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Abstract

A pulse sequence for high resolution separated local field spectroscopy based on ‘‘magic sandwich’’ elements is demonstrated on

a single crystal sample. Simulations and experimental results show that this pulse sequence has a reduced frequency offset depen-

dence compared to PISEMA (polarization inversion spin exchange at the magic angle). As a result, it has a larger effective range

of homonuclear decoupling, reduced zero-frequency spectral distortions, and more reliable scale factors for individual resonances.

In addition, it is easier to setup on commercial spectrometers.

� 2003 Elsevier Science (USA). All rights reserved.
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The dipole–dipole interaction between two nuclei

results in a local field that is a valuable source of in-

formation about molecular structure. When the cou-

pling is between two covalently bonded nuclei in a rigid

molecule the interpretation is particularly straightfor-
ward; since the internuclear distance is constant, the

frequency splittings due to dipolar couplings yield very

accurate measurements of the angles between the bonds

and the direction of the applied magnetic field [1]. These

angles provide input for structure determination as

orientational restraints.

The local field that results from the dipole–dipole

coupling between two different spin 1/2 nuclei is of
particular interest for structure determination, especially

those from 1H–15N amide sites in the backbone of a

protein. Even in uniformly labeled proteins, the 15N

nuclei are ‘‘dilute’’ since there are relatively few nitro-

gens in proteins, they have a low gyromagnetic ratio,

and nitrogens in peptide bonds are spaced evenly

throughout the polypeptide backbone separated from

each other by two intervening carbon atoms. By con-
trast, the 1H nuclei are ‘‘abundant’’ since there are many

of them and they are strongly coupled due to their high
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gyromagnetic ratio and density. The couplings among

the remote 1H spins complicate the heteronuclear di-

polar coupling spectra of the 1H–15N pairs of interest

for structure determination; this is the case whether the

evolution of the heteronuclear dipolar coupling is
monitored directly [2] or through spin-exchange between

the heteronuclei. PISEMA (polarization inversion spin-

exchange at the magic angle) [3] provides high-resolu-

tion heteronuclear dipolar coupling spectra, and can be

used to obtain completely resolved spectra of uniformly
15N-labeled proteins [4]. However, because it relies on

off-resonance Lee–Goldburg [5] irradiation for homo-

nuclear decoupling of the abundant 1H spins, its per-
formance is sensitive to the choice of 1H carrier

frequencies. In complex molecules, like proteins, there is

a wide range of 1H resonance frequencies due to their

chemical shifts; in high magnetic fields this can be more

than 10 kHz for an amide hydrogen, since its chemical

shift tensor spans about 14 ppm [6,7], which makes

it impossible to satisfy the necessary conditions for all

sites simultaneously. This yields spectra where some
resonances are narrower and more intense than others,

and makes the experiment difficult to setup. In order

to address these problems we have implemented the

pulse sequence diagrammed in Fig. 1 that utilizes

on-resonance pulses rather than frequency-switched
erved.
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Fig. 1. Timing diagram for the double-resonance pulse sequence re-

ferred to as SAMMY. The heteronuclear interaction evolves during the

first and third parts, and the homonuclear interaction vanishes over the

cycle up to the third order in time. During the second part, the dilute

spins (15N) are decoupled from the abundant spins (1H). Two ðp=2Þy
pulses are inserted to achieve the transformation between the tilted and

rotating frames. To achieve optimal decoupling, the contact times

(parts 1 and 3) as well as the duration of the window (part 2) should be

adjusted experimentally from their theoretical 2p values. In this work,
d1 ¼ 0; d2 ¼ 2ls.

Communication / Journal of Magnetic Resonance 164 (2003) 182–186 183
Lee–Goldburg irradiation to effect homonuclear 1H

decoupling. Its principal advantages compared to PI-
SEMA are that it has a reduced offset dependence and it

is easier to setup on commercial spectrometers.

