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We report a Phase-Alternating R-Symmetry (PARS) dipolar recoupling scheme for accurate measure-
ment of heteronuclear 1H-X (X = 13C, 15N, 31P, etc.) dipolar couplings in MAS NMR experiments.
It is an improvement of conventional C- and R-symmetry type DIPSHIFT experiments where, in ad-
dition to the dipolar interaction, the 1H CSA interaction persists and thereby introduces considerable
errors in the dipolar measurements. In PARS, phase-shifted RN symmetry pulse blocks applied on
the 1H spins combined with π pulses applied on the X spins at the end of each RN block efficiently
suppress the effect from 1H chemical shift anisotropy, while keeping the 1H-X dipolar couplings
intact. Another advantage over conventional DIPSHIFT experiments, which require the signal to be
detected in the form of a reduced-intensity Hahn echo, is that the series of π pulses refocuses the X
chemical shift and avoids the necessity of echo formation. PARS permits determination of accurate
dipolar couplings in a single experiment; it is suitable for a wide range of MAS conditions includ-
ing both slow and fast MAS frequencies; and it assures dipolar truncation from the remote protons.
The performance of PARS is tested on two model systems, [15N]-N-acetyl-valine and [U-13C,15N]-
N-formyl-Met-Leu-Phe tripeptide. The application of PARS for site-resolved measurement of accu-
rate 1H-15N dipolar couplings in the context of 3D experiments is presented on U-13C,15N-enriched
dynein light chain protein LC8. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4894226]

INTRODUCTION

The measurement of heteronuclear (i.e., 1H-15N and 1H-
13C) dipolar couplings is critical as these couplings provide
structural and dynamics information in a broad range of sys-
tems, such as proteins, biopolymers, and organic solids.1–11

The knowledge of precise dipolar couplings is important for
determination of accurate molecular structures and for quan-
tification of the molecular motions. Even though a variety
of pulse schemes have been developed to reintroduce 1H-X
dipolar couplings under slow and fast magic-angle spinning
(MAS) conditions,12–26 most of them suffer from insufficient
suppression of the strong 1H-1H dipolar couplings and from
the RF power limitations imposed on the probes. One ap-
proach to reduce the 1H-1H homonuclear dipolar interactions
and enable accurate measurements of heteronuclear dipolar
couplings involves extensive sample deuteration.10, 21, 23 To
attain the RF power within the probe specifications, MAS
frequencies below 20 kHz are usually used for practical
reasons.12–14, 18 Obviously, such approaches preclude mea-
surements in fully or extensively protonated samples and at
fast MAS frequencies, effectively limiting the range of sys-
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tems accessible for analysis to biomolecules of fairly small
size.

As reported previously,15–17, 22, 27–29 rotor-synchronized
RN-symmetry sequences are well suited for the determina-
tion of heteronuclear dipolar couplings in fully protonated
systems under a wide range of conditions, including fast
MAS.22 They have now become the conventional versions of
the original dipolar chemical shift correlation (DIPSHIFT) or
separated local field (SLF) schemes.30–32 We have recently
demonstrated that 1H-X (X = 13C, 15N, etc.) dipolar line-
shapes recorded using the conventional DIPSHIFT-RN se-
quences are affected to a non-negligible extent by the chem-
ical shift anisotropy (CSA) interaction of the bonded pro-
tons, especially at high magnetic fields.33, 34 While in these
experiments recoupling of the 1H-X dipolar interaction is
accomplished by RF field irradiations applied on 1H spins,
the 1H CSA interaction is thereby also reintroduced. The re-
sulting lineshapes thus contain the contribution of the 1H
CSA, reducing the accuracy of the derived 1H-X dipolar cou-
plings at high magnetic fields. One recent approach we in-
troduced in order to overcome this obstacle in accurate mea-
surements of both 1H-X dipolar and 1H CSA parameters is
based on performing three independent lineshape experiments
to reintroduce (i) mostly 1H-X dipolar interaction; (ii) mostly
1H CSA interaction; and (iii) combined 1H-X dipolar and
1H CSA interactions.33, 34 Simultaneous triple fitting of these
three RN line shapes yields accurate 1H CSA and 1H-X dipo-
lar interaction parameters, including the relative orientation
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between two tensors. The obvious drawbacks of this protocol
are that (i) three multi-dimensional, usually time-consuming
experiments are required to be performed, and (ii) the data
analysis is labor intensive, particularly if one is only inter-
ested in the 1H-X heteronuclear dipolar interactions.

Herein, we present a modified RN-symmetry based
method that recouples the 1H-X heteronuclear dipolar interac-
tions while suppressing efficiently the 1H CSA interactions. It
permits accurate measurement of 1H-X heteronuclear dipolar
couplings in a single experiment. The approach is based on
the fact that the values of the 1H-X dipolar and 1H CSA in-
teractions recoupled by RN-type symmetry pulse sequences,
such as R181

7, R121
4, R142

3, R203
4, obtain opposite signs

when the RF-pulse phases are shifted by 180◦. By alternate
phase shifting of subsequent RN pulse cycles, both the 1H-X
dipolar and the 1H CSA interactions are therefore suppressed.
To selectively restore the 1H-X dipolar couplings, additional
π pulses are applied on the X spin at the ends of all RN blocks.
We refer to this method as a phase-alternating R-type sym-
metry (PARS) pulse sequence. The PARS dipolar recoupling
sequence also results in nearly complete suppression of 1H-
1H homonuclear dipolar couplings; it is suitable for a wide
range of MAS conditions including both slow and fast MAS
frequencies; and it assures dipolar truncation from the remote
protons. Theoretical treatment in conjunction with the analy-
sis of the experimental parameters indicates that accurate 1H-
X dipolar parameters are yielded by the PARS method. Exper-
imental performance is tested on [15N]-N-acetyl-valine (NAV)
and [U-13C,15N]-N-formyl-Met-Leu-Phe tripeptide (MLF), at
MAS frequencies of 20 and 40 kHz. The accuracy of 1H-
X heteronuclear dipolar measurements and the effects of RF
field inhomogeneity and RF field mismatch are discussed.
An application of this method is presented for U-13C,15N-
enriched dynein light chain protein (LC8). This approach as
implemented in 2D and 3D experiments is generally suited
for recording accurate 1H-X heteronuclear dipolar couplings
in a variety of systems, including proteins and protein as-
semblies as well as other inorganic, organic, and biological
solids.

