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13C NMR of isotopically labeled methyl groups has the potential to combine spectroscopic simplicity with
ease of labeling for protein NMR studies. However, in most high resolution separated local field experi-
ments, such as polarization inversion spin exchange at the magic angle (PISEMA), that are used to mea-
sure 1H–13C hetero-nuclear dipolar couplings, the four-spin system of the methyl group presents
complications. In this study, the properties of the 1H–13C hetero-nuclear dipolar interactions of 13C-
labeled methyl groups are revealed through solid-state NMR experiments on a range of samples, includ-
ing single crystals, stationary powders, and magic angle spinning of powders, of 13C3 labeled alanine
alone and incorporated into a protein. The spectral simplifications resulting from proton detected local
field (PDLF) experiments are shown to enhance resolution and simplify the interpretation of results on
single crystals, magnetically aligned samples, and powders. The complementarity of stationary sample
and magic angle spinning (MAS) measurements of dipolar couplings is demonstrated by applying polar-
ization inversion spin exchange at the magic angle and magic angle spinning (PISEMAMAS) to unoriented
samples.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Determining the structures and describing the dynamics of pro-
teins requires a thorough understanding of the spectroscopic prop-
erties of the methyl group. Six of the amino acids found in proteins
have methyl groups in their side chains; however, they contribute
35–40% of the residues in proteins [1]. Since valine, leucine, and
isoleucine each contain two methyl groups, there are typically 60
methyl groups present in every 100 residues of a protein. The
structural formulae of the methyl-containing amino acids are
shown in Fig. 1. Alanine has the simplest structure; with only a sin-
gle bond between the Cb methyl carbon and the Ca-carbon, its
methyl group can serve as a direct monitor of the properties of
the protein backbone. Valine, leucine, and isoleucine have
branched side chains, sulfur-containing methionine has a linear
side chain, and threonine contains a hydroxyl group.

Methyl groups of proteins obtained by expression in bacteria
can be readily labeled biosynthetically through direct incorpora-
tion of specifically labeled amino acids or through metabolic pre-
cursors labeled with 13C and/or 2H in various combinations [2],
and this has facilitated both solution NMR and solid-state NMR
studies. Many of the earlier solid-state NMR studies utilized 2H
NMR of deuterium-labeled methyl groups in unoriented samples
ll rights reserved.
to describe protein dynamics [3–6]; and some of the earliest
aligned sample solid-state NMR studies of proteins involved the
observation of resonances from labeled methyl sites [6].

The methyl group is unique among the side chains moieties in
proteins in that it undergoes rapid reorientation about the Cb–Ca
bond axis through three-site hops among equivalent positions un-
der physiological conditions [7], even though the activation energy
for methyl-group reorientation in crystalline alanine has been
shown to be relatively high at 22.6 kJ/mol [3] due to the close pack-
ing of the molecules, which is also likely to be responsible for the
absence of axial symmetry in the 13C chemical shift powder pat-
tern unlike most other methyl groups in organic molecules [8–12].

We have recently described our initial solid-state NMR studies
of 13C-labeled methyl groups in peptides and proteins that are fo-
cused on the anisotropic 13C chemical shift interaction [13]. Here
we describe extensions of the spectroscopy to the 1H–13C dipole–
dipole interactions of the methyl groups. The goal of this research
is to advance the implementation of 1H/13C/15N triple-resonance
solid-state NMR experiments on stationary samples beyond that
described in our earlier publications [13–24] and that of others
[25]. The chemical shift and hetero-nuclear dipolar couplings asso-
ciated with 13C-labeled methyl groups can contribute to the deter-
mination of the complete three-dimensional structures of proteins,
including all backbone and side chain sites, that are immobilized in
supramolecular assemblies such as virus particles and membranes.
In this article, experimental and simulated spectra from single
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Fig. 1. Chemical structures of the methyl-containing amino acids.
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crystal, uniaxially aligned, and unoriented samples in stationary
and magic angle spinning (MAS) NMR experiments are integrated
to provide a fuller picture of the spectroscopic manifestations of
the 1H–13C dipolar couplings in methyl groups. By labeling only
the single methyl group in each alanine residue, homonuclear
13C–13C dipolar couplings are minimized, enabling the focus to
be on the 1H–13C hetero-nuclear dipolar couplings of interest.
The presence of homonuclear 13C/13C dipolar couplings interferes
with the experiments on stationary samples, and this may pre-
clude the use of valine, leucine, and isoleucine labeled in both
methyl groups in some cases. However, the use of tailored labeling,
for example random fractional labeling with 25% 13C [19], provides
sufficient isotopic dilution so that each methyl group behaves like
an isolated system.

