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Motion-adapted pulse sequences for oriented sample (OS) solid-state NMR
of biopolymers

George J. Lu and Stanley J. Opellaa)

Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla,
California 92093-0307, USA

(Received 17 June 2013; accepted 13 August 2013; published online 30 August 2013)

One of the main applications of solid-state NMR is to study the structure and dynamics of biopoly-
mers, such as membrane proteins, under physiological conditions where the polypeptides undergo
global motions as they do in biological membranes. The effects of NMR radiofrequency irradiations
on nuclear spins are strongly influenced by these motions. For example, we previously showed that
the MSHOT-Pi4 pulse sequence yields spectra with resonance line widths about half of those ob-
served using the conventional pulse sequence when applied to membrane proteins undergoing rapid
uniaxial rotational diffusion in phospholipid bilayers. In contrast, the line widths were not changed in
microcrystalline samples where the molecules did not undergo global motions. Here, we demonstrate
experimentally and describe analytically how some Hamiltonian terms are susceptible to sample mo-
tions, and it is their removal through the critical π /2 Z-rotational symmetry that confers the “motion
adapted” property to the MSHOT-Pi4 pulse sequence. This leads to the design of separated local
field pulse sequence “Motion-adapted SAMPI4” and is generalized to an approach for the design
of decoupling sequences whose performance is superior in the presence of molecular motions. It
works by cancelling the spin interaction by explicitly averaging the reduced Wigner matrix to zero,
rather than utilizing the 2π nutation to average spin interactions. This approach is applicable to both
stationary and magic angle spinning solid-state NMR experiments. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4819331]

I. INTRODUCTION

Compared to other methods of protein structure deter-
mination, such as X-ray crystallography and solution NMR
spectroscopy, solid-state NMR spectroscopy offers several
advantages for applications to membrane proteins; in particu-
lar, solid-state NMR enables them to be studied in their native
environment of liquid crystalline phospholipid bilayers under
physiological conditions.1–3 This can be accomplished with
protein-containing bilayer samples that are either magneti-
cally or mechanically aligned relative to the magnetic field
using Oriented Sample (OS) solid-state NMR or unoriented
proteoliposomes samples using Rotationally Aligned (RA)
solid-state NMR.4 In the samples for both types of solid-
state NMR experiments, the proteins undergo rapid rotational
diffusion about the lipid bilayer normal.5 The motional av-
eraging of powder patterns from dipole-dipole and chemical
shift interactions were observed in some of the earliest high-
resolution solid-state NMR experiments on polycrystalline
samples,6 in the 31P NMR spectra of phospholipids,7 and in
the 13C′ NMR spectra of bacteriorhodopsin in bilayers.8

There are additional effects of motions on solid-state
NMR spectra and radiofrequency (rf) pulses. Griffin and co-
workers8, 9 observed considerable line broadening of reso-
nances in Magic Angle Spinning (MAS) solid-state NMR
spectra of bacteriorhodopsin undergoing rotational diffusion,

a)Author to whom correspondence should be addressed. Electronic mail:
sopella@ucsd.edu.

and further exploited the motion effects in multiple pulse
sequence. Similar effects have been observed in organic
molecules, lipids, and membrane proteins.10–17 Meanwhile,
interferences between rotor rotation and pulse sequence have
been utilized in many recoupling methods in MAS solid-state
NMR.18–20

Although the line broadening effects of molecular mo-
tions in solid-state NMR spectra been well characterized,
there have been relatively few studies focused on reduction
of such line broadening under similar circumstances. For ex-
ample, we have demonstrated a pulse sequence for static OS
solid-state NMR21 that reduced 1H line widths by more than
a factor of two compared to previous versions of the pulse se-
quence in samples where the proteins undergo fast rotational
diffusion. The narrow 1H line widths enabled more accurate
measurements of 1H chemical shift frequencies in solid-state
NMR heteronuclear correlation (HETCOR) spectra and 1H–
15N dipolar couplings in proton-detected local field (PDLF)
spectra. Furthermore, the relatively narrow 1H resonance line
widths enhanced the resolution in multidimensional spectra
where the 1H chemical shift was one of the frequency di-
mensions. Interestingly, substantial line narrowing was only
observed for membrane proteins undergoing rapid rotational
diffusion, but not for a static crystal sample of N-acetylated
leucine. The pulse sequence incorporated two modifications
that combined to improve its performance. The first modifi-
cation was to replace the continuous-wave (CW) heteronu-
clear decoupling with a single refocusing π pulse. While it
had been shown by Waugh and Rothwell22 that continuous
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wave decoupling is susceptible to interference from molecu-
lar motion, by contrast a single π pulse is largely indepen-
dent of any interference effects from protein motion, and the
situation does not require further analysis. The second modi-
fication was the replacement of the frequency-switched Lee-
Goldberg (FSLG) sequence by a Z-rotational magic sandwich
sequence MSHOT-Pi4 for 1H–1H homonuclear decoupling.