EXPERIMENTS AND METHODS

Materials

U-15N-labeled N-acetyl-valine (NAV) and U-13C,15N-
labeled N-formyl-Met-Leu-Phe (MLF) tripeptide were pur-
chased from Cambridge Isotope Laboratories and used with-
out further purification or re-crystallization. Both powder
samples were packed into 1.6 mm Varian MAS rotors for
subsequent NMR experiments. U-13C,15N dynein light chain
(LC8) protein was expressed in Escherichia coli and purified
as described previously.35 The solid-state sample was gener-
ated by controlled precipitation through slow addition of 30%
polyethylene glycol (PEG)-3350 to the solution of LC8 pro-
tein. The protein was doped with 5 mM Cu(II)-EDTA prior
to the precipitation step, and the precipitated protein sample
was packed into a 1.9 mm Bruker rotor for subsequent NMR
experiments.

NMR spectroscopy

All NMR experiments were applied to 1H-15N spin pairs
and recorded at 14.1 T on a Varian InfinityPlus or at 19.97 T
on a Bruker AVIII NMR spectrometer, operating at Larmor
frequencies of 599.8/850.4 MHz for 1H, 150.8/213.8 MHz for
13C, and 60.8/86.2 MHz for 15N, respectively. For the 14.1 T
experiments, a Varian 1.6 mm MAS triple-resonance HXY
probe was used. The MAS frequency was 20 or 40 kHz, and
controlled to within ±5 Hz by the Varian MAS controller. The
typical 90◦ pulse lengths were 1.4 μs (1H), 2.5 μs (13C), and
3.5 μs (15N). For the 19.9 T experiments, a Bruker 1.9 mm
MAS triple-resonance probe was used. The MAS frequency
was 20 kHz, and controlled to within ±2 Hz by the Bruker
MAS controller. The typical 90o pulse lengths were 2.05 μs
(1H), 2.8 μs (13C), and 3.2 μs (15N). To reduce sample heating
during MAS, nitrogen gas was used for cooling, resulting in a
final sample temperature of 20 ◦C for NAV and MLF samples
and 0 ◦C for LC8 protein.

In addition to the PARS experiments, the triple-
experiment approach, previously established by us for the ac-
curate 1H CSA and 1H-15N dipolar measurements,33, 34 was
also applied, in order to compare the accuracy of the 1H-
15N dipolar coupling parameters determined by various re-
coupling sequences. These three experiments are the con-
ventional DIPSHIFT-RN or RN-X pulse sequence shown in
Figure 1(a) and the RN-1H(Xdec) and RN-1H(Xund) se-
quences shown in Figure 1(b). The Xdec version has de-
coupling π pulses on the S channel at the centers of the
RN0 cycles, and they are switched off in the Xund version.
The RN0 blocks represent suitable RNn

v sequences, such as
R121

4, R142
3, R181

7, R182
5, R203

4, consisting of a win-
dowless series of N π pulses covering n rotor cycles with
RF amplitude (N/2n)ωR and alternating phases ±(ν/N)π .27–29

Figure 1(c) shows the 2D version of the PARS sequence ap-
plied to NAV and MLF. In PARS experiments, the RN cy-
cles alternate between RN0, having the same pulse phase as
in Figures 1(a) and 1(b), and RNπ , having its phases shifted
by 180◦. The PARS spectrum of LC8 was obtained with the
3D experiment shown in Figure 1(e). A real acquisition mode
is used for the t1 dipolar evolution periods in all PARS and
RN NMR experiments.

For the 2D PARS experiments (Figure 1(c)) as well
as conventional DIPSHIFT-RN experiments (Figure 1(a)) on
NAV and MLF at 14.1 T, the 1H-15N cross polarization was
performed with a linear amplitude ramp (80%–100%) on the
15N channel, the RF field of the ramp center being 50 kHz,
with the optimized RF field on the 1H channel Hartmann-
Hahn matched to the high-frequency first spinning sideband.
The contact time was 1.3 ms and the recycle delay was 3.0 s.
For the 1H-15N dipolar experiments conducted at the MAS
frequency of 20 kHz, 1H RF field strengths were 90 kHz for
R182

5, 120 kHz for R121
4, 140 kHz for R141

5, and 180 kHz
for R181

7 symmetry pulses. For 1H-15N dipolar experiments
performed at the MAS frequency of 40 kHz, 1H RF field
strengths were 133.3 kHz for R203

4, 140 kHz for R142
3, and

180 kHz for R182
5 symmetry pulses. Each RF field strength

(N/2n · ωR) was optimized directly on the sample under
study by adjusting it to obtain a vanishing CP-detected 15N
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FIG. 1. Pulse sequences applied to 1H-X (I-S) spin pairs for 2D (a) conventional RN-based DIPSHIFT, (b) proton CSA recoupling with decoupling or unde-
coupling of I-S dipolar interactions, RN-1H(Xdec) or RN-1H(Xund),33, 34 (c) regular PARS, (d) constant-time PARS, and (e) 3D PARS heteronuclear dipolar
measurements. Blank and solid squares denote π /2 and π pulses, respectively. During PARS t1 period, the symmetry block RN0 and its π -phase-shifted sym-
metry pulse block RN

π
are applied on I spin alternately, while the series of π pulses are applied to S spin at the end of each RN block. In (e), SPECIFIC-CP is

used to establish NCA or NCO chemical shift correlations.

signal following a 1H pulse having the required π pulse length
(ντR/N). For PARS experiments, a π pulse with pulse length
of 7 μs was applied on the 15N spin at the end of each RN
block. The sequence of π pulses is applied with a 2-, 4-, or
8-step phase cycle, having phases (x, −x), (x, −x, −x, x), or
(x, −x, −x, x, −x, x, x, −x), respectively.