The dipole–dipole couplings between two-spin systems are
manifested as doublets in solid-state NMR spectra when they are
isolated chemically or through decoupling procedures [27] from
surrounding spins. The resulting high spectral resolution and direct
structural information available from the splitting between the
doublets have led to many studies of 1H–15N and 1H–13C spin sys-
tems. The spectral complexities associated with 1H–13C dipolar
couplings in the three- and four-spin systems of 13CH2 and 13CH3

groups were observed in some of the earliest separated local field
(SLF) experiments [27,28], and have been subsequently analyzed
[29] and observed in studies of liquid crystals where natural abun-
dance 13C NMR experiments are feasible [30–32]. This occurs when
the magnetization affected by the hetero-nuclear dipolar couplings
is on the 13C nucleus, in contrast to experiments where the magne-
tization is on the 1H nuclei during the critical evolution period. The
latter class of experiments is commonly referred to as proton de-
tected local field (PDLF) spectroscopy [33], and we utilize this
nomenclature for consistency, even though it is recognized that
these are 13C-detection experiments with the feature that the evo-
lution of the 1H–13C dipolar couplings is ‘carried’ by the 1H magne-
tization during the t1 interval where they are measured in two-
dimensional spectra.
Fig. 2. Timing diagrams for the pulse sequences used to obtain 1H/13C solid-state
NMR spectra. (A) One-dimensional single-contact spin-lock cross-polarization with
SPINAL16 hetero-nuclear decoupling during data acquisition. (B) Two-dimensional
PISEMA. (C) Two-dimensional SAMPI4. (D) Two-dimensional PDLF. (E) Two-
dimensional PISEMAMAS.
2. Results

Alanine is an effective model system for the methyl-containing
amino acids in peptides and proteins. As shown in Fig. 1, with only
a single methyl group, it has the simplest carbon-containing side
chain of an amino acid. The experimental results presented in this
section utilize samples of the amino acid alone and incorporated
into a protein, and are focused on the 1H–13C hetero-nuclear di-
pole–dipole interactions of the 13C-labeled methyl groups (13C3-)
by relying on resolution of resonances based on anisotropic or iso-
tropic chemical shift differences.

The pulse sequences diagrammed in Fig. 2 can be used to
characterize the 13C chemical shift and 1H–13C hetero-nuclear
dipole–dipole interactions in 13CH3 groups in stationary samples
(Fig. 2A–D), including single crystals, polycrystalline powders,
and uniaxially aligned samples, as well as those in samples under-
going magic angle spinning (Fig. 2E).

The pulse sequence in Fig. 2A is for a conventional single-con-
tact spin-lock cross-polarization experiment [34]. SPINAL16 modu-
lation is applied to the 1H irradiation during 13C data acquisition in
order to have the larger bandwidth of hetero-nuclear decoupling
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required in high fields [35]. The resulting one-dimensional 13C
NMR spectra consist of single-line resonances from each unique
13C3 methyl site in single crystal or uniaxially aligned samples or
a powder pattern from unoriented samples. The spectra in Fig. 3
were obtained from a single crystal of 13C3-labeled alanine. The
spectrum in Fig. 3A has four single-line resonances associated with
the four unique molecules in the unit cell. The chemical shift fre-
quencies are spread over nearly the full range possible, since a
polycrystalline sample yields a non-axially symmetric powder pat-
tern with a span of 22 ppm (Fig. 5A).