In this article, the superior performance of MSHOT-Pi4
pulse sequence for membrane protein samples is explained
and generalized, including (i) an analytical derivation that
identifies the Hamiltonian terms susceptible to interference
from sample motion and explains how they are eliminated in
the MSHOT-Pi4 sequence; (ii) the critical role of the π /2 Z-
rotational symmetry in MSHOT-Pi4 sequence and the exper-
imentally verified prediction that MSHOT4 has better perfor-
mance than either MSHOT2 sequence with π symmetry or
MSHOT6 with π /3 symmetry; and (iii) the design and exper-
imental spectra of a rotating-frame separated local field pulse
sequence motion-adapted SAMPI4 developed from MSHOT-
Pi4 with reduced interference from sample motions.

II. EXPERIMENTS AND METHODS

A. Sample preparation

The expression and purification of Pf1 coat protein has
been described previously.23 Magnetically aligned bicelle
samples of Pf1 coat protein were prepared with 6-O-PC
(1,2-di-O-hexyl-sn-glycero-3-phosphocholine) and 14-O-PC
(1,2-di-O-tetradecyl-sn-glycero-3-phosphocholine) as previ-
ously described.23–25

B. Solid-state NMR Spectroscopy

15N-detected solid-state NMR spectra were obtained on a
700 MHz Bruker Avance spectrometer equipped with a home-
built 1H/15N double-resonance probe with a strip-shield to
minimize heating of the lossy samples from high frequency,
high power radiofrequency irradiations.26

For the HETCOR spectra of the membrane-bound form
of Pf1 coat protein (Figure 3), all experiments were per-
formed with 71.4 kHz 1H irradiation during t1 evolution and
50 kHz 1H and 15N irradiation elsewhere in the sequence.
3 cycles of SAMPI4 were used in the mixing period of the
pulse sequence,21 which selectively transferred magnetization
for resonances with 1H/15N dipolar couplings > 1 kHz. All
three experiments had the same total t1 evolution time of
10.584 ms. Specifically, the spectra acquired with 2- and 4-
phase cycled magic sandwich sequences (Figures 3(a) and
3(b)) had 64 complex t1 points with 168 μs dwell times; and
the one with a 6-phase cycled magic sandwich (Figure 3(c))
had 43 complex t1 points with a 252 μs dwell time. The num-
ber of scans was increased from 40 to 60 in the 6-phase cy-
cled magic sandwich spectrum to approximately match the
total acquisition time in order to obtain comparative signal to
noise levels. All experiments were processed identically with-
out apodization applied in the indirect dimension where the
1H line width was measured. The 1H carrier frequency was
10.8 ppm with the water signal set at 4.7 ppm, and the 15N

carrier frequency was 117 ppm by referencing to solid am-
monium sulfate.

The motion-adapted SAMPI4 spectra were obtained on
the membrane-bound form of Pf1 coat protein (Figure 4(a))
using 49.0 kHz radiofrequency pulses on both 1H and 15N
channels. Thirty-nine real t1 points were acquired in the
indirect dimension giving a total evolution time of 4.65
ms for 1H–15N dipolar coupling. As the control experiment
(Figure 4(b)), the original SAMPI4 pulse sequence27 was
used with two dwells in each increment. 50 kHz radiofre-
quency pulse, 40 real t1 points, and the total t1 evolution
time of 4.68 ms were used. The scaling factors for the two
sequences are slightly different, as described in Sec. IV. The
1H carrier was at ∼9 ppm and 15N carrier at ∼120 ppm. The
data processing and line width measurements were performed
with NMRDraw28 and Sparky.29

C. Numerical simulation

The simulations were carried out with SIMPSON 2.0.30

The four-spin system used in the simulations included three
1H and one 15N nuclei. The three 1H nuclei had 10 kHz dipo-
lar couplings between each pair, but only one of them had a
5 kHz dipolar coupling to the 15N atom. This same 1H atom
had 1 kHz chemical shift offset with respect to the 1H car-
rier, while the other two were on resonance. The 1H chemical
shift was monitored in the indirect dimension and the mag-
netization was “transferred” for 15N detection through three
SAMPI4 periods with 50 kHz irradiation, as in the HET-
COR experiments. The 1H irradiation in the indirect dimen-
sion was set to 100 kHz for the B1 field of magic sandwich se-
quence and the Beff field of the Lee-Goldberg sequence. The
sample rotation was set at various frequencies indicated on
Figure 3, and the angle between the rotational axis and the
magnetic field was chosen to be 80◦. The time step over which
the Hamiltonian was considered time independent was set
at 0.5 μs.

III. THEORY

We start by formulating the Lee-Goldberg and magic
sandwich homonuclear decoupling sequences without molec-
ular motion with spherical tensor operators. Two different
mechanisms of averaging homonuclear dipolar coupling are
identified; the setting of the reduced Wigner matrices to zero,
and the 2π pulse nutation averaging of a spin interaction. We
then consider pulse sequences in the presence of molecular
motion, where the ineffectiveness of the second mechanism is
demonstrated. Finally, the discussion is extended to rotating-
frame separated local field experiments where both homonu-
clear and heteronuclear dipolar couplings are present.