The triple-RN experiments shown in Figures 1(a)
and 1(b) employed the R181

7 based recoupling at a MAS
frequency of 20 kHz. For the R18-1H(15Ndec) and R18-
1H(15Nund) experiments (Figure 1(b)), the 1H-15N CP
contact time was set to two rotor periods, 100 μs. For R18-
1H(15Ndec), 7.0 μs-wide π pulses were applied on 15N at the
centers of the RN cycle. All other experimental parameters of
these three experiments were the same as for the R18-PARS
measurement.

For the 19.9 T experiments on U-13C,15N-LC8 protein, a
3D R121

4-based PARS sequence (Figure 1(e)) and a conven-
tional DIPSHIFT-R12 sequence were used for recording 1H-
15N dipolar couplings. The MAS frequency was 20 kHz. A π

pulse (pulse length was 6.4 μs) was applied on the 15N spin at
the end of each RN block. The band-selective magnetization
transfer from 15N to 13Cα was realized by SPECIFIC-CP with
tangent amplitude ramp on the 13C spin with center amplitude
at 50 kHz, and the optimized 15N-13C DCP contact time was
4.5 ms. SPINAL-6436 1H decoupling with RF field of 120 kHz
was used during t2 and t3 periods, and CW 1H decoupling with
RF field of 125 kHz was employed for SPECIFIC-CP period.
A total of 16 t1 and 48 t2 increments were used to record both
3D PARS-R12 and conventional DIPSHIFT-R12 spectra, and

128 scans with a pulse delay of 2.0 s were accumulated for
each increment.

NMR numerical simulations

All numerical simulations were performed using the
SIMPSON software37 and/or a home written Fortran-95
program.33 320 REPULSION38 angles (α, β) were used
to generate a powder average for all R-type and C-type
symmetry-based sequences. For R- and C-type sequences, we
summed over 5 and 64 γ angles, respectively. To extract the
best-fit 1H-15N dipolar coupling constants, the NMR param-
eters used in the simulations were the same as in the cor-
responding experiments. For all PARS and DIPSHIFT 1H-
X dipolar measurements, single fitting was performed using
the Minuit package in the SIMPSON program. The home
written Fortran-95 program was used for triply fitting RN-
1H(15Ndec), RN-1H(15Nund), and RN-15N spectra to extract 1H
CSA, 1H-15N dipolar and also the relative tensor orientation
parameters.

RESULTS AND DISCUSSION

General properties of PARS sequences:
Theory and numerical simulations

Nuclear spin interactions can be conveniently classified
into various symmetry groups according to their spatial rank
l and their spin rank λ, and these symmetry properties can in
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turn be exploited in the design of MAS experiments for recou-
pling of the desired spin interactions.27–29 According to this
framework, the CSA and heteronuclear dipolar interactions
have the same symmetry properties, l = 2 and λ = 1, which
means that rotor-synchronized pulse sequences with appro-
priate symmetry features would simultaneously decouple or
recouple both CSA and heteronuclear dipolar interactions un-
der MAS.39 Most of 1H-X (X = 13C, 15N, etc.) dipolar re-
coupling techniques require rotor-synchronized RF field irra-
diation to be applied on the 1H spin, and the magnetization of
X spins then evolves under the modulation of the reintroduced
1H-X heteronuclear dipolar interactions. Even though some
of these heteronuclear dipolar recoupling sequences can sup-
press efficiently the strong 1H-1H homonuclear dipolar cou-
plings, 1H CSA interactions would be recoupled together with
the heteronuclear dipolar couplings during the application of
rotor-synchronized RF pulses on protons, in turn affecting the
dipolar-modulated evolution of X spins to a greater or lesser
degree.33, 34

Due to the above, 1H CSA generally introduces some
inaccuracy in the measurement of the dipolar interaction
parameters, particularly of 1H-15N amide group couplings in
proteins, and especially at high magnetic fields. One approach
that we have recently established for accurate measurements
of both heteronuclear dipolar couplings and 1H CSAs under
such conditions requires three independent multidimen-
sional lineshape experiments to reintroduce (i) mostly HX

dipolar couplings; (ii) mostly 1H CSA interaction; and (iii)
combined HX dipolar and 1H CSA interaction.33, 34 These ex-
periments, schematically depicted in Figures 1(a) and 1(b),
are designed to (i) record the evolution of the X magnetiza-
tion during RN irradiation, (ii) record the evolution of the 1H-
magnetization during RN irradiation while decoupling X, and
(iii) record 1H magnetization while leaving X undecoupled.
We refer to these experiments as (i) RN-X, (ii) RN-1H(Xdec),
and (iii) RN-1H(Xund), respectively.33, 34 RNn

v sequences that
are suitable for these experiments satisfy the relation N = 4n
+ 2ν, 27–29 such as R121

4, R142
3, R181

7, R182
5, and R203

4.
Averaged to first order over such an RN cycle, the Hamil-

tonian of a single axially-symmetric I-S heteronuclear dipolar
interaction (I = 1H, S = X) is given by

HD
av = −κ2211D sin2 βD(IxSz cos 2γD + IySz sin 2γD),

(1)

where κ2211 is a scaling factor that depends on the N,n,ν com-
bination and D is the dipolar coupling constant (DCC), in the
absence of motion given by D = −μ0γ Iγ S¯/2r3, with r being
the internuclear distance. βD is the angle between the rotor
axis and the internuclear IS vector and γ D represents the rota-
tion angle of the IS vector at time t = 0.33, 34

The first-order average RN Hamiltonian of a CSA tensor
of I, its principal coordinates δxx, δyy, δzz being represented by
δσ = δzz – δiso, and η = (δyy − δxx)/δσ , is given by