Separated local field experiments enable the hetero-nuclear di-
pole–dipole couplings associated with sites with different chemical
shifts to be observed [26]. The most commonly used experiments
are polarization inversion spin exchange at the magic angle (PISE-
MA) (Fig. 2B) [36] and SAMPI4 (Fig. 2C) [37] because they provide
high resolution in both the chemical shift and dipolar coupling fre-
quency dimensions. The majority of applications of these experi-
ments to proteins have focused on 1H–15N amide and 1H–13Ca
sites in the backbone of proteins where the hetero-nuclear dipolar
couplings of these two-spin systems are observed as doublets in
two- and three-dimensional spectra. However, the situation is
more complex for the hetero-nuclear dipolar couplings in 13CH3

groups; as shown in the two-dimensional spectrum in Fig. 3B, mul-
tiple peaks in the dipolar coupling frequency dimension are associ-
Fig. 3. 1H/13C solid-state NMR spectra of a stationary sample of a single crystal of 13C3-l
field. (A) One-dimensional 1H decoupled 13C NMR spectrum obtained using the pulse seq
pulse sequence in Fig. 2B. (C) Two-dimensional 1H–13C PDLF spectrum obtained using th
dipolar coupling frequency dimension at the 13C chemical shift frequency marked with a
spectra with a dipolar coupling of 3.2 kHz.
ated with each 13C chemical shift frequency. Experimental and
simulated spectral slices through one of the 13C chemical shift fre-
quencies (arrow) are aligned along the 1H–13C dipolar coupling
axis in Fig. 3D and F. Although of spectroscopic interest, the com-
plex line shapes are a considerable hindrance to the design and
execution of experiments on proteins with multiple 13C labeled
methyl groups.

An alternative approach to the observation of 1H–13C dipolar
couplings is with PDLF [33] (Fig. 2D). In this experiment, the 1H
magnetization (not the 13C magnetization) evolves during the t1
period under the influence of 1H–13C dipolar couplings; at the
end of t1, the 1H magnetization is selectively transferred to the di-
rectly bonded 13C. Frequency switched Lee Goldburg irradiation
(FSLG) [38,39] is utilized during both the t1 period and the transfer
to ensure selectivity. Finally, the 1H decoupled 13C magnetization is
directly detected during the t2 period. In Fig. 2D, the p pulse on the
1H channel refocuses the 1H chemical shift evolution and the p
pulse on the 13C channel recouples the 1H–13C dipolar coupling
during the t1 period. The phases of the FSLG irradiation during evo-
lution in t1 are orthogonal to the initial 1H magnetization, while
the phase during the mix period are such that the 1H magnetiza-
tion is aligned along the FSLG axis. This necessitates phase shifting
the FSLG irradiation and inserting a 35.3o pulse during the interval
between the t1 interval and the mix period.
abeled L-alanine at an arbitrary orientation relative to the direction of the magnetic
uence in Fig. 2A. (B) Two-dimensional 1H–13C PISEMA spectrum obtained using the
e pulse sequence in Fig. 2D. (D,E) One-dimensional spectral slices along the 1H–13C
n arrow in the one-dimensional spectrum in (A). (F,G) The corresponding simulated
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Essential features of the 1H–13C dipole–dipole interactions in a
methyl group are illustrated by the spectra in Fig. 3. The four dis-
tinct 13C resonances with chemical shifts of 27.6, 23.0, 15.7, and
11.9 ppm indicate that there are four unique molecules in the unit
cell of the crystal. Fig. 3D and F are spectral slices along the 1H–13C
dipolar coupling dimension for the peak at 27.6 ppm. These spectra
are more complex than the corresponding ones from two-spin
1H–13C systems. Not only are the resonances in Fig. 3B multiplets
rather than doublets in this four-spin system, but also the rapid
three-site jump motion about the Ca–Cb bond axis averages the
1H–13C dipolar coupling to approximately one-third of its rigid lat-
tice value. The three 1H–13C dipolar couplings in the spin system
are identical (Davg) and are related to the three-site jump axis by
the equation:

Davg ¼ S � D

S ¼ ð3 cos2 h0 � 1Þ=2

h0 is the angle between the 1H–13C bond and the three-site jump
axis; for alanine this is the bond between Ca and Cb. D is the dipolar
coupling if no three-site jump motion exists and can be calculated
using:

D ¼ ð3 cos2 h� 1Þ=2 � D==

h is the angle between the external magnetic field and the C–H bond
or the three-site jump axis in the presence of motion, and D// is the
Fig. 4. 1H/13C solid-state NMR spectra of a stationary sample of 13C3-alanine-labeled Pf1 b
in the coat protein. (A) One-dimensional 1H decoupled 13C NMR spectrum. (B) Two-dimen
One-dimensional spectral slices along the 1H–13C dipolar coupling frequency dimension
spectrum in (A). (F,G) The corresponding simulated spectra with a dipolar coupling of 3
dipolar coupling when the bond axis is parallel to the magnetic field
and can be calculated directly from the C–H bond length.

