1

aðkÞ1;sT
ðdÞ
1;s

þ
X
p;d

xðnÞIdSp
2Spz

X1

s¼�1

aðkÞ1;sT
ðdÞ
1;s ð20Þ

where n – 0. Here we have used the spherical-tensor notation for
the I spins with

TðdÞ1;0 ¼ Idz

TðdÞ1;�1 ¼
�1ffiffiffi

2
p I�d

ð21Þ

and

Tðd;eÞ2;0 ¼
1ffiffiffi
6
p ½3IdzIez � ð I

!
d � I
!

eÞ�

Tðd;eÞ2;�1 ¼ �
1
2

I�d Iez þ IdzI
�
e

� 
Tðd;eÞ2;�2 ¼

1
2
� I�d I�e
� 

ð22Þ

The Fourier coefficients aðkÞl;s of the interaction-frame transformation
of the Tðd;eÞ2;0 and T ðdÞ1;0 operators are defined by

al;sðtÞ ¼
X

k

aðkÞl;s eikxmt ð23Þ

The values of the aðkÞl;s coefficients can be calculated numerically and
depend on the parameters of the RNm

n sequence. For an RNm
n pulse se-

quence, the condition for non-zero values of the Fourier coefficients
aðk0Þ

l;s is given by
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Fig. 4. Basic building block of the T-MREV-N pulse succulence with indications for
the timing and phases of the pulses.
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Fig. 5. Scaling factors j for the T-MREV-N sequences as a function of the ratio /
= xr/x1.
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k0 ¼
zN
2
� sm ð24Þ

where z is an integer with the same parity as l, i.e., z is odd if l is odd
and z is even if l is even. Analytical expressions for the Fourier coef-
ficients aðk0Þ

l;s can be found in Ref. [51] or they can be calculated
numerically by a Fourier transformation of the interaction-frame
trajectories (see Figs. S3 and S4 of the Supporting Information).

On the first-order resonance conditions with n0xr + k0xm = 0
the non-zero parts of the Fourier coefficients fHðn0 ;k0Þ are recoupled.
Since xr = nxm for any RNm

n sequence, the resonant terms are given
by fHðn0 ;�nn0Þ with n0 = ±1 or ±2. For recoupling of the heteronuclear
dipolar couplings, the R185

2 and R187
1 sequences have been pro-

posed [6,27,26] using a simple 180� pulse as the basic R element.
The rf-field requirement for the two pulse sequences is
x1 = 4.5xr and 9xr, respectively, which makes them suitable for
slow to intermediate MAS frequencies. For fast MAS, a different se-
quence would be required with a lower ratio of rf-field amplitude
and spinning frequency.

For the R185
2 and R187

1 sequences, n = 2 and 1. This implies that
only terms with non-vanishing Fourier coefficients ak0

l;s with k0 = ±2
or ±4 can be recoupled by the R185

2 sequence and terms with
k0 = ±1 or ±2 can be recoupled by the R187

1 sequence. Only the
að�4Þ

1;�1 terms for the R185
2 sequence and the að�2Þ

1;�1 terms for the
R187

1 fulfill this condition (see Figs. S3 and S4 in the Supplementary
Material) leading to first-order effective Hamiltonians of the form

Hð1Þ ¼ fHðþ2;�4Þ þ fHð�2;þ4Þ

¼
að�4Þ

1;�1

��� ���ffiffiffi
2
p

X
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Id
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Id

Iþd
� �

þ
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��� ���ffiffiffi
2
p

X
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xðþ2Þ
IdSp

2SpzI
�
d þxð�2Þ

IdSp
2SpzIþd

� �
ð25Þ

and

Hð1Þ ¼ fHðþ2;�2Þ þ fHð�2;þ2Þ

¼
að�2Þ

1;�1

��� ���ffiffiffi
2
p

X
d
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Id
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Id
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X
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xðþ2Þ
IdSp
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d þxð�2Þ

IdSp
2SpzIþd

� �
ð26Þ

respectively. The coefficients að�4Þ
1;�1 	 0:4253 and að�2Þ

1;�1 	 0:4395
leading to a scaling factor of the R185

2 sequence of

j ¼
ffiffiffi
2
p

að�4Þ
1;�1

��� ��� 	 0:602 and for the R187
1 sequence of

j ¼
ffiffiffi
2
p

að�2Þ
1;�1

��� ��� 	 0:622. In both cases, the I-spin CSA tensor is recou-

pled with the same efficiency. For a single heteronuclear dipolar
coupling, the dephasing of the S-spin magnetization is described

by cos j xðþ2Þ
IS

��� ���t� �
while the recoupled I-spin CSA tensor enters only

indirectly. This corresponds to a scaling of the width of the powder
pattern (measured between the two singularities at b = 90�) com-
pared to the static case by 0.301 and 0.311, respectively.