Effective suppression of the heteronuclear couplings

involving the remote spins is achieved during on-reso-

nance Hartmann–Hahn cross-polarization (CP) transfer

of magnetization. The heteronuclear dipolar interaction

evolves under the flip-flop Hamiltonian [8], however,

since the terms at different 1H sites do not commute,
they cause perturbations of the substantially larger local

fields of interest. In order to obtain high-resolution

heteronuclear dipolar spectra the homonuclear interac-

tions among the various 1H spins must be removed

during the CP transfer. In PISEMA, this is accom-

plished by tilting the protons to the magic angle

h ¼ 54:7� in the rotating frame by off-resonance Lee–
Goldburg irradiation during the dipolar evolution time
period [3]. Maladjustment of the offset frequencies due

to the variation among 1H chemical shifts has several

undesirable effects. The theoretical scaling factor for the

heteronuclear dipolar coupling, sin h ¼ 0:82, cannot be
correct for all sites; and even small deviations from the

magic angle can result in an appreciable residual ho-

monuclear scaling factor, ð3 cos2 h � 1Þ=2, which inter-
feres with the removal of spin diffusion. By contrast,
keeping the protons in either the X, Y plane or along the

Z-axis minimizes the effect of the frequency spread due

to the 1H chemical shifts, since the derivative of

ð3 cos2 h � 1Þ=2 is zero at h ¼ 90� and 0�. This is the
basis for the design of the pulse sequence in Fig. 1,

which we refer to as ‘‘SAMMY,’’ since it incorporates

‘‘magic sandwiches’’ in the 1H irradiation scheme to

cancel the homonuclear terms in the average Hamilto-
nian. In essence, the fundamental building block of

SAMMY represents a modification of the well-known
‘‘burst’’ or ‘‘magic sandwich’’ pulse sequence [9–13]. In
this pulse sequence, it is implemented to accomplish the

CP transfer between 15N and 1H while decoupling the

protons from each other, rather than to obtain 1H spin

echoes or probe chemical shifts [9–12], therefore, the

original order of applying the RF pulses in the magic

sandwich has been changed. In SAMMY, the hetero-

nuclear dipolar (t1) evolution period is divided into three
parts, each of which is equal to the duration of one 2p
pulse. During the first and third parts, the system

evolves under the many-body Hamiltonian that de-

scribes the interaction of a dilute S spin (e.g., 15N or 13C)
with N abundant I spins (i.e., 1H)

H1;3 ¼ H� � 1
2
Hzz: ð1Þ

The heteronuclear flip-flop and homonuclear dipolar

Hamiltonians are given by
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ai and bij are the heteronuclear and homonuclear cou-
pling constants, respectively. The Hamiltonian of Eq. (1)
can be obtained by a 90�-y rotation to the tilted frame
followed by the standard truncation of higher-order

terms. During the second part, the S spins are decoupled

from the I spins and the system evolves simply as

H2 ¼ Hzz: ð3Þ
Two intermediate ð�p=2Þy pulses are inserted to effect
the necessary transformations between the tilted and

rotating frames. The method of symmetrization of the

cycle [13,14] yields cancellation of the homonuclear di-
polar terms up to third-order in time. Using the results

of Yoshida [15] for second-order symplectic integrators

we obtain for the leading terms
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The cubic term in t presumably does not have an ap-

preciable effect for the range of heteronuclear couplings

studied (<10 kHz). Moreover, making the odd dwells a
mirror image of the even dwells cancels the effects of 1H

chemical shift evolution over two dwell intervals. The

system evolves effectively as 2H� over the entire cycle

and the dwell time is approximately equal to the length
of a 4p pulse. The lengths of the first and third parts, as
well as the interval between the two ð�p=2Þy pulses are
varied slightly as part of the experimental tune-up pro-

cedure. It has been found semi-empirically that optimal

performance is achieved when the time between the two



Fig. 3. Simulations of one-dimensional heteronuclear dipolar coupling

spectra with the 1H carrier frequency on-resonance: (a) SAMMY; (b)

PISEMA.

184 Communication / Journal of Magnetic Resonance 164 (2003) 182–186
ð�p=2Þy pulses is about 2 ls shorter than the 2p time.
This may be due to inaccuracies in the determination of

the RF field strength or the finite length of the pulses

during which some homonuclear dipolar evolution oc-

curs. In addition, it has been found from numerical

simulations that the alternation of the phases of the p-
pulses during the middle interval provides more effective

heteronuclear decoupling.

The experimental implementation of the pulse se-
quence shown in Fig. 1, and its comparison to PISEMA

was performed on a single crystal of [15N]acetyl-leucine

at an arbitrary orientation in a homebuilt double-reso-

nance probe with a 5mm-inner diameter solenoid coil.

The rest of the spectrometer consisted of a Bruker

(Billerica, MA) Avance console equipped with high-

power amplifiers interfaced with a Magnex (Oxford,

UK) 750/54 magnet. The two-dimensional spectrum
shown in Fig. 2 was obtained with the pulse sequence

diagrammed in Fig. 1 at a 1H resonance frequency of

750MHz, which is high enough to result in a significant

frequency spread among the 1H chemical shifts. The

length of a p=2 pulse was carefully measured at

4.15� 0.05 ls. Although each molecule has only one
1H–15N bond, the spectrum has four dipolar splittings

because there are four unique sites in the unit cell of the
crystal.