A. Magic sandwich and Lee-Goldberg decoupling
for static sample

For the case of two dipolar-coupled like spins, such as
two 1H nuclei, in the usual rotating frame in a high magnetic
field (Zeeman interaction representation), the Hamiltonian of
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FIG. 1. Pulse sequence elements discussed in the article. (a) Basic magic sandwich sequence element. (b) Basic element of MSHOT-4. (c) Experimental
implementation of MSHOT-4 (MSHOT-Pi4 sequence). (d) Frequency-switched Lee-Goldberg sequence element. (e) Separated local field sequence with basic
magic sandwich elements. (f) Motion-adapted SAMPI4 sequence, where the first and second dwells are shown, and the next two dwells have all pulse phases
increase by 180◦ and so forth.

the system under rf irradiation can be written as

H (t) = Hrf (t) + HD(t). (1)

Using spherical tensor operator notations, the homonuclear
dipolar coupling under high magnetic field takes the form31

HD(t) =
√

6ωDT AB
20 , (2)

where ωD and T AB
20 are the spatial and spin part of the dipolar

coupling Hamiltonian, respectively. The conversions between
spherical tensor operators and the Cartesian spin operators are

T AB
20 = 1√

6
(3IAzIBz − ⇀

IA · ⇀

IB), (3a)

T AB
2,±1 = ∓1

2
(IAzI

±
B + I±

A IBz), (3b)

T AB
2,±2 = 1

2
I±
A I±

B , (3c)

T A
10 = IAz, (3d)

T A
1,±1 = ∓ 1√

2
I±
A . (3e)

In a basic magic sandwich period (Figure 1(a)),32 the cen-
tral spin-lock period is flanked by a pair of ideal delta 90◦

Y and −Y pulses. The overall effect of the radiofrequency
pulses can be described as a rotation with the Euler angles

R
(
ω1t,

π

2
, 0

)
= exp{−iω1t Îz} exp

{
−i

π

2
Îy

}
, (4)

where ω1 is the irradiation frequency during the spin-lock pe-
riod. The rotation transforms the spin part of the dipolar cou-

pling Hamiltonian through the transformation equation

R
(
ω1t,

π

2
, 0

)
T AB

20 R−1
(
ω1t,

π

2
, 0

)

=
+2∑

m=−2

T AB
2m exp{−imω1t}d2

m0

(π

2

)
, (5)

where d2
m0(θ ) is the reduced Wigner matrix element. The time

propagator can then be approximated using Average Hamil-
tonian Theory with stroboscopic observation from time t0
to t0 + τ ,

U (t0 + τ ) ∼= Urf (t0, t0 + τ ) exp{−iHτ }, (6)

where H is the average Hamiltonian. With the central spin
lock set to be τ = (2π /ω1), Urf (t0, t0 + τ ) = exp{−iω1τ Îz}
= 1 and therefore the radiofrequency pulses do not cause a
net rotation of the spins. The first order term of H under the
Magnus expansion can be separated into five components ac-
cording to the “m” values in the spherical tensors

H
(1) = H

(1)
m=0 + H

(1)
m=+1 + H

(1)
m=−1 + H

(1)
m=+2 + H

(1)
m=−2, (7)

H
(1)
m=0 = 1

τ

∫ t0+τ

t0

dt
√

6ωDT AB
20 d2

00

(π

2

)
, (8a)

H
(1)
m=±1 = 1

τ

∫ t0+τ

t0

dt
√

6ωDT AB
2,±1d

2
±10

(π

2

)
exp{−i ± ω1t},

(8b)

H
(1)
m=±2 = 1

τ

∫ t0+τ

t0

dt
√

6ωDT AB
2,±2d

2
±20

(π

2

)
exp{−i ± 2ω1t}.

(8c)
In the rigid lattice limit or the fast motion limit, where the

frequency of the motion is much faster than 1/τ , the spatial



084203-4 G. J. Lu and S. J. Opella J. Chem. Phys. 139, 084203 (2013)

part of the dipolar coupling Hamiltonian, ωD, is time inde-
pendent. In Sec. III B, the case when the frequency of motion
is near the time scale of 1/τ will be discussed. Here, we treat
ωD as a constant, and evaluate the five components of the first
order average Hamiltonian.