2.4. T-MREV-N sequences

The transverse MREV sequences (T-MREV-N) [24,53] are a class
of pulse sequences where the basic building block is a modified
version of the MREV-8 cycle [54,55] for homonuclear decoupling
which is then repeated N times within a rotor cycle and the phases
of all pulses are shifted by 2p/N (Fig. 4). This can be viewed as a
symmetry-based CN1

1 sequence [25] where the basic C element is
the modified MREV-8 cycle.
It is possible to calculate the first-order average Hamiltonian of
the T-MREV-N pulse sequence under MAS using finite pulses in or-
der to obtain the scaling factors of the heteronuclear dipolar cou-
plings. Using a notation similar to the one used in the finite-
pulse REDOR calculations with / = xr/x1 leads to a length of the
90� pulses of sp ¼ /

4 sr and to a length of the delays between the
pulses of sm ¼ 1

4N �
/
2

� �
sr. This limits the range of / to 0 6 / < 1

2N

so that the delay sm is not vanishing. Assuming a high-field trun-
cated heteronuclear dipolar-coupling Hamiltonian of the form

HISðtÞ ¼ 2IzSz

X2

n¼�2

xðnÞIS einxrt ð27Þ

we obtain for N > 3 a first-order average Hamiltonian of the form

H
ð1Þ
IS ¼ jxðþ1Þ

IS I� þ j�xð�1Þ
IS Iþ

� �
Sz ð28Þ

The analytical expressions for j have been calculated using Math-
ematica (Wolfram Research Inc., Champaign, IL, USA) as a function
of N. They are a function of the pulse length and the rf-field ampli-
tude. Fig. 5 shows a plot of j as a function of / for N = 4 to 8, which
are almost linear functions of /. The exact functional form is given
by

j ¼
z1/þ z2 cos p/

2

� �
þ z3 sin p/

2

� �
pð/2 � 1Þ

ð29Þ

and numerical values for the parameters zi are given in Table 1. The
calculated scaling factors agree very well with powder patterns ob-
tained from full numerical simulations of the T-MREV-N sequence
using the GAMMA simulation package [56].

It is important to note that even in first-order AHT, the T-MREV-
N sequences are not perfect homonuclear decoupling sequences.
Starting from a homonuclear dipolar-coupling Hamiltonian of the
form



Table 1
Numerical values for the parameters of the scaling factor j for the T-MREV-N
sequences.

N z1 z2 z3

4 �10.0547 + 0.8284i �2.0000 + 0.1648i 10.0547 � 0.8284i
5 �12.8537 + 2.7195i �2.0358 + 0.4307i 12.8537 � 2.7195i
6 �15.4169 + 4.7195i �2.0297 + 0.6213i 15.4169 � 4.7195i
7 �17.8291 + 6.7580i �2.0089 + 0.7614i 17.8291 � 6.7580i
8 �20.1416 + 8.8090i �1.9838 + 0.8676i 20.1416 � 8.8090i
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HIIðtÞ ¼ ð2I1zI2z � ðI1xI2x þ I1yI2yÞÞ
X2

n¼�2

xðnÞII einxrt ð30Þ

we find for the T-MREV-4 sequence even in the delta-pulse limit a
first-order Hamiltonian of the form

H
ð1Þ
II ¼

3ð
ffiffiffi
2
p
� 1Þ

p
� Im xðþ2Þ

II

� �
ð2I1yI2y � 2I1xI2xÞ ð31Þ

leading to a powder line with a width of approximately dII/10. For
finite pulses the magnitude of the scaling factor is changed and
additional two-spin terms appear but with much smaller coeffi-
cients. For the T-MREV-5 sequence one obtains in the delta-pulse
limit a more complicated first-order AHT of the form

H
ð1Þ
II 	 0:1274 � Re xðþ2Þ

II

� �
� 0:0414 � Im xðþ2Þ

II

� �� �
ð2I1xI2y

þ 2I1yI2xÞ

þ 0:0414 � Re xðþ2Þ
II

� �
þ 0:1274 � Im xðþ2Þ

II

� �� �
ð2I1yI2y

þ 2I1xI2xÞ
ð32Þ

For finite pulses the scaling factors change and additional terms ap-
pear. T-MREV-N sequences with higher values of N are also not per-
fect homonuclear decoupling sequences even in first-order AHT and
assuming delta pulses.

The design of the pulse sequence limits the application to slow
MAS frequencies since the requirement for the rf-field amplitude is
x1 > 2Nxr. Since N > 3 is required for the T-MREV sequences
[24,53], spinning frequencies above 15–20 kHz require very strong
rf fields. Preferably, even lower spinning frequencies should be
used to obtain better scaling factors for the heteronuclear dipolar
couplings. For N = 2 and N = 3, the Hamiltonian has a different
form. For N = 2, the T-MREV pulse sequence recouples only the
xð�1Þ

IS component but is no longer c encoded while for
N ¼ 3;xð�1Þ

IS and xð�2Þ
IS are both recoupled.
3. Numerical simulations

In order to compare the performance of the four different pulse
sequences shown in Fig. 1 numerical simulations were performed
using the software package GAMMA [56]. In the following, we will
focus primarily on 15N–1H spin pairs, but all conclusions can di-
rectly be transferred to other X–1H systems. It is the aim of these
simulations to provide a quantitative measure of the sensitivity
of the different pulse sequences to experimental imperfections
and to additional terms in the spin-system Hamiltonian which
have been neglected in the analytical treatment, e.g., CSA tensors
or additional ‘‘remote’’ proton spins. As a measure for such system-
atic effects, the deviation of the effective dipolar-coupling anisot-
ropy deff

IS extracted from such simulations from the nominal value
of the dipolar coupling dIS was used.
3.1. Computational parameters and methods