HCSA
av = 1

6κ2211ω0δσ [{−3 sin2 βCSA + η(cos2 βCSA + 1) cos 2αCSA} (Ix cos 2γCSA + Iy sin 2γCSA)

+ 2η cos βCSA sin 2αCSA(Ix sin 2γCSA − Iy cos 2γCSA)], (2)

where ω0 is the Larmor frequency, αCSA and βCSA are the az-
imuthal and polar angles of the rotor axis with respect to the
CSA principal axes, and γ CSA represents the rotation angle of
the CSA tensor at t = 0.33, 34 To first order, the RN-X and RN-
1H(Xund) spectra are both determined by the combined IxSz,
IySz, Ix, and Iy terms of HD

av and HCSA
av , while RN-1H(Xdec)

depends only on HCSA
av . In higher-order effective Hamiltoni-

ans the coefficients of these terms are slightly adjusted, and
additional terms with spin operators Iz and IzSz are also in-
troduced. Powder spectra thus depend on the parameters D,
and the polar and azimuthal angles β and α of the vector with
respect to the principal axes of the CSA tensor.

Examples of the effect of 1H CSA on simulated spectra of
the conventional DIPSHIFT RN-X experiment are shown in
Figure 2 and in Figure S1 in the supplementary material.49 To
show that similar complications arise in C-symmetry-based
DIPSHIFT experiments, examples of such simulated dipolar
spectra are also included. We have used an HN-spin-pair sys-
tem described by an axially symmetric 1H-15N dipolar inter-
action of 10 kHz and incorporated various 1H CSA param-
eters to assess their effect on the dipolar lineshapes recou-

pled by the sequences: R121
4 and C51

1 (TMREV14). Both
DIPSHIFT-R12 and TMREV-C5 sequences can efficiently
reintroduce the MAS-averaged 1H-15N dipolar interactions,
as shown in the dipolar powder patterns. It is clear from the
figure that the recoupled 1H CSA and 1H-15N dipolar inter-
actions interfere with each other during the symmetry pulses
applied to the protons, resulting in lineshapes possessing com-
plex fine structure. As seen in Figures 2(a) and 2(b), both
the dipolar splitting and the fine structure of the lineshapes
are affected by the 1H CSA interaction, and the distortion of
the dipolar lineshapes becomes more severe as the 1H δσ in-
creases or when the CSA z axis is not collinear with the H-N
bond. We also note that the magnitude of the distortions is
field dependent; the higher the field, the more prominent the
effect of 1H CSA on dipolar lineshapes becomes. As shown
in Figure S1 in the supplementary material,49 the simulated
1H-15N DIPSHIFT-R12 and TMREV-C5 dipolar lineshapes
are increasingly distorted when the 1H Larmor frequency is
raised from 400 to 1000 MHz. To get an impression of the im-
pact that this effect can have on DCC determination, we chose
the 800 MHz DIPSHIFT-R121

4 spectrum shown in Figure S1
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FIG. 2. Simulated 1H-15N dipolar line shapes recoupled by the (a) R121
4-based regular DIPSHIFT, (b) C-type TMREV-5, and (c) R121

4-based PARS sequences
at magnetic field of 14.1 T (1H Larmor frequency of 600 MHz), with dipolar coupling constant (DCC) of 10 kHz and various 1H CSA parameters. The MAS
frequency is 20 kHz for DIPSHIFT and PARS, and 10 kHz for TMREV-5. The 1H RF field strength is 120 kHz for DIPSHIFT and PARS recoupling sequences,
and 150 kHz for TMREV-5.

in the supplementary material,49 which was simulated with a
DCC of 10 kHz and a 1H CSA of 10 ppm, and fitted it under
the assumption that the CSA vanishes. It gave a best-fit DCC
of 11.3 kHz. The same procedure at 600 MHz led to 10.7 kHz.

The motivation for the current study is to establish a re-
coupling method that can provide efficient averaging of the
1H CSA in the context of efficient recoupling of heteronu-
clear dipolar interaction. Our approach takes advantage of the
phases of the RF pulses that make up an RN sequence. A stan-
dard RNn

v pulse cycle consists of N single π pulses whose RF
phases alternate between πν/N and −πν/N. If those phases
are shifted by 180◦ to (πν/N + π ) and to (−πν/N + π ),
then the average Hamiltonians of Equations (1) and (2) re-
main the same, except that the signs of the coefficients are
inverted. Numerical evaluations have shown that even in ef-
fective Hamiltonians that include higher-order corrections, a
180◦ phase shift causes the coefficients of the IxSz, IySz, Ix, and
Iy terms to change their signs without changing their magni-
tude. As a result the average Hamiltonian of a double cycle,
consisting of a standard RN0 cycle and a phase-shifted RNπ

cycle, vanishes, leading to suppression of both 1HX dipolar
and 1H CSA interactions. If, in addition, π pulses are applied
on the S spin in the middle and at the end of each combined
(RN0 RNπ ) symmetry block, the inverting operation on the
S spins restores the original signs of the IxSz and IySz coef-
ficients while leaving the Ix and Iy terms in sign-alternating
mode. As a result, this Phase-Alternating R-type Symmetry
(PARS) pulse sequence keeps the I-S dipolar interactions in-
tact while it suppresses the CSA interactions of spin I. As
will be shown below, this PARS approach satisfactorily meets
our goal of measuring 1H-X DCCs without interference of 1H
CSA interactions. It must be added that while a 180◦ phase
shift of the RN cycle inverts the signs of the most relevant
terms of the average Hamiltonian, the higher-order correc-

tions of the types Iz and IzSz remain unaffected by the phase
shift. Of those, IzSz is canceled by the π pulses but Iz is not,
leading to some effect on the lineshapes to be discussed below
and in the supplementary material.49

A straightforward implementation of the PARS approach
is shown in Figure 1(c). It differs from the conventional RN-
X experiment shown in Figure 1(a) not only by the phase al-
ternations of RN blocks and the π pulses on the S channel
but also by the omission of an additional spin-echo forma-
tion needed to enable refocused signal detection in RN-X. It
can obviously be avoided because the π pulse sequence al-
ready refocuses the S chemical shifts. In the case of 1H-15N
PARS dipolar experiments, the interactions with nearby 13C
nuclei are also to be considered. While MAS and the series of
π pulses effectively decouple their interaction with 15N, they
do have a minor effect on conventional DIPSHIFT-RN spec-
tra because the 1H-13C dipolar interaction is experienced by
the 1H nuclei as similar to their CSA. However, in PARS it is
suppressed, such that 13C decoupling is not necessary, further
distinguishing it from conventional DIPSHIFT-RN.