The m = ±1 and m = ±2 components both vanish to
zero, but by two different mechanisms. The m = ±1 compo-
nents are zero due to the corresponding reduced Wigner ma-

trix d2
±1,0(π

2 ) = ∓
√

3
2 sin π

2 cos π
2 = 0. The elimination of m

= ±2 components, however, is not because of the reduced

Wigner matrix, which is d2
±2,0(π

2 ) =
√

3
8 sin2 π

2 =
√

3
8 ; in-

stead, it is due to the term exp {−i ± 2ω1t} integrated to zero
when τ = (2π /ω1). Notably, it is the difference between these
two mechanisms of averaging that will influence the pulse
sequence performance when molecular motion is present, as
discussed in Sec. III B. Only the time-invariant m = 0 com-
ponent survives, and since d2

00(π
2 ) = 1

2 (3 cos2 π
2 − 1) = − 1

2 ,

it gives H
(1) = − 1

2 (
√

6ωDT AB
20 ) = − 1

2HD . The magic sand-
wich sequence removes the homonuclear dipolar coupling by
setting the total radiofrequency-free time to be 1

2τ . In prac-
tice, the magic sandwich is often designed with reflection
symmetry33 and is capable of cancelling higher order Hamil-
tonians. Here, we limit our discussion to the first order aver-
age Hamiltonian.

Homonuclear decoupling under the Lee-Goldberg condi-
tion (Figure 1(d))34, 35 can be evaluated using the same sets of
formulae. The spin-lock pulse at the magic angle θm can be
described as a rotation with the Euler angles

R(ωeff t, θm, 0) = exp{−iωeff 1t Îz} exp{−iθmÎy}, (9)

where ωeff is the frequency of the effective field resulting
from both B1 field and offset. The resulting first order aver-
age Hamiltonian of homonuclear dipolar coupling is

H
(1) = 1

τ

∫ t0+τ

t0

dt
√

6ωD

+2∑
m=−2

T AB
2m exp{−imωeff t}d2

m0(θm),

(10)

H
(1)
m=0 = 1

τ

∫ t0+τ

t0

dt
√

6ωDT AB
20 d2

00(θm), (11a)

H
(1)
m=±1 = 1

τ

∫ t0+τ

t0

dt
√

6ωDT AB
2,±1d

2
±10(θm) exp{−i ± ωeff t},

(11b)

H
(1)
m=±2 = 1

τ

∫ t0+τ

t0

dt
√

6ωDT AB
2,±2d

2
±20(θm) exp{−i ± 2ωeff t}.

(11c)

Out of the five reduced Wigner matrices, only d2
00(θm)

= 1
2 (3 cos2 θm − 1) = 0. Consequently, only the m = 0 com-

ponent is averaged to zero through the first mechanism, and
the other four components m = ±1 and m = ±2 are averaged
through the second mechanism.

In summary, two different mechanisms of eliminating
homonuclear dipolar coupling are distinguished, one by ex-
plicitly setting the reduced Wigner matrixes to zero, and the

other by performing a 2π nutation on the spin interaction.
The magic sandwich and Lee-Goldberg decoupling sequences
eliminate the homonuclear dipolar coupling by both mech-
anisms for different “m” components. As shown below, the
second mechanism becomes ineffective in the presence of
molecular motion, and this distinguishes the pulse sequence
performance when applied to membrane proteins undergoing
fast rotational diffusion about the bilayer normal.

B. Pulse sequence performance under molecular
motion and the MSHOT-Pi4 sequence

In a molecule undergoing rotational motion at a fre-
quency ωr, the spatial part of the dipolar coupling Hamilto-
nian ωD(t) becomes time dependent. Since ωD(t) is a second-
rank tensor operator, it can be written as a linear combination
of the dipolar couplings tensors (A2p) in the molecular frame

ωD(t) =
+2∑

p=−2

A2p exp{−ipωr t}d2
p0(β). (12)

Consequently, the time-dependent component exp {−ipωrt}
interferes with the pulse nutation in the calculation of an
average Hamiltonian (Eqs. (8a)–(8c) and (11a)–(11c)). In
the fast motion regime (ωr � ω1), the interference is
negligible. However, when ωr ≈ ω1 and/or ωr ≈ 2ω1,
the second mechanism of averaging homonuclear dipo-
lar coupling becomes ineffective, since the integration of∫ t0+τ

t0
dt exp{−imω1t} exp{−ipωr t} is non-zero when mω1

+ pωr ≈ 0. As a result, the m = ±2 terms in magic sandwich
decoupling (Eq. (8c)) and both m = ±1 and m = ±2 terms
in Lee-Goldberg decoupling (Eqs. (11b) and (11c)) become
non-zero over time τ , leaving residual homonuclear dipolar
coupling in the first-order average Hamiltonian. Table I sum-
marizes these possible non-zero terms. These two conditions
are analogous to the single-quantum rotary resonance19 and
the double-quantum HORROR condition,36 with the differ-
ence being that (i) the angle β is not at magic angle, and
(ii) ωr represents a random molecular motion rather than a
specifically set rotor speed.