A set of test simulations was performed with different CSA
parameters, remote spins, and rf-field amplitude settings assuming
a fixed anisotropy of the 15N–1H dipolar coupling dIS/
(2p) = 19.5 kHz. This corresponds to an effective N–H bond length
of 1.077 Å. The data evaluation was based on a set of ideal two-spin
simulations with fixed standard CSA parameters and ideal rf-field
amplitudes and pulse lengths, varying dIS/(2p) in the range of 14
to 36 kHz in steps of 10 Hz. The latter simulations were used for fit-
ting the test simulations to extract the apparent value of the dipo-
lar-coupling anisotropy deff

IS from the test simulations.
Unless otherwise noted, the following standard parameters

were used in all simulations: 1H CSA rzz = 2 ppm, g = 0, inclined
relative to the H–N internuclear vector at 10�; 15N CSA
rzz = 113 ppm, g = 0, inclined relative to the H–N internuclear vec-
tor at 20�, at a B0 field of 14.1 T corresponding to a proton Larmor
frequency of 600 MHz. This is a typical situation for a 15N CSA ten-
sor in a peptide. Powder averaging was implemented according to
the ZCW scheme [57] using 2500 or 10,000 powder points for the
two-spin and the three-spin simulations, respectively. The follow-
ing MAS und pulse settings were used for the T-MREV-N simula-
tions: MAS 9.47 kHz (sr = 105.6 ls), corresponding to a 90� pulse
length of 2.2 ls using the T-MREV-4 scheme (x1 = 3Nxr). The
nominal ideal 1H rf-field amplitude is m1 = 113.636 kHz. In the
R187

1 ðR185
2Þ simulations the MAS frequency was 10 kHz (20 kHz),

corresponding to a 1H rf field of m1 = 90 kHz in both cases. The
phase-inverted CP (CPPI) experiment was simulated at 20 kHz
MAS, employing the amplitude and phase alternations required
for jumping from the +1 to the �1 Hartmann–Hahn match every
10 ls, similar to previous measurements [5]. The rf-amplitude
jumps from m1 = 36 kHz to 76 kHz were employed either on the
1H spins (referred to as ‘‘jump H’’) or on the 15N spins (‘‘jump
N’’), while the rf-field amplitude on the other channel was kept
constant at 56 kHz. In all REDOR simulations the 1H and 15N 180�
pulses were 4 ls and 10 ls, respectively, corresponding to rf-field
amplitudes of m1 = 125 kHz and 50 kHz. The REDOR experiment
was simulated at MAS frequencies of 20 and 50 kHz. The shift of
the pulses ss was 20.5 ls (e = 0.82) or 13.75 ls (e = 0.55) at
20 kHz and 5.5 ls at 50 kHz MAS (e = 0.55). The choice of the
MAS frequencies was motivated by the following considerations:
in the case of REDOR, high MAS frequencies are readily accessible
without the need for very high rf fields, while MAS frequencies
above 10 to 15 kHz are inaccessible to T-MREV-N and R187

1, and
MAS frequencies above about 30 kHz are inaccessible to R185

2.
The CPPI experiment requires jumps of the rf amplitude of 2xr,
which becomes also very challenging for MAS frequency above
30–40 kHz.

Extraction of the apparent dipolar-coupling deff
IS from the test

simulations was done using the data of the first 3 ms of the time
evolution under the recoupling sequences. For the REDOR experi-
ment, all recoupling curves were first translated into normalized
REDOR curves, by calculating DS/S0. The apparent dipolar coupling
was then obtained from a fit of the ideal two-spin simulation to the
simulated data sets by finding the one with the lowest v2 value.
Extraction of the apparent dipolar coupling deff

IS from the data of
the T-MREV-N and the R18m

n sequences was also performed using
time-domain data. However, two additional parameters were
needed, an offset and a scaling factor for the absolute intensity.
For each ideal two-spin simulation, these two parameters were
optimized individually and the ideal two-spin simulation with
the lowest v2 value to the test simulations data was selected, lead-
ing to the apparent dipolar coupling deff

IS . We have also repeated
this fitting procedure with a third fit parameter that describes an
exponential damping. The results in terms of the extracted deff

IS

are identical, except for the case of rf field-distributions (see



Table 2
Relative deviations of deff

IS from the real dIS obtained from fitting 3 ms of recoupling.

TMREV (%) R185
2 (%) R187

1 (%) REDOR 20 kHz (%) REDOR 50 kHz (%)

Scenario 1: half-gaussian of width 6% towards lower and 2% towards higher fields
2-spin +2.6 +2.8 +2.7 �0.2 �1.3
3-spin system 1 +2.7 +3.2 +2.9 <0.2 �0.5
3-spin system 2 +3.2 +3.3 +2.9 +1.2 +0.5

Scenario 2: half-gaussian of width 10% towards lower and 4% towards higher fields
2-spin +2.0 +3.3 +2.7 �0.2 �2.1
3-spin system 1 +2.1 +3.4 +3.0 +0.2 �1.3
3-spin system 2 +2.7 +3.5 +3.0 +1.3 �0.4
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Table 2), where the three-parameter model was used. The apparent
dipolar couplings obtained from the time-domain data very closely
match the couplings obtained from analyzing the frequency-do-
main data of the T-MREV-N and R18m

n simulations. For the CPPI
experiment, a time-domain fit was not possible, because of a
low-frequency modulation of the magnetization due to the 15N
CSA, which dominates the signal in the time domain (see
Fig. 6d). We, thus, obtained the apparent dipolar coupling deff

IS from
the CPPI test simulations by comparing the observed peak splitting
in the frequency domain with the splitting in ideal two-spin simu-
lations, equal to the procedure outlined in a recent study [5]. Again,
the Fourier transform of the data for the first 3 ms of the mixing
time were used for this analysis.