The recoupled I-S dipolar evolution is modulated by the
T2 decay of the S spin during t1 period, which causes addi-
tional line broadening in the I-S PARS dipolar spectrum. Usu-
ally the decay rate of the T2 relaxation is much slower than
the size of the I-S dipolar couplings (which are of the order
of 10 kHz). Therefore, in practice the T2 decay of S spin does
not affect the accuracy of the PARS dipolar measurements
and is simply represented by the empirical line broadening
parameter used during the fitting of the PARS dipolar line
shape. To suppress the additional T2 decay of the I-S dipo-
lar evolution during the t1 period, constant-time (CT) PARS
sequence can be employed (Figure 1(d)), which leads to en-
hanced resolution of the I-S PARS dipolar spectrum, provided
the T2 decay rate during PARS irradiation is not much faster
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than that during 1H decoupling. This experiment is particu-
larly well suited for the accurate determination of weak dipo-
lar couplings and in systems with short T2 relaxation times.
However, the constant-time spin echo brings sensitivity loss
due to the constant T2 decay, which might result in the disap-
pearance of the resonances with very limited sensitivities. As
mentioned above, the spin-echo formation cannot be avoided
in conventional DIPSHIFT-RN experiments. For the appli-
cations in large or complicated systems, an extra isotropic
chemical shift dimension is required to attain the necessary
site resolution, and the 3D implementation of PARS-based
dipolar recoupling is illustrated in Figure 1(e), where an addi-
tional heteronuclear magnetization transfer to Z is introduced
through SPECIFIC-CP.40

Figure 2(c) shows simulated 1H-15N PARS spectra. To re-
flect practical experimental conditions, the π pulses on the S
channel were given finite lengths centered at the joints of the
RN0 and RNπ cycles. Contrary to the behavior observed in
Figures 2(a) and 2(b) for the conventional R- and C-symmetry
based dipolar recoupling, the PARS recoupling can be seen to
refocus efficiently the 1H CSA interactions and to give rise to
essentially pure 1H-X dipolar powder patterns. With R121

4-
based PARS sequence, 1H-15N dipolar lineshape is not af-
fected to any significant extent by the presence of 1H CSA
except that a slight increase in the central peak intensity is
observed, due to the contributions from partially unrefocused
higher-order Hamiltonian terms, notably the Iz term men-
tioned above. It is clear that the PARS dipolar splittings and
lineshape features (except for the central peak intensity) are
not affected at all by the 1H CSA interaction, permitting ac-
curate measurement of 1H-X dipolar parameters from a single

PARS spectrum. Furthermore, the PARS dipolar line shapes
are independent of the magnetic field, as shown in Figure S1
in the supplementary material.49 Due to the complete suppres-
sion of 1H CSA interactions, the PARS dipolar lineshapes are
in principle able to yield not only the dipolar coupling con-
stant (DCC) but also the dipolar asymmetry parameter (ηD),
the latter directly reporting on the presence and symmetry of
motions occurring on timescales matching the magnitude of
the dipolar interaction. In this work, we limit the discussion
to axially symmetric 1H-X dipolar interactions and note that
the presence of dipolar asymmetry does not change any of the
conclusions but requires taking into account the rhombicity of
the dipolar tensor in numerical simulations.

Experimental evidence of the reliability
of PARS sequences

To experimentally verify our prediction that accurate
dipolar measurements can be extracted from a single PARS
spectrum, the above-mentioned series of three experiments
that we originally developed for simultanueous 1H CSA
and 1H-X DCC measurements33 can be performed. For this
purpose, the three R181

7-1H(15Nund), R181
7-1H(15Ndec), and

R181
7-15N 2D spectra were recorded on 15N labeled NAV.

The corresponding experimental and simulated line shapes
are shown in Figure 3(a). For extracting accurate 1H CSA and
1H-15N dipolar interactions, as well as the relative tensor ori-
entations, we have performed a simultaneous triple fit of the
experimental line shapes according to the protocol reported
previously. The best-fit parameters are listed in Table I. The
1H-15N dipolar coupling constant measured according to this
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FIG. 3. Experimental (solid lines) and best-fit (dotted lines) RN spectra of [15N]-N-acetyl valine (NAV), recorded at the magnetic field of 14.1 T and MAS
frequency of 20 kHz. (a) RN-1H(15Nund) (red), RN-1H(15Ndec) (blue), and RN-15N (black) line shapes obtained by R181

7 symmetry sequences. The best-fit
1H-15N dipolar, 1H CSA, and relative orientation parameters were obtained by simultaneous triple fit of the spectra. (b) 1H-15N dipolar line shape obtained by
DIPSHIFT-R181

7 recoupling sequence. The spectrum was fitted to extract the dipolar coupling constant, using different fixed values of 1H CSA parameters,
shown next to each spectrum. Note the different resulting DCC values depending on the 1H CSA used. (c) Single-fitted 1H-15N dipolar line shapes obtained by
PARS with various RN symmetry sequences, R121

4 with 1H RF field of 120 kHz (top), R141
5 with 1H RF field of 140 kHz (middle), and R181

7 with 1H RF
field of 180 kHz (bottom). The 15N π pulses during PARS period were 7.0 μs wide and were applied with 8-step phase cycle.