Figure 1(b) shows one of the magic sandwich variants
with Z-rotational symmetry (MSHOT) sequences, MSHOT-4,
which has 4 steps of Z-rotation and consequently a phase
difference of π /2 among them. The MSHOT-Pi4 sequence21

is the practical implementation of MSHOT-4. The MSHOT
pulse sequence, which stands for magic sandwich with high
order truncation, was initially introduced as a way to elimi-
nate higher order average Hamiltonians.37 Due to the special
property of tensor operators, Z-rotation of the pulse phase was
shown to modify the average Hamiltonian by adding only a
phase factor e−imφ to the Hamiltonian. For example, the sec-
ond block in MSHOT-4 has a phase shift of φ = +π /2 along
the Z axis, and it results in e−imφ = −1 for m = ±2 com-
ponents. The m = ±2 components in the second block thus
become the inverse of the m = ±2 components in the first
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TABLE I. The list of undesirable first-order average Hamiltonian terms generated from the interference between
sample rotational motion and radiofrequency (rf) pulse sequence.

ωr = 2ω1
a ωr = 1

2 ω1 ωr = 1
2 ω1

Lee-Goldberg decoupling {m = ±2, p = ±1}b,c {m = ±1, p = ±1}c, {m = ±1, p = ±2}
{m = ±2, p = ±2}

Magic sandwich decoupling {m = ±2, p = ±1}c {m = ±2, p = ±2} None

MSHOT-Pi4 None None None

SAMPi4 Homodipole {m = ±2, p = ±1}c {m = ±2, p = ±2} None
Heterodipole {m = ±2, p = ±1}c {m = ±2, p = ±2} None

Motion-adapted SAMPi4 Homodipole None None None
Heterodipole None None None

aωr is the simplified rotational diffusion frequency of the membrane protein sample, and ω1 is the frequency of the rf pulses.
bm is the spin-part of the Hamiltonian and is related to the rf pulse frequency. p is the space-part of the Hamiltonian and is related
to the rotational frequency.
cThese terms would disappear for ideal perpendicularly aligned bicelles, i.e., the rotational axis is perpendicular to the magnetic
field and there is no “wobbling” motion of the bicelle.

block

H
(1)
m=±2,φ=π/2 = − 1

τ

∫ t0+τ

t0

dt
√

6ωDT AB
2,±2d

2
±20

(π

2

)

× exp{−i ± 2ω1t}. (13)

If ωD(t) takes the form shown in Eq. (12) and is assumed to
have the same constant ωr frequency as the first block, then
these two blocks cancel, averaging the m = ±2 components to
zero. Thus, all first-order homonuclear dipolar coupling terms
are fully averaged in a full MSHOT cycle. Notably, in an ex-
perimental situation ωD(t) is more complicated than that ex-
pressed in Eq. (12), since the molecular motion is random
rather than at a constant frequency, ωr. Therefore, m = ±2
components cannot be fully averaged to zero, and the inter-
ference between rf pulses and molecular motions can never
be fully eliminated. A more rigorous quantum mechanical
treatment of random molecular motion may involve the use of
stochastic Liouville equation,38–40 however, in this article we
use the simpler average Hamiltonian theory aiming to differ-
entiate pulse sequences’ susceptibility to molecular motion.

Notably, those MSHOT sequences that do not possess
π /2 Z-rotations would not be able to cancel the m = ±2 com-
ponents, and therefore would still be subject to some interfer-
ence by molecular motion. Examples include MSHOT-2 and
MSHOT-6, and experimental spectra from these sequences
are included in Sec. IV. The results in MSHOT-6 are partic-
ularly interesting; from the original derivation of Z-rotational
sequence, it is capable of cancelling residual homonuclear
dipolar coupling to the same order as MSHOT-437 and should
perform equally well. However, we predict that MSHOT-4 is
superior to MSHOT-6 in the presence of molecular motions.

In the case of Lee-Goldberg decoupling, both m = ±1
and m = ±2 components become non-zero in the presence
of molecular motion. The situation is not alleviated with
the reflection symmetry that is usually imposed in FSLG41

(Fig. 1(d)) or phase-modulated Lee-Goldberg (PMLG)42

methods. The two symmetrical parts of the sequence corre-
spond to the rotation of R(ωefft, θm, 0) and R(−ωefft, θm, 0),
and they lead to the same reduced Wigner matrices that cannot

cancel each other. As a consequence, both FSLG and PMLG
remain susceptible to interferences from molecular motion.

C. Rotating-frame separated local field experiment
under molecular motion

Polarization Inversion Spin Exchange at the Magic An-
gle (PISEMA)43 is distinguished from the original laboratory-
frame separated local field experiments, because the magne-
tization is locked in the rotating frame by the radio-frequency
irradiation, and the heteronuclear dipolar coupling is encoded
in the flip-flop Hamiltonian I+S− + I−S+ rather than the
laboratory-frame term IzSz. The rotating-frame separated lo-
cal field experiments are generally found to give higher res-
olution, because of T1ρ being longer than T2 and the dipo-
lar truncation effect;44 as a result, they are widely used and
many variants have been designed since the original version
of PISEMA was introduced, for example, SAMPI427 and
HIMSELF.45

The basic magic sandwich element in SAMMY46 or
SAMPI427 with two unlike spins A and B is shown in
Figure 1(e). The heteronuclear dipolar coupling HIS(t) is
2ωIS(t)T A