3.2. Sensitivity to amplitude missettings and inhomogeneities in the rf
field

The simulations in Fig. 6 illustrate the sensitivity of the different
experimental approaches to missetting of the 1H rf-field amplitude.
(a) (b)

(c) (d)

(e) (f)

Fig. 6. The effect of 1H rf-field miscalibration on the recoupling behavior in the
different simulations, (a) T-MREV-N, (b) R155

2, (c) R157
1, (d) CPPI with alternation of

the 1H rf-field amplitude, and REDOR at (e) 20 kHz MAS with ss = 13.75 ls and (f)
50 kHz MAS with ss = 5.5 ls (i). Shown are simulations using the correct 1H rf-field
amplitude (black) as well as a 9% too low (green) and 9% too high (red) rf amplitude.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
Time traces for all experiments at ideal 1H rf-field amplitudes
(black) are shown, as well as for amplitudes that are 9% too low
(green) and 9% too high (red). On a qualitative level, the four pulse
sequences show clear differences in the sensitivity to 1H rf-field
missettings. The T-MREV-N and the R185

2 sequences show larger
dipolar oscillation frequencies for too low rf-field amplitudes,
and smaller oscillation frequencies for too high rf-field amplitudes.
Furthermore, a significant zero-frequency offset (Fig. 6b) is ob-
served for the R185

2 sequence [6,27].
When considering the outcome of the CPPI-jumpH experiment

as a function of the 1H rf-field amplitude, it has to be realized that
there are two different 1H rf field strengths that have to be set to
match the n = +1 and �1 Hartmann–Hahn condition, respectively.
Accordingly, these two different rf fields can be set (and mis-set)
independently, resulting in a two-dimensional parameter space
to be investigated. In a recent study it was assumed that the two
rf fields are mis-set by the same absolute amount [5]. In this case,
the experiment was reported to be rather robust to this amount of
rf field mis-setting. We have simulated different situations, where
the two 1H rf fields are mis-set by different absolute amounts. In all
cases we observe a pronounced dependence of the oscillation fre-
quency on the settings. In the following, we focus here on the sce-
nario where the two 1H rf fields are misset by the same relative
amount. This situation is relevant when considering the effects of
rf field inhomogeneity. In Fig. 6d we assumed that the relative mis-
setting is equal for the n = +1 and �1 Hartmann–Hahn match, once
both fields are 9% above the nominal field strength, and in one case
9% below. Interestingly, and in contrast to the T-MREV-N and R185

2

sequences, the apparent dipolar coupling is too high in both cases.
In fact, in all simulated cases with misset rf-field amplitudes we
find too fast oscillation frequencies. We also note that the CPPI-
jumpN experiment is largely insensitive to missetting of the 1H rf
Fig. 7. Relative deviation of the fitted dipolar-coupling asymmetry deff
IS from the

value of 19.5 kHz entered into the simulation, as a function of the 1H rf-field
amplitude relative to the corresponding nominal value.



(a)

(b)
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field but sensitive to missettings of the 15N field, while the opposite
is true for CPPI-jumpH (vide infra). A visual inspection of the RE-
DOR data of Fig. 6e and f shows that the REDOR experiment is only
very weakly sensitive to rf-field missettings.

The apparent dipolar coupling deff
IS , as extracted for the simu-

lated curves of Fig. 6 and further simulations are given in Fig. 7
as a function of the 1H rf-field error. There are clear differences
in the sensitivity of the pulse schemes to errors in the rf-field
amplitude. The weakest sensitivity, i.e., the most accurate dipolar
couplings as a function of the 1H rf-field setting, are found for
the REDOR and the CPPI-jumpN experiment. Fig. 8 shows the same
analysis for errors in the 15N rf-field amplitude for the sequences
that require 15N irradiation (REDOR and CPPI). Here, a strong
dependence of the apparent dipolar coupling is observed for the
CPPI-jumpN experiment while the REDOR is only very weakly
influenced.

In a realistic experimental setup, one generally does not only
face a simple missetting of the rf field from the nominal value to
another discrete value, but rather a distribution of rf fields across
the rf coil volume. This situation will be considered together with
the influence of remote proton spins below.
Fig. 9. Dependence of the apparent dipolar coupling deff
IS on chemical shift offsets of

1H (a) and 15N (b). Shown are only data fort he CPPI experiment (jumpN in (a),
jumpH in (b)), because in all other experiments the deviations due to chemical shift
offsets are below 1% over this range of offsets. In (a) we show different
implementations of the CPPI-jumpN experiment, with different rf field settings:
dashed line: m1(1H) = 50 kHz, m1(15N) = 30/70 kHz; solid line: m1(1H) = 56 kHz,
m1(15N) = 36/76 kHz; dot-dashed line: m1(1H) = 75 kHz, m1(15N) = 55/95 kHz; dotted
line: m1(1H) = 100 kHz, m1(15N) = 80/120 kHz. In (b) is shown the CPPI-jumpH
experiment with m1(1H) = 56 kHz, m1(15N) = 36/76 kHz. In all cases, the phase/
amplitude jumps are performed every 10 ls, i.e. sm/2 = 10 ls.
3.3. Sensitivity to carrier offset and chemical-shift distributions