104202-7 Hou et al. J. Chem. Phys. 141, 104202 (2014)

TABLE I. NMR experimental 1H-15N dipolar coupling parameters of
[15N]-N-acetyl-valine (NAV) and [13C,15N]-N-formyl-Met-Leu-Phe (MLF)
by various recoupling techniques, recorded at MAS frequency of 20 kHz.

Sample Method δ
σ

H η αa βa H-N DCC

NAV Tri-RN 8.2 0.43 24◦ 58◦ 10.41 kHz
DIPSHIFT-R18 13.8b 0.33b 81◦b 74◦b 10.10 kHz
DIPSHIFT-R18 0b 0b 0◦b 0◦b 10.72 kHz
DIPSHIFT-R18 8.2c 0.43c 24◦c 58◦c 10.38 kHz

PARS-R12 . . . . . . . . . . . . 10.41 kHz
PARS-R14 . . . . . . . . . . . . 10.42 kHz
PARS-R18 . . . . . . . . . . . . 10.44 kHz

MLF-Met PARS-R12 . . . . . . . . . . . . 10.33 kHz
PARS-R14 . . . . . . . . . . . . 10.38 kHz
PARS-R18 . . . . . . . . . . . . 10.34 kHz

MLF-Leu PARS-R12 . . . . . . . . . . . . 10.23 kHz
PARS-R14 . . . . . . . . . . . . 10.25 kHz
PARS-R18 . . . . . . . . . . . . 10.18 kHz

MLF-Phe PARS-R12 . . . . . . . . . . . . 10.36 kHz
PARS-R14 . . . . . . . . . . . . 10.40 kHz
PARS-R18 . . . . . . . . . . . . 10.37 kHz

aα and β are the polar angles of the NH bond direction with respect to the 1H CSA
principal axis system.
bThese parameters were kept fixed.
cH CSA parameters were fixed at the best-fit values extracted from the triple fits of the
1H CSA data.

procedure is 10.41 kHz. To assess the errors in the dipolar
couplings when they are determined by a single fit of a con-
ventional DIPSHIFT recorded line shape, we have used the
RN-15N spectrum of 15N-NAV. If correct 1H CSA parame-
ters are used, the best-fitted 1H-15N DCC, extracted from a
single spectrum, is 10.38 kHz, consistent with the value ob-
tained from the triple fit (Figure 3(b)). However, the 1H CSA
parameters are not known a priori and exhibit variability for
amide protons in proteins, as we and others have demon-
strated previously.33, 41–44 As illustrated in Figure 3(b) and
Table I, setting 1H CSA parameters to different values results
in pronounced variation of the 1H-15N dipolar coupling con-
stant extracted from the data: the apparent DCC varies be-
tween 10.10 and 10.72 kHz when 1H δσ is set between 13.8
and 0 ppm. (We note that in CAP-Gly protein, we observed
1H δσ to range from 4.6 to ca. 10.6 ppm33 and in histidine to
17.4 ppm.34)

On the contrary, the measurement of accurate 1H-15N
dipolar coupling constant in PARS experiments does not re-
quire any knowledge of the 1H CSA. 1H-15N PARS dipo-
lar spectra acquired on NAV with different RN symmetry
pulses are shown in Figure 3(c). The best-fit 1H-15N DCCs are
10.41 kHz (for R121

4 PARS), 10.42 kHz (for R141
5 PARS),

and 10.44 kHz (for R181
7 PARS), all in excellent agreement

with the DCC value of 10.41 kHz extracted from the triple fit
of the RN-1H(15Nund), RN-1H(15Ndec), and RN-15N spectra.
This experimental result corroborates our predictions borne
out of theoretical considerations and numerical simulations.
We also note that any suitable-symmetry R-sequences can be
used in PARS sequences, permitting the experimentalist to
fine-tune the conditions to the available hardware.

We also examined the performance of the R121
4-,

R141
5-, and R181

7-based PARS sequences for 1H-15N dipolar

measurements on U-13C,15N labeled MLF tripeptide. Figure 4
shows the experimental 1H-15N dipolar line shapes extracted
from 2D PARS NMR spectra together with the best-fit line
shapes (using full Hamiltonian) for each MLF residue. As
summarized in Table I, the best-fit 1H-15N DCCs extracted
from the individual measurements are in excellent agree-
ment, and display very small variations between the three
experiments. The average values for each residue are 10.35
± 0.03 kHz for Met, 10.22 ± 0.04 kHz for Leu, and 10.38
± 0.02 kHz for Phe, illustrating the robustness of PARS.

Sensitivity of PARS sequences
to RF field mismatch

Most of the decoupling and recoupling sequences are
sensitive to the RF field mismatch and inhomogeneity to
greater or lesser extent. Compared to the conventional
DIPSHIFT-RN sequences, PARS requires an additional se-
ries of π pulses on the S channel to restore the refocused
I-S dipolar couplings, so PARS sequences may be addition-
ally affected by any RF field imperfections on the S spin. A
deviation of such x pulses from π flip angle will not only make
the restoration of the 1H-X dipolar interaction incomplete but
it will also add an unwanted Sx term to the average Hamilto-
nian, thereby heavily distorting the S-detected spectrum (data
not shown). To eliminate the effect of RF field mismatch on
the 15N π pulses applied during the PARS period, an appro-
priate phase cycling is required. We have assessed the sen-
sitivity to the RF field mismatch by recording PARS 1H-15N
dipolar spectra in NAV using 2-step (x, -x), 4-step (x, -x, -x,
x) and 8-step (x, -x, -x, x, -x, x, x, -x) phase cycles on the
15N channel. As seen in Figure S2 of the supplementary
material,49 the 2-step phase cycle is insufficient for suppress-
ing the sensitivity to the RF field mismatch, and the dipolar
line shapes exhibit distortions, which become more severe as
the RF field mismatch is increased. On the contrary, 4- and
8-step phase cycles efficiently suppress sensitivity to the RF
field mismatches, and the dipolar line shapes are largely in-
variant with mismatch, even when the offset of 15N π pulses
is as high as ±20◦, as can be seen in Figures S2 and S3 in the
supplementary material.49