Theoretical simulations were performed on an eight-

spin system where the 1H bath consisted of N ¼ 7
protons using Matlab (Mathworks). The atomic coor-

dinates were taken from a a-helix tilted approximately
30� away from parallel to the direction of the magnetic
field. Protons within a 3.3�AA radius sphere centered at
Fig. 2. Experimental two-dimensional 1H–15N heteronuclear dipolar

coupling/15N chemical shift spectrum of a single crystal of N-acetyl-

leucine at an arbitrary alignment relative to the direction of the applied

magnetic field. The spectrum was obtained at a 1H resonance fre-

quency of 750MHz using the pulse sequence diagrammed in Fig. 1.

The p=2 pulse was calibrated at 4.15ls and the optimal time between
the ð�p=2Þy pulses was found to be 14.6 ls. Peak 4 is marked with the
arrow.
15N are included in the simulations. This reproduces the

dissipating effect of the bath fairly well, and increasing N
to 10 (r ¼ 3:95�AA) did not have a significant effect on the
overall appearance of the spectra, but did substantially

increase the amount of time needed for the calculations.

Fig. 3 compares simulated one-dimensional heteronu-
clear dipolar coupling spectra from SAMMY (Fig. 3a)

and PISEMA (Fig. 3b) experiments. In the simulations,

the directly bonded 1H was on-resonance, and the other

six protons were assigned random chemical shifts dis-

tributed within �5 ppm. A notable difference is a de-

creased zero-frequency distortion of the spectrum in

Fig. 3a, which reflects the evolution of the heteronuclear
Fig. 4. Simulations (a) and experimental measurements (b) of the

magnitude of the dipolar coupling as a function of offset of the 1H

resonance frequency. Continuous line is SAMMY. Dashed line is PI-

SEMA.



Fig. 5. Experimental heteronuclear dipolar coupling spectra extracted as one-dimensional slices from two-dimensional spectra for peak 4 marked

with an arrow in Fig. 2: (a)–(c) were obtained with SAMMY; (d)–(f) were obtained with PISEMA. (a) and (d) correspond to )2 kHz 1H resonance
offset; (b) and (e) correspond to on-resonance; (c) and (f) correspond to +2 kHz 1H resonance offset.
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couplings in the X, Y plane. Tilting the 1H spins to the

magic angle causes some additional low-frequency nu-

tation in the PISEMA spectra.

Simulations of the dependence of the measured het-
eronuclear couplings on the 1H carrier offsets are com-

pared in Fig. 4a, and the corresponding experimental

dependencies are compared in Fig. 4b. The offset de-

pendence of the scaling factor is significantly less for

SAMMY than for PISEMA in both the simulated and

experimental comparisons.

One-dimensional spectral slices through the reso-

nance marked with an arrow in Fig. 2 are shown in
Fig. 5 for spectra obtained with three different 1H car-

rier frequencies. PISEMA yields the narrowest line-

widths under optimal on-resonance conditions.

However, with the 1H carrier 2 kHz off-resonance in

either direction, the spectra obtained with SAMMY are

significantly better than that obtained with PISEMA.

We note that the splitting in Fig. 5b is noticeably larger

than that in Fig. 5e, possibly because the proton bath
may have different chemical shifts than the directly

bonded proton. Therefore, the proton frequency for

optimal homonuclear decoupling may not coincide with

the resonant frequency for the covalently bonded pro-

ton, and this leads to the slightly different scaling factor

for the heteronuclear coupling, sin h, as shown in Fig. 3.
By contrast, the scaling observed in the SAMMY

spectra remains nearly constant for all three frequen-
cies, since the derivative of sin h is zero at h ¼ 90�,
which renders the scaling less sensitive to the frequency

offset.

Both the simulated and experimental data shown in
the figures demonstrate that heteronuclear dipolar

spectra obtained with SAMMY are less sensitive to 1H

frequency offset than those obtained with PISEMA.

This is advantageous in NMR studies of complex

molecules at high fields where there is a significant

range of 1H chemical shifts. SAMMY has the addi-

tional advantage of being easier to setup, since only a

single pulse width needs to be measured and there are
no frequency offsets to be calibrated. SAMMY expands

the capability for high-resolution solid-state NMR of

proteins by reducing the offset dependence of the 1H

carrier frequency.
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