Isotropic chemical-shift offsets from the rf carrier frequency are
another possible source of errors that must be considered. Our sim-
ulations show, however, that the effect of chemical-shift offsets is
negligible in all experiments, except for the CPPI experiment. Fig. 9
shows the sensitivity of the CPPI-jumpH and CPPI-jumpN experi-
ments to 1H and 15N frequency offsets. The CPPI-jumpH experi-
ment is sensitive to offset of the 15N frequency, while the
outcome of the jumpN experiment depends on the frequency of
the 1H nucleus relative to the rf carrier position. This is due to
the feature that the CPPI experiment has no effective spin-lock
component on the channel where only phase inversions and no
amplitude jumps occur. Under such a phase-alternating irradia-
tion, isotropic chemical-shift offsets are only averaged out if the
nutation frequency x1 is an integer multiple of the modulation fre-
quency xm as pointed out in the Theory section. To illustrate this,
we have simulated a number of different 1H rf fields, from 50 to
100 kHz, using a pulse element length of sm/2 = 10 ls and ensuring
Hartmann–Hahn match by adjusting the rf fields on the 15N chan-
nel accordingly. If the rf field amplitude is matched such that an
integer multiple of a full 2p nutation is achieved within the pulse
Fig. 8. Relative deviation of the fitted dipolar-coupling asymmetry deff
IS from the

true value of 19.5 kHz as a function of the 15N rf-field amplitude shown for CPPI and
REDOR simulations.
duration of 10 ls (e.g. at 100 kHz 1H rf field amplitude), the depen-
dence of the apparent splitting on the 1H frequency offset vanishes
(dotted line in Fig. 9a). The strongest dependence on the 1H fre-
quency offset is found when the rf field amplitude is set to
50 kHz (dashed line), when only a p nutation is achieved during
the duration of the pulse. It should be noted that in practice it is
straightforward to take into account the effects of isotropic chem-
ical-shift offsets when determining dIS, because rf carrier positions
and resonance frequencies are known. Accordingly, when analyz-
ing data recorded with the CPPI experiment, one can take this off-
set into account for each resonance to be analyzed by performing a
set of simulations for each resonance peak separately when fitting
the data [5].

3.4. Sensitivity to CSA tensors

Although CSA tensor parameters can, in principle, be measured
in separate experiments [58,59], often a considerable uncertainty
about the values remain and site-to-site variations of CSA param-
eters may be substantial, making the CSA, thus, a potential source
of uncertainty in the determination of dIS. Fig. 10 shows the sensi-
tivity of the dipolar-coupling measurement to CSA parameters. The
anisotropy of the 1H CSA tensor can generally be ignored over the



(a)

(b)

(c)

Fig. 10. Dependence of the fitted deff
IS on the CSA of 1H (a) and 15N (b), as well as on

the angle between the axially symmetric 15N CSA tensor and the N–H dipolar tensor
(c).

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 11. Numerical simulation of the effect of an additional 1H spin on the
recoupling curves. Black: two-spin system; red: H–H–N three-spin system with the
following couplings: H–H 15 kHz, H–N 770 Hz; green: H–H 5.6 kHz, H–N 290 Hz.
Angles: N–H–H = 130� H–N–H = 76�. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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relevant range of 1H CSA values [60]. The 15N CSA tensor has a sub-
stantial influence only in the CPPI jumpN experiment, as reported
previously since it is actively recoupled by the constant part of the
rf as shown in the Theory section. For the case of 15N sites in the
protein backbone, consensus values of rzz = 113 ppm and an angle
of 10–25� between the N–H vector and the symmetry axis of the
CSA have been established [1,61,62]. In the presence of sizeable
dynamics, however, the chemical-shift anisotropy will be reduced.
Inspection of Fig. 10 reveals that in such a situation the extracted
value of deff

IS from the CPPI-jumpN experiment slightly underesti-
mates the true value of dIS. The dependence of the CPPI experiment
on the 15N CSA is a drawback of this method.
3.5. Sensitivity to couplings to extraneous proton spins

As a last source of errors, the presence of additional 1H spins
will be considered. Experimentally, effects from remote 1H spins
can most easily be avoided by preparing highly deuterated samples
where only exchangeable hydrogen positions are populated by 1H,
while non-exchangeable sites are labeled with 2H spins. However,
even in such highly deuterated samples, distances between amide-
hydrogen nuclei in protein b-sheets can be of the order of 2.5–4 Å,
corresponding to a dipolar coupling dIS of approximately 4–15 kHz.
Therefore, it is important to investigate the potential role of remote
proton spins. Fig. 11 shows time-domain data for two-spin simula-
tions (black), and two different three-spin simulations with a cou-
pling of the two protons of dIS/(2p) = 15 kHz (red) and 5.6 kHz
(green) and a coupling between the remote proton and the 15N nu-
cleus of 770 and 290 Hz (Fig. 11a). The Fourier transforms of these
data are shown in Fig. S6 of the Supporting Information. The sim-
ulation using a 15 kHz 1H–1H coupling is a worst-case scenario
for the measurement of amide N–H couplings in deuterated,
back-exchanged proteins, as this corresponds roughly to the short-
est amide-amide proton distance found in proteins. As seen from
these data, the dipolar oscillations observed in the frequency do-
main data of T-MREV-N, R185

2 and CPPI is relatively insensitive to
the presence of the additional 1H spin.