10T
B

10 with T A
10 and T B

10 being the first rank spheri-
cal tensor operator of spins A and B, respectively. During the
central spin-lock period, HIS(t) evolves at the exact Hartmann-
Hahn match condition and results in the following first order
average Hamiltonian:

H
(1) = 1

τ

∫ t0+τ

t0

dt 2ωD

{
R

(
ω1t,

π

2
, 0

)
T A

10R
−1

(
ω1t,

π

2
, 0

)}

×
{
R

(
ω1t,

π

2
, 0

)
T A

10R
−1

(
ω1t,

π

2
, 0

)}

= 1

τ

∫ t0+τ

t0

dt 2ωD

+1∑
m=−1

+1∑
n=−1

T A
1m exp{−imω1t}

× d1
m0

(π

2

)
T B

1n exp{−inω1t}d1
n0

(π

2

)
, (14)

where reduced Wigner matrix elements are d1
00(π

2 ) = cos π
2

= 0 and d1
±1,0(π

2 ) = ∓ 1√
2

sin π
2 = ∓ 1√

2
. Different from the

single spin situation, the sum of “m” and “n” values is used
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here to categorize the average Hamiltonian

H
(1)
m+n=0 = − 1

τ

∫ t0+τ

t0

dt ωD

{
T A

1,+1T
B

1,−1 + T A
1,−1T

B
1,+1

}
,

(15a)

H
(1)
m+n=+2 = 1

τ

∫ t0+τ

t0

dt ωDT A
1,+1T

B
1,+1 exp{−i2ω1t}, (15b)

H
(1)
m+n=−2 = 1

τ

∫ t0+τ

t0

dt ωDT A
1,−1T

B
1,−1 exp{i2ω1t}, (15c)

H
(1)
m+n=±1 = 0. (15d)

With τ = 2π /ω1 the double-quantum m + n = ±2 terms
vanish through the first mechanism, i.e., exp {−i ± 2ω1t}
integrates to zero. Only the zero-quantum m + n = 0 compo-
nent survives and gives rise to the familiar flip-flop Hamilto-

nian H
(1) = ωD(t)

2 (I+S− + I−S+). In the presence of molec-
ular motion, however, m + n = ±2 would not vanish since
exp {−ipωrt} interferes with the averaging of the exp {−i
± 2ω1t} term.

Similarly, a motion-adapted version of SAMPI4 se-
quence can be designed by rotating the pulse sequence phase
of both nuclei by π /2 across the four quadrants. Figure 1(f)
shows a practical example of this motion-adapted SAMPI4
pulse sequence. It can be readily shown that e−imφe−inφ = −1
for all the m + n = ±2 terms after φ = π /2 rotation, while
the m + n = 0 term remains the same. Since the nucleus I
(1H) now experiences the exact same sequence as MSHOT-
PI4, the cancellation of 1H–1H homonuclear dipolar coupling
should be also motion adapted. However, in our initial test-
ing, the performance of the sequence is similar to the original
SAMPI4 sequence.

D. Rotational diffusion of membrane proteins
in aligned bicelle

The principle of motion interference is highly relevant to
acquiring high-resolution NMR spectra of membrane proteins
and other biopolymers, many of which undergo global reori-
entation about a single axis. First, the rotational diffusion of
the protein about the bilayer normal has been measured to oc-
cur at ∼106 Hz by NMR and other techniques,8, 47–49 which
is close to the relevant frequencies generated by the radiofre-
quency irradiations in the pulse sequences (40 kHz–200 kHz).
Second, any types of motions that produce a spatial rotational
factor exp {−imωrt} have the potential to interfere with the
pulse sequence. Therefore, many other types of motion, es-
pecially local segmental motions, can be translated into ro-
tational motion of membrane proteins and analyzed with the
same method.

In the specific case of a membrane protein, the ro-
tational diffusion always occurs about the axis defined
by the bilayer normal. For magnetically aligned bicelles,
the rotational axis would exactly align either parallel or
perpendicular to the direction of the magnetic field. This
results in β = 0 for the parallel bicelle and β = π /2 for

the perpendicular bicelle under ideal situations. In Eq. (12),

ωD(t) =
+2∑

p=−2
A2p exp{−ipωr t}d2

p0(β), where d2
±1,0(β)

= ∓
√

3
2 sin β cos β and d2

±2,0(β) =
√

3
8 sin2 β. Consequently,

all the time-dependent parts of ωD(t) (p = ±1 and p = ±2
components) vanish for a parallel bicelle, and p = ±1 but
not p = ±2 components vanish for a perpendicular bicelle.
Therefore, motion in an ideal parallel bicelle does not
interfere with the pulse sequence performance; and in an
ideal perpendicular bicelle, motion only interferes through p
= ±2 components. In practical situations, however, “wob-
bling” motions of the bicelle often exist and could cause the
fluctuation of the rotational diffusion axis. Consequently,
the deviation of β angle away from 0 and π /2 re-introduces
the time-dependent components as well as the motion in-
terference to pulse sequence performance. For magnetically
aligned bicelles, the existence of the “wobbling” motion can
be quantified by the order parameter, which is usually less
than unity (∼0.85).50, 51 By contrast, in mechanically aligned
bilayers, the order parameter is usually equal to 1.0. It could
suggest that the “wobbling” of the rotational diffusion axis is
minimal in mechanically aligned bilayers, which therefore is
potentially less susceptible to motion interference.