Similar to the conventional DIPSHIFT-RN sequences,
precise setting of the 1H RF field in the RN symmetry
pulses is critical for PARS measurements. As shown in Fig-
ure S4 in the supplementary material,49 PARS sequences are
slightly less sensitive to 1H RF field mismatches as compared
to the conventional DIPSHIFT-RN sequences. Nevertheless,
this effect cannot be neglected, particularly at field mis-
matches greater than 5 kHz. In general, as we have reported
previously, R-symmetry sequences with the ratio of N/2n
> 2.5 are preferable due to their lower sensitivity to RF
field inhomogeneity and mismatch.22 Some features of the
mismatch dependence, including the increased intensity of
zero-frequency peaks, are described and explained in the
supplementary material.49 One of the conclusions of that
investigation is that in the case of 20% RF inhomogeneity
across the sample space (closely representing the actual RF
profile of the 1.6 mm NMR probe used in this project), the re-
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FIG. 4. Experimental (black lines) and simulated (red dashed lines) 1H-15N dipolar line shapes recorded by PARS sequences for residues Met (a), Leu (b), and
Phe (c) of [U-13C,15N]-N-formyl-Met-Leu-Phe tripeptide. The experiments were conducted at 14.1 T and MAS frequency of 20 kHz. The RF field strength was
120 kHz (R121

4 PARS, top), 140 kHz (R141
5 PARS, middle), and 180 kHz (R181

7 PARS, bottom). The 15N π pulses during PARS period were 7.0 μs wide
and were applied with 8-step phase cycle. The best-fit dipolar coupling constants are indicated next to each dipolar lineshape.

sulting apparent DCC is about 3% lower than the actual value.
Since this reduction is the same for PARS and DIPSHIFT-
RN, we have not applied it to the DCC values determined by
fitting of the experimental spectra. Furthermore, the dipolar
splittings turn out to slightly depend on the width of the 15N
π pulses (not shown). It is therefore important to do the line-
shape fittings with the correct pulse width in the simulation
protocol.

PARS recoupling under fast MAS

As discussed in our previous report,22 RN-symmetry se-
quences are very well suited for 1H-X heteronuclear dipo-
lar measurements under fast MAS conditions (40 kHz and
higher). The same applies to PARS sequences. To test the
performance of PARS at 40 kHz MAS, we have conducted
several PARS experiments on the NAV sample. The result-
ing 1H-15N PARS dipolar spectra for each PARS sequence are
shown in Figure 5(a), together with the corresponding simu-
lated dipolar line shapes. The reduced spectral intensity in the
central region is the result of the RF-inhomogeneity-induced
central peak, which acquires its intensity by reducing the in-
tensity of dipolar-split signal in its close vicinity, as explained
in the supplementary material.49 This lineshape distortion is
more severe at higher MAS frequency because the size of
the underlying spin interaction is proportional to it. For this
reason, the central regions were excluded from the curve fit-
ting. The best-fit 1H-15N DCCs extracted from these R203

4-,
R142

3- and R182
5-based PARS spectra recorded at 40 kHz are

in excellent agreement with those extracted at the MAS fre-
quency of 20 kHz. In contrast, the 1H-X heteronuclear dipolar
couplings determined by conventional DIPSHIFT at the MAS
frequency of 40 kHz are dependent on 1H CSA. As shown in

Figure 5(b), the single fits of the 1H-15N conventional R142
3

spectra depend on the 1H CSA parameters, and the accurate
1H-15N dipolar coupling constant can be extracted only when
the correct 1H CSA parameters are used in fitting the spectra.

Application of PARS to biological systems

It is important to know accurate 1H-X dipolar couplings
in biological proteins and protein assemblies, since they con-
tain valuable structural and dynamics information. As dis-
cussed above, most of the conventional C- or R-symmetry
based dipolar recoupling sequences are sensitive to the 1H
CSA interactions. 1H CSA depends strongly on molecular en-
vironment, including the strength and geometry of hydrogen
bonding, which results in considerable variability of 1H CSA
parameters in amide protons in proteins.33, 41–46 This variabil-
ity in turn may obstruct accurate measurements of 1H-X dipo-
lar couplings by conventional sequences, especially at mag-
netic fields higher than 14 T. The efficient suppression of 1H
CSA interactions by the PARS dipolar recoupling sequences
(observed even at high fields and for a broad range of MAS
conditions including fast MAS) is therefore critical for the ac-
curate measurement of 1H-X dipolar couplings.

To test the performance of PARS for dipolar coupling
measurements in fully protonated U-13C,15N-proteins, we
have recorded site-specifically 1H-15N dipolar couplings in
U-13C,15N dynein light chain (LC8) protein at 19.9 T, using
the R121

4-based 3D PARS sequence shown in Figure 1(e).
We have also recorded the corresponding conventional R121

4-
based data set. The first 2D NCA plane of the 3D PARS spec-
trum is shown in Figure 6(a); the resonance assignments were
reported by us previously.35 The corresponding 1H-15N dipo-
lar line shapes for each residue were extracted along the third



104202-9 Hou et al. J. Chem. Phys. 141, 104202 (2014)

4 2 0 -2 -4 4 2 0 -2 -4

DCC = 10.70 kHz
δσ(H) = 13.8 ppm
η = 0.34
α = 89.9o

β = 89.4o

DCC = 10.91 kHz
δσ(H) = 0ppm
η = 0
α = 0o

β = 0o

DCC = 10.52 kHz
δσ(H) = 8.2 ppm
η = 0.43
α = 24.2o

β = 57.8o

R142
3-PARS

R203
4-PARS

R182
5-PARS

Frequency (kHz)

DCC = 10.45 kHz

DCC = 10.42 kHz

DCC = 10.44 kHz

Frequency (kHz)