In the REDOR experiment, the additional proton spin is readily
observed in the time domain data. This is a consequence of the fact
that the REDOR pulse sequence does not suppress homonuclear
dipolar couplings and is not susceptible to dipolar-truncation ef-
fects (see Theory part). Table 3 lists the apparent dipolar couplings
obtained for these three-spin systems under the different pulse se-
quences, using the same fitting procedures as used for the two-spin
data. While in most cases the error introduced by the remote spin
is below 0.5%, it is of note that in the REDOR experiment the errors
are somewhat more substantial, and the extracted dipolar



Table 3
Relative deviations of deff

IS from dIS in three-spin H–H–N systems.

TMREV (%) R185
2 (%) R187

1 (%) CPPI jumpH (%) CPPI jumpN (%) REDOR 20 kHz (%) REDOR 50 kHz (%)

Spin system 1 +0.2 <0.2 +0.2 <0.2 <0.2 +0.4 +0.7
Spin system 2 +0.6 <0.2 +0.2 <0.2 �0.3 +1.3 +1.7
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couplings deff
IS are overestimating the real dIS by up to 2% in the sim-

ulated three-spin system with the 15 kHz 1H–1H coupling. Inter-
estingly, this overestimation of the dipolar coupling introduced
by a remote spin somewhat compensates the general trend that
REDOR measures too small couplings in the presence of 1H rf-field
missetting (Fig. 7).

In order to determine the limits of the REDOR experiment to
additional nearby proton spins, we have carried out multi-spin
simulations that are characteristic for deuterated and fully proton
back-exchanged samples as well as for fully protonated samples
(Fig. S7 of the Supporting Information). For deuterated and 100%
proton back-exchanged samples, the five-spin simulations include
only N–H protons (Fig. S7, green curves) and give almost identical
results to the ideal two-spin simulations at MAS frequencies of 20
and 50 kHz while at 10 kHz MAS there are significant deviations.
For fully protonated samples (Fig. S7, red curves) the six-spin sim-
ulations including the nearest proton spins show strong deviations
from the ideal two-spin simulations indicating that the REDOR
experiment is feasible in deuterated and 100% proton back-ex-
changed samples at higher MAS frequencies (20 kHz) while it will
not work in fully protonated samples.
3.6. Summary of the sensitivity to experimental missettings and to
additional terms in the hamiltonian

We conclude that the largest source of error in the determina-
tion of dipolar couplings come from deviations of the rf-field
amplitude from the theoretical value. Accurate calibration of the
rf fields is, therefore, of crucial importance, especially in R185

2

and CPPI sequences, where the introduced errors are substantial.
In any realistic probe, significant B1 inhomogeneity is present.
The impact of rf field inhomogeneity depends strongly on the de-
tailed geometry of the coil in a given probe, and it is difficult to
make general statements. Nonetheless, we have analyzed two dif-
ferent situations for rf-field inhomogeneities. Typically, the rf-field
distribution is broader towards lower rf-field amplitudes than to-
wards higher amplitudes. We have accounted for this by assuming
that the rf-field distribution can be described by two half-gaussian
distributions of different width. We assume that the peak of this
distribution is at the nominal ideal rf-field amplitude, which is cer-
tainly an optimistic assumption, and the conclusions below should,
thus, be regarded as a favorable case estimation. In scenario 1, we
assume the half-Gauss distribution towards lower fields to have a
width of 6% (i.e. 6 kHz if the nominal field strength is 100 kHz),
while the distribution to higher field amplitudes is described by
a width of 2%. In scenario 2, we assume widths of 10% and 4%. In
the case of the REDOR experiments, we assumed that the distribu-
tion on 1H and 15N has the same relative widths, with the peak
maximum at the nominal field strengths. For the CPPI experiment,
three different fields have to be matched, giving many possible
parameters to be investigated. We prefer not to assume a particu-
lar scenario for the CPPI experiment, and leave the investigation of
rf inhomogeneities out for this experiment. From Fig. 7, however, it
is clear that any distribution or miscalibration of rf fields will lead
to larger values of deff

IS , such that the extracted deff
IS will generally

overestimate the true value.
Table 2 shows the obtained values of deff

IS for T-MREV-N, R185
2

and REDOR experiments with the assumed rf inhomogeneity, for
two-spin and three-spin simulations. The errors induced by rf
inhomogeneity in the different experiments are in the range �2
to +4%. For the REDOR experiment, the errors induced by rf misset-
ting (see also Fig. 7) are generally smaller than for the other pulse
sequences. Accordingly, errors induced by rf-field inhomogeneity
are relatively small, in the order of 1% or less in the assumed sce-
narios. The effects of remote 1H spins and rf missettings partially
compensate each other, as reported earlier [9].
3.7. Asymmetric dipolar couplings