IV. RESULTS AND DISCUSSION

A. Numerical simulation of 1H line width at various
sample rotation rates

Three pulse sequences are compared, including (i) the
conventional HETCOR sequence FSLG-CW,27, 52 which uses
FSLG for 1H–1H homonuclear decoupling and CW irra-
diation for 1H–15N heteronuclear decoupling, and (ii) the
recently described MSHOT-Pi4/Pi.21 The MSHOT-Pi4 se-
quence (Figure 1(c)) was the practical implementation of
the basic MSHOT-4 sequence with the added inverse spin-
lock components for reducing the effect of radiofrequency
field inhomogeneity and the finite pulse compensation scheme
adapted from the SAMPI4 sequence. The MSHOT-Pi4 se-
quence on the 1H channel was combined with the single π

pulse on the 15N channel, and thus the total sequence was
named MSHOT-Pi4/Pi. In addition, the third sequence, a two-
phase Z-rotational MSHOT (MSHOT-2), is simulated as well;
the only difference between it and the MSHOT-Pi4 sequence
is that pulse phases are only X and −X, rather than be-
ing cycle through all four quadrants. The two phase cycled
magic sandwich sequence was first described in the TREV-8
sequence33 and the current version MSHOT-2 sequence uses
the same finite pulse compensation scheme as SAMPI427 and
MSHOT-Pi4.21

Numerical simulations of the effects of motion on the
radiofrequency irradiations were performed with the SIMP-
SON package30 by setting the sample to rotate at various con-
stant speeds (Figure 2). Two-dimensional 1H–15N HETCOR
spectra were simulated for three dipolar coupled 1H and one
15N spins, and the indirect dimension was used to analyze
the performance of the sequences, which is similar to the
strategy previously used to develop the MSHOT-Pi4/Pi pulse
sequence.21
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FIG. 2. Numerical simulation of 1H chemical shift line width at various sample rotation rates with SIMPSON software. (a) FSLG and continuous wave
(CW) for homonuclear and heteronuclear decoupling. (b) MSHOT-2 (magic sandwich with two phase cycling, TREV-8) and a single π refocusing pulse for
homonuclear and heteronuclear decoupling. (c) MSHOT-4 (magic sandwich with four phase cycling, MSHOT-Pi4) and a single π refocusing for homonuclear
and heteronuclear decoupling. Effective field of all three homonuclear decoupling sequences are set at 100 kHz, and therefore the m = ±1 and m = ±2
components of the average Hamiltonian falls at 100 kHz and 200 kHz. Line broadening occurs when the rotational frequency of the nuclei coincides with
these two frequencies. From theoretical analysis, interference with FSLG decoupling occur at both frequencies, TREV-8 has reduced interference at 100 kHz
frequency, and MSHOT-Pi4 is resistant to interference at both frequencies.

The purpose of comparing the three sequences is that,
from the theoretical analysis, the motion interference with
FSLG decoupling occurs for both m = ±1 and m = ±2 com-
ponents, MSHOT-2 is interfered only by the m = ±1 com-
ponent, and MSHOT-4 is resistant to both sources of interfer-
ence. Therefore, MSHOT-2 should have less interference at
100 kHz and MSHOT-4 should be free from interference at
both frequencies. From the result, the two interference points
can be clearly visible, and for MSHOT-Pi4, the two interfer-
ence points are largely removed as predicted.

Here, we simulate the rotational motion analogous to the
case of off-magic-angle spinning of the sample. The angle be-
tween the magnetic field and the axis of rotation is arbitrarily
chosen to be 80◦ in order to mimic the case of perpendicu-
lar bicelle with wobbling motion, and the sample motion is
simulated as a constant rotation. While the rotational diffu-
sion of the protein sample can be simulated more rigorously
as a random-walk motion, the common numerical simulation
software for solid-state NMR, for example, SIMPSON30 and
Spinevolution,53 are not equipped with this option. In our sim-
ulation, the interference of m = ±1 and m = ±2 compo-
nents occurs only in a very narrow window at 100 kHz and
200 kHz. With more randomized motion, the spectral interfer-
ence is likely to occur at a broader range of frequencies and
with a less pronounced decrease of intensity. In addition, the
ability of these pulse sequences to remove interference from
motion would be compromised by the randomness of dipolar
fluctuations.