Fig. 3F and G are simulated spectra for a four-spin spin system
with three identical 1H–13C dipolar couplings (Davg). Lorentzian
line broadening of 730 Hz in Fig. 3F and 1050 Hz in Fig. 3G are ap-
plied to the simulated spectra in order to approximately match the
line widths and appearance of the experimental spectra in Fig. 3D
and E. Simulation of the results of a PISEMA experiment (Fig. 3F)
results in a triplet with peaks at Davg, 1.7Davg, and 2Davg. The signals
at 1.7Davg and 2Davg are not resolved in the experimental spectrum
(Fig. 3D) and appear as a single broadened peak.

The comparison between the one- and two-dimensional spectra
in Fig. 3A, D, and F resulting from PISEMA and those in Fig. 3C, E,
and G from PDLF demonstrate the spectral simplifications that re-
sult from evolution of the dipolar couplings through modulation of
the 1H magnetization. The two-dimensional PDLF spectrum in
Fig. 3D has a four sets of resolved doublets; each provides unique
13C chemical shift and 1H–13C dipolar coupling frequencies for
the methyl group of an alanine molecule in the unit cell of the crys-
tal. The simulated and experimental PDLF spectral slices shown in
Fig. 3G and F, respectively, consist of a simple doublet, character-
ized by Davg.

In Fig. 4, the same spectroscopic features observed for a single
crystal of alanine are found in the spectra of the 13C3-alanine la-
beled coat protein subunits of the filamentous bacteriophage Pf1
aligned by the magnetic field. The seven alanines in the 46-residue
acteriophage aligned in the magnetic field. There are seven labeled alanine residues
sional 1H–13C SAMPI4 spectrum. (C) Two-dimensional 1H–13C PDLF spectrum. (D,E)
at the 13C chemical shift frequency marked with an arrow in the one-dimensional

.0 kHz.



Fig. 5. 1H/13C solid-state NMR spectra of a stationary unoriented (powder) sample
of polycrystalline sample of 13C3 labeled alanine. (A–C) Experimental spectra. (D–F)
Simulated spectra. (A,D) One-dimensional 1H decoupled 13C NMR spectra. (B,E)
Two-dimensional 1H–13C PDLF spectra. (C,F) One-dimensional spectral slices along
the 1H–13C dipolar coupling frequency dimension at the 13C chemical shift
frequency marked with arrows in (A,D). D//, which corresponds to the dipolar
coupling with the three-site jump axis of the 13CH3 group parallel to the external
magnetic field measured from the experimental spectrum in (C) is 6.95 kHz.
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protein are distributed throughout the sequence at positions 7, 11,
22, 29, 34, 36 and 46. Approximately five distinct signals or fea-
tures can be observed in the one-dimensional 13C NMR spectrum
in Fig. 4A with apparent 13C chemical shifts of 21.1, 19.4, 14.6,
13.4, and 10.5 ppm. Based on intensity comparisons and line
shapes the peak marked with an arrow at 21.1 ppm is from a single
methyl group, and this frequency is selected for the display and
analysis of spectral slices in Fig. 4F and G. The spectrum in
Fig. 4B was obtained with the SAMPI4 pulse sequence and that in
Fig. 4C was obtained with the PDLF sequence.