So far, only axially symmetric dipolar-coupling tensors have
been considered. Dipolar coupling tensors are indeed axially sym-
metric in the absence of molecular motion. In the case of non-axi-
ally-symmetric motion, dynamically-averaged dipolar-coupling
tensors are, however, generally asymmetric, which has been ob-
served previously in single-crystal samples of small molecules
[63–65]. While the impact of non-axially-symmetric motion on
deuterium quadrupolar line shapes is well documented [66] we
are not aware of such observations in biomolecular MAS NMR.
Fig. 12 investigates the sensitivity of the different recoupling se-
quences to such asymmetries. Shown are recoupling patterns using
asymmetric dipolar coupling tensors and an asymmetry
g = (Dyy � Dxx)/dIS of 0, 0.3, and 0.6. In all sequences, asymmetry
leads to a distinct change in the recoupling, as seen by a change
in the dipolar line shape, which, in addition to well-defined ‘horns’
has some broader features (see frequency-domain data in Fig. S8 of
the Supplementary Information). Equivalently, in time domain, the
recoupling patterns appear dampened due to the asymmetry. In
case of sufficient signal-to-noise, all sequences may allow to detect
the line shape distortions (or, equivalently, the damping). How-
ever, in the case of T-MREV-N, the R185

2, and the CPPI sequences,
the damping may also arise as a consequence of other coherent
or incoherent (relaxation) mechanisms, and it may be very difficult
to unambiguously identify the asymmetry. An exception in this re-
spect is the REDOR experiment, where the normalization to refer-
ence experiments allows us to rule out relaxation as an
explanation of the dampening. Therefore, the detection of asym-
metric dipolar tensors by REDOR seems possible in particular in
highly deuterated samples where the interaction with additional
proton spins, the main source of systematic errors in REDOR exper-
iments, is minimized.

We have shown above (Fig. 11) that extraneous proton spins
have a noticeable effect on the REDOR recoupling. This apparent
additional oscillation in REDOR recoupling might interfere with
the ability to unambiguously identify the asymmetry of the dipo-
lar-coupling tensor. To address this issue, we have investigated
whether the coupling to an extraneous proton spin could be mis-
taken for an asymmetry of the N–H dipolar coupling of interest,
i.e., whether a fitted dipolar asymmetry could be simply an artefact
that originates from the influence of remote spins. We have, thus,
fitted the REDOR recoupling curves of three-spin (H, H, N) systems
against ideal two-spin H–N simulations, where the H–N coupling
was allowed to be asymmetric. Fig. 13 shows that the apparent
dipolar-coupling asymmetry g that results from the two-spin fit
to the three-spin simulations is generally negligible in the situa-
tions considered. Dipolar-coupling asymmetries g above about
0.1 can, thus, be reliably extracted from REDOR data even in the
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Fig. 12. Recoupling patterns for asymmetric dipolar couplings. Dipolar coupling
asymmetries are g = (Dyy � Dxx)/dIS = 0 (blue), 0.3 (red), and 0.6 (green), keeping the
anisotropy at 19.5 kHz (two-spin N–H system) and standard CSA tensor parameters.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

(a) (b)

(c) (d)

Fig. 13. Investigation of the effect of a remote proton spin on the fitted parameters
of a general asymmetric dipolar coupling tensor. Data points show three-spin (N, H,
H) simulations using the three-spin systems introduced in Fig. 11 with a 1H–1H
coupling of 15 kHz (panels a and c) and 5.6 kHz (panels b and d), respectively. Solid
lines show the best-fit two-spin simulations with asymmetric dipolar couplings
(two fit parameters: deff

IS and g). Panels a and b (c and d) assume 20 kHz (50 kHz)
MAS frequency, and the timings as used before.
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presence of residual protonation, as found in deuterated, back-ex-
changed protein samples.

We conclude from the discussion of the numerical simulations
that the REDOR experiment is the most accurate experiment for
the determination of one-bond dipolar couplings. It requires a high
degree of deuteration in order to generate isolated 15N–1H spin
pairs due to the sensitivity of the REDOR experiment to multiple
couplings. Based on these results, we decided to experimentally
characterize only the REDOR experiment in detail using a highly-
deuterated sample, and proton-detected experiments. The above
simulations show that the T-MREV experiment is also quite robust,
and presents a good alternative. Because the proton-detected
experiments performed on our sample require relatively fast
MAS frequencies, which are incompatible with T-MREV, we did
not experimentally investigate the T-MREV experiment.

4. Experimental data

For the measurements of N–H dipolar couplings, a crystalline
sample of uniformly 2H, 13C, 15N labeled ubiquitin was prepared
as described earlier [9]. The protein was crystallized in a H2O/
D2O mixture, resulting in incorporation of 1H at about 30% of the
exchangeable sites, i.e., amide sites as well as OH and NH side-
chain sites [9]. All experiments were performed using a 1.8 mm tri-
ple-resonance probe (Ago Samoson, Tallinn) on a Bruker Avance
600 MHz spectrometer. The rotors were restricted to 40% of the
length but the REDOR sequence also works with unrestricted sam-
ples. The pulse sequences are refocused-INEPT type HSQC [67]
experiments, as shown in Fig. 1 and described elsewhere in more
detail [9]. High-resolution proton detected 1H–15N spectra [68]
can be obtained because of the strong isotopic dilution of 1H spins
at MAS frequencies above approximately 20 kHz.