B. Experimental comparison of MSHOT-2, MSHOT-4,
and MSHOT-6

One prediction described in Sec. III is the critical role of
Z-rotation symmetry at π /2 phase for removing the motion
interference, and Z-rotation at other phases would not suffice.
Here, MSHOT-2, MSHOT-4, and MSHOT-6 sequences are
evaluated experimentally for homonuclear decoupling with
membrane-bound form of Pf1 coat protein in magnetically
aligned bicelles (Fig. 3). Two-dimensional HETCOR spectra
were acquired back-to-back on the same sample, and from
the measured line width, MSHOT-4 shows better resolution
than both MSHOT-2 and MSHOT-6. This provides an impor-
tant validation for the analytically derived principle of motion
interference.

C. Experimental spectra of motion-resistant
separated local field experiments

The resolution and resonance line widths in the heteronu-
clear dipolar coupling dimensions are compared for spec-
tra acquired with motion-adapted SAMPI4 and the original
SAMPI4 sequence on the membrane-bound form of Pf1 coat
protein (Fig. 4). However, only slight improvement is ob-
served between the two pulse sequences.

The first plausible reason for the similar performance be-
tween motion-adapted SAMPI4 and the original SAMPI4 is
that separated local field spectra are usually acquired with
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FIG. 3. Experimental spectra acquired on membrane-bound form of Pf1 coat
protein in magnetically aligned bilayers with (a) MSHOT-4 (i.e., MSHOT-
Pi4), (b) MSHOT-2, and (c) MSHOT-6 decoupling. All three sequences are
magic sandwich sequences with the only difference being that MSHOT-
Pi4 has 4-phase cycling, MSHOT-2 has 2-phase cycling, and MSHOT-6 has
6-phase cycling. From theoretical analysis, only the 4-phase cycling scheme
possesses the critical π /2 Z-rotational symmetry and offers resistance to mo-
tion interference at both ωr = 2ω1 and ωr = ω1 frequencies. Agreeing with
this prediction, experimental results show that MSHOT-Pi4 gives the narrow-
est line width.

lower levels of radiofrequency power due to the limitations
of the low-γ 15N channel of the probe. With our 5 mm static
low-E probes, the B1 field for the separated local field spec-
tra is usually around 50 kHz, while in the HETCOR experi-
ments the 1H B1 field is typically ∼80 kHz. Since the rota-
tional diffusion rate is around 105–106 Hz, the separated local
field experiments may fortuitously avoid most of the motion
interference.

Another reason for the similar performance between the
two sequences is that the motion-adapted SAMPI4 sequence
has 90◦ or 180◦ pulses on the 15N channel in the window
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FIG. 4. Experimental separated local field spectra acquired with (a) motion-
adapted SAMPI4 sequence or (b) regular SAMPI4 sequence for membrane-
bound form of Pf1 coat protein in magnetically aligned bicelle. One-
dimensional spectral slices from the t1 dimension of the selected peaks are
shown on the right side of the two-dimensional spectra. The two sequences
give rise to similar line width and spectra.

where 1H are not irradiated. Compared to the simple inver-
sion of 15N spin-lock in the original SAMPI4 sequence, these
90◦ pulses are likely to produce undesired terms in the aver-
age Hamiltonian. In fact, the inversion of 15N spin-lock in the
middle of the original SAMPI4 sequence is beneficial in can-
celling higher order or cross terms.27 We have tested replacing
these simple 90◦ and 180◦ by composite pulses. For example,
a composite pulse of 90270901809090 can produce a 90◦ rota-
tion on Z axis54 and a pulse of 90−45904590−45 can produce
180◦ rotation on X axis.55 Both can fit into the short window
of 3π /2 duration between the 1H spin lock periods. However,
as these sequences lead to a variety of terms in the Hamilto-
nian, none of them have shown a significantly superior per-
formance to the current version of motion-adapted SAMPI4
or the original SAMPI4.

For a separated local field experiment with ideal magic
sandwich sequences (assuming the π /2 pulses are infinitely
short), the heteronuclear dipolar coupling evolves during the
dual-channel spin-lock period, which constitutes 2/3 of the to-
tal dwell. Therefore, the scaling factor of the pulse sequence is
0.67. The scaling factor for SAMPI4 was derived analytically;
because the heteronuclear dipolar coupling evolves more than
2/3 of the dwell time (1.0927 times),27 and consequently, the
scaling factor is 0.73. For the motion-adapted SAMPI4, the
scaling factor was measured experimentally with respect to
the spectra acquired by the original SAMPI4 sequence, and it
was found that the dipolar coupling evolves less than 2/3 of
the dwell time (0.92 times), resulting in a measured scaling
factor of 0.61.

V. CONCLUSION

An analytically derived expression accounts for the pre-
vious observations of superior line narrowing of the MSHOT-
Pi4 sequence for membrane protein samples. The derivation
leads to a generalized principle for the design of the motion-
adapted pulse sequences, which is to cancel the spin interac-
tion explicitly by setting the reduced Wigner matrix to zero;
and it also unveils the role of the critical π /2 phase in the Z-
rotational symmetry of MSHOT-Pi4 sequence. This principle
is further extended to the design of separated local field pulse
sequence and the resulting motion-adapted SAMPI4 is tested
experimentally.
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