R142
3

(a) (b) R142
3

R142
3

FIG. 5. Experimental (solid lines) and best-fit (dashed lines) 1H-15N dipo-
lar line shapes of [15N]- NAV recorded by (a) PARS and (b) conventional
R-based sequences. The experiments were conducted at the magnetic field
of 14.1 T and MAS frequency of 40 kHz. For the PARS experiments, the
following RN symmetry sequences were employed: R182

5 with 1H RF field
of 180 kHz (top), R142

3 with 1H RF field of 140 kHz (middle), and R203
4

with 1H RF field of 133.3 kHz (bottom). (b) 1H-15N dipolar line shape ob-
tained by conventional R142

3 recoupling sequence. The 15N π pulses during
PARS period were 7.0 μs wide and were applied with 8-step phase cycle. The
spectrum was fitted to extract the dipolar coupling constant, using different
fixed values of 1H CSA parameters, shown next to each spectrum. Note the
different resulting DCC values depending on the 1H CSA used.

dimension in both 3D spectra, and we obtained a total of 53
PARS and 49 DIPSHIFT-RN dipolar patterns. We performed
single fits of the conventional and PARS dipolar lineshapes,
to extract the corresponding dipolar couplings; we did not
include 1H CSA into the fits. The resulting dipolar parame-
ters are shown in Table S1 in the supplementary material.49

Representative experimental and simulated 1H-15N dipolar
line shapes for six LC8 residues are plotted in Figure 6(b).
As is clear from Table S1 in the supplementary material49

and Figure 6(b), there is considerable discrepancy between
the DCC values extracted from the conventional R121

4 and
the corresponding PARS spectra. Examples of conventional
DIPSHIFT-RN/PARS determined DCCs are: 10.4/9.4 kHz
(M13), 8.1/9.0 kHz (N51), and 9.3/9.1 kHz (Y65). These re-
sults highlight that in the conventional R-based experiments,
the errors associated with the DCC values extracted from a
single fit can vary significantly. Figure 7(a) shows the re-
sults of the detected residues in the form of order parame-
ters, which are given by the ratio of the measured DCC and
the DCC of a thermally static NH bond, assumed to be 11.34
kHz.22 Even though for the majority of the residues the or-
der parameters extracted from single fits of the conventional
R121

4 spectra are overestimated, in some instances those can
be underestimated, depending on the 1H CSA parameters (see
Figure 7(b)). We also note that in the conventional R121

4-
based spectra of LC8, dipolar line shapes for several residues
are missing, most likely due to the decay of 15N T2 relaxation
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FIG. 6. (a) The 2D NCA plane (at t1 = 0) of the 3D R121
4-based 1H-15N

PARS spectrum of U-13C,15N-LC8. The spectrum was recorded at 19.97 T;
the MAS frequency was 20 kHz. The 1H RF field strength was 120 kHz
for PARS recoupling. The 15N π pulses during PARS period were 6.4 μs
wide and were applied with 4-step phase cycle. (b) Representative experi-
mental (solid lines) and simulated (dashed lines) 1H-15N dipolar line shapes
for LC8 residues, extracted from the conventional R121

4 (red) and PARS
R121

4 (black) spectra. 1H CSA was not considered in fitting the spectra. The
best-fit dipolar coupling constants are indicated next to each spectrum.

during the constant Hahn spin-echo period (see Figure 1(a)).
In contrast, these line shapes were observed in the PARS spec-
tra, which were recorded without constant echo time. Gen-
erally, PARS spectra exhibited higher sensitivity, particularly
for the residues possessing short T2 relaxation times.

The above 1H-15N dipolar coupling parameters con-
tain information on the backbone motions occurring on the
timescales of 10−6–10−9 s. Figure 7(b) shows the differences
between the 1H-15N dipolar order parameters obtained from
PARS and conventional RN dipolar experiments. The aver-
age deviation in the dipolar order parameter is 0.091, with the
largest discrepancy being 0.205 (for residue Y75). The av-
erage order parameters derived from DIPSHIFT-RN are 0.89
for the overall sequence, 0.91 for the secondary structure el-
ements (α-helices and β-sheets), and 0.81 for loops. In com-
parison, the corresponding average order parameters derived
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from PARS are 0.81, 0.81, and 0.79, and it can be seen that
there is no much difference between the secondary structure
elements and the loop regions, which suggests some back-
bone mobility throughout the entire protein, and the loop re-
gions only exhibit slightly higher flexibility. This dynamic
profile of LC8 is very different from profiles we have seen in
other proteins and protein assemblies, such as thioredoxin47

and CAP-Gly,48 and HIV-1 CA protein assemblies (unpub-
lished results) where loop regions exhibit much higher mo-
bility on nano- to microsecond timescales as manifested in
order parameters that are significantly lower than in the rigid
secondary structure elements. It is also important to note that,
despite the inaccuracies in the order parameters measured in a
single conventional DIPSHIFT-RN experiment, which are of
the order of 5%–12% at 19.9 T, the overall trends are correctly
captured. Therefore, one can still use the conventional experi-
ments for assessing qualitative trends in the mobility of differ-
ent regions of protein, even for the measurements conducted
at 17.6–21.1 T, as long as appropriate errors are attributed to
such values that take into account the uncertainties due to 1H
CSA contributions.

CONCLUSIONS

In summary, the PARS sequences reported in this work
establish a reliable method for the site-specific measurement
of accurate heteronuclear dipolar couplings in organic and
biological systems. The efficient suppression of 1H chemical
shift anisotropy contribution permits to extract accurate
dipolar parameters in a single measurement and obviates
the need for two additional experiments and simultaneous

triple fitting of the data. The lack of sensitivity to recoupling
pulse misset assures the robustness of the PARS recoupling.
Finally, we have demonstrated that PARS performs efficiently
under a wide range of MAS frequencies including fast MAS
conditions. On the basis of the results we envision that PARS
will be applicable to a wide variety of biological and organic
systems.
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