We have recorded three different REDOR data sets, at 40 kHz
MAS frequency. In data sets one and two, we have used 1H p pulses
with a nutation frequency of 125 kHz, and in data set three the
pulses had an rf-field amplitude of 100 kHz. In all cases, the 15N
p pulse was applied at 50 kHz rf-field amplitude. The delay ss

was set to 20.5 ls, 20 ls and 19.5 ls in data sets one, two and
three, respectively. Pulse calibrations were obtained by varying
the power level of the 1H 90� pulse in a refocused INEPT element
prior to the detection period in a HSQC-type experiment, fixing
its duration to 4 ls and searching the zero crossing of the signal.
Likewise, the 15N 180� power level was found by fixing the length
of the 15N pulse that initiates the refocused INEPT block prior to
detection to 10 ls, and varying its power level. Because isolated
pulses are applied in REDOR, it seems advantageous to calibrate
the pulses in a similar manner. Reference spectra were obtained
by omitting the 1H pulses, as described [9].

Fig. 14a–d shows representative examples of obtained recou-
pling curves. In a recent study, we have performed a joint analysis
of these data, i.e., a common dipolar-coupling anisotropy was fitted
simultaneously to the three recoupling curves. Here, we opted to
perform a slightly different analysis, by fitting a general asymmet-
ric dipolar-coupling tensor to each individual data set (solid lines).
This fitting was done in a grid-search type manner, comparing
numerical two-spin simulations to the experimental data. We used
a 25 Hz grid step along the dimension of deff

IS and a step size of 0.02
along g. The best-fit dipolar-coupling tensor parameters were ob-
tained from the minimum of the reduced v2, defined as discussed
previously [9]. Error bars were obtained from an inspection of the
profile of the reduced v2, and are reported as the values of the
anisotropy and asymmetry where the reduced v2 exceeds its
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Fig. 14. Experimental REDOR data, measured on highly deuterated, 30% back-
exchanged microcrystalline ubiquitin. Data shown in black, red and blue corre-
spond to the three data sets, using different 1H pulse widths and timing (black: 4 ls
1H p pulse, ss = 20.5 ls; red: 4 ls 1H p pulse, ss = 20 ls; blue: 5 ls 1H p pulse,
ss = 19.5 ls). (a)–(d) show representative recoupling curves, (e) and (f) show the
best-fit deff

IS and g, respectively, in a general two-parameter fit, as described in the
text. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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minimum by one. This assumes that the two parameters are uncor-
related, which we find to be fulfilled to a good approximation.

Fig. 14e and f show the best-fit values of the anisotropy and
asymmetry, extracted from the three data sets. Within error mar-
gins, the three data sets agree with each other. Dipolar coupling
anisotropies are essentially identical to values found from the joint
analysis of the three data sets [9]. Reduced dipolar coupling anisot-
ropy is found in loop regions as discussed previously. The asymme-
try of the dipolar coupling is small. Indeed, there is no residue
where the asymmetry differs significantly from zero in all three
data sets, indicating that within the experimental precision we
do not find evidence of anisotropic motion.

Our data, thus, demonstrate experimentally the possibility to
obtain dipolar coupling parameters from the REDOR experiments,
and show the principle of scaling the recoupling oscillation fre-
quency by appropriate choice of the experimental parameters.
We find here that the backbone motion is well-described by an iso-
tropic model.
5. Conclusions and outlook

Using numerical simulations it was shown that the shifted fi-
nite-pulse REDOR experiment is clearly the best experiment
among the tested sequences since it can be implemented over a
large range of MAS frequencies and has the lowest systematic er-
rors leading to the most accurate dipolar-coupling constants. Addi-
tional benefits of the REDOR experiment are the simple data fitting
with only a single parameter and the possibility to measure asym-
metric dipolar couplings due to anisotropic motional averaging. A
challenge for the REDOR experiment is the sensitivity to the pres-
ence of multiple couplings, which comes from the absence of dipo-
lar truncation in this experiment. Dilution of the proton network
by deuteration is the most straightforward method to circumvent
related artefacts. Of interest for studies of protein dynamics is
the backbone amide N–H coupling. In a perdeuterated protein,
with protons only on the exchangeable sites (amides), the largest
couplings to additional protons lead generally only to small errors
(<2%). Even further improvements in the accuracy can be obtained
by further decreasing the proton density, as we have used in our
sample, or by including remote proton spins in the numerical sim-
ulations, which, however, requires knowledge of the structure. For
applications to C–H moieties in proteins, selective or sparse ran-
dom protonation in an otherwise deuterated environment [16] is
a viable route.

As an alternative at slower MAS frequencies, the T-MREV se-
quences give also quite accurate dipolar-coupling measurements
even in systems with higher proton densities due to the partial
averaging of homonuclear dipolar couplings. Data evaluation is
more complicated than for the REDOR experiment since additional
parameters like a phenomenological relaxation term or a zero-fre-
quency offset are needed. We expect that the measurement of het-
ero- and homonuclear couplings in proteins will provide further
insight into structural plasticity of proteins, and believe that this
article provides a useful guideline for the choice and practical
implementation of these experiments.
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