The one-dimensional 13C chemical shift powder pattern in
Fig. 5A was obtained from a polycrystalline sample of 13C3 labeled
alanine. The principal values of the chemical shift tensor, r11, r22,
and r33, have measured values of 10, 21, and 32 ppm, respectively,
from these experimental data. The two-dimensional 1H–13C het-
ero-nuclear dipolar coupling/13C chemical shift powder pattern in
Fig. 5B was obtained using PDLF. The best-fit simulations of the
one- and two-dimensional powder patterns are shown in Fig. 5D
and E. In these simulations, the 13CH3 group is treated as a pseudo
13C–H group due to the three-site jump motion; D//,avg, the aver-
aged dipolar coupling with the three-site jump axis parallel to
the external magnetic field, is 6.95 kHz as measured from the split-
ting in Fig. 5C. The simulation in Fig. 5E places the three-site jump
axis (Ca–Cb) along the chemical shift principal axis r11. The scaling
of the dipolar couplings due to the three-site jump is determined
by the angle between the 1H–13C bonds and the three-site jump
axis. We find the scaling of the dipolar coupling to be 0.298 based
on the methyl C–H bond length of 1.096 Å [40] which yields D// of
23.30 kHz. This result is consistent with the scaling of 0.303 found
in an earlier study based on the quadrupolar splitting of deuterium
labeled alanine [3]. For tetrahedral geometry the scaling would be
0.333. The discrepancy between this and the measured values has
been attributed to the methyl group departing slightly from tetra-
hedral geometry.

Magic angle spinning experiments are complementary to those
performed on stationary samples. They enable hetero-nuclear
dipolar coupling measurements to be performed on powder sam-
ples with resolution among sites based on isotropic chemical shift
differences [41]. For example, the two-dimensional spectrum
shown in Fig. 6B correlates the recoupled dipolar coupling and
the isotropic chemical shift for the 13C labeled methyl group in
polycrystalline alanine. The one-dimensional 1H–13C dipolar spec-
trum obtained from the two-dimensional data is shown in Fig. 6C.
Because of limited spectral resolution, only four out of the six sin-
gularities present in the simulated PISEMA spectrum (Fig. 6E) are
observed. This is apparent when line broadening is added to the
simulated spectrum in Fig. 6D. The magnitude of the dipolar cou-
pling measured as the frequency difference between the inner
peaks was used to analyze the experimental data. The 1H–13C dipo-
lar coupling was found to be approximately 7 kHz in this MAS
experiment using a theoretical scaling factor of 0.57, which is com-
parable to that found on this and other proteins using similar MAS
experimental methods [42–45,47]. This is consistent with the va-
lue measured in the stationary experiments, which have higher
precision due to the relatively narrower line widths in the dipolar
coupling dimension.

The magic angle spinning experiments were also applied to an
unoriented sample of the 13C3 alanine labeled coat protein of Pf1
bacteriophage. This filamentous bacteriophage consists of �7300
subunits of the small 46-residue coat protein in a helical array
around an extended, circular single-stranded DNA molecule of
7349 nt [42,46]. We have previously determined the three-dimen-
sional structure of the coat protein in bacteriophage particles using
aligned sample solid-state NMR spectroscopy [46]. McDermott and
coworkers [45,47] have described complementary studies of the
same bacteriophage in unoriented samples by MAS solid-state
NMR. A two-dimensional spectrum of the protein is shown in
Fig. 7B. The seven partially resolved resonances are dispersed be-
tween 15.35 ppm and 21 ppm in the isotropic chemical shift spec-
trum (Fig. 7A). The dipolar slice taken at the chemical shift of
15.35 ppm (arrow) is shown in Fig. 7C. For comparison, a simulated
dipolar spectrum is shown in Fig. 7D. Five chemical shift frequen-
cies can be discerned in the spectrum, enabling dipolar couplings
to be measured, which range from 2.7 kHz for the resonance at
18 ppm to 3.3 kHz for that at 15.35 ppm.
3. Discussion

Two-dimensional separated local field spectra provide two ori-
entationally dependent frequencies for each atomic site. Not only



Fig. 6. Magic angle spinning spectra of 13C3 labeled polycrystalline alanine. (A) One-dimensional isotropic chemical shift spectrum. (B) Two-dimensional 1H–13C PISEMAMAS
spectrum. (C) Dipolar slice extracted from the two-dimensional spectrum. (D,E) Simulated dipolar spectra for a dipolar coupling of 7 kHz for each 13C-1H pair in a three
proton and one carbon spin-system. (D) Simulated dipolar spectrum with added line broadening corresponding to 2.5 kHz for comparison with the experimental spectrum.
(E) Simulated dipolar spectrum with added line broadening of 0.4 kHz to indicate fine structure.
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are these frequencies valuable constraints for structure calcula-
tions, but also they provide high spectral resolution. Most applica-
tions to proteins have involved two-spin systems either 1H–15N
amide or 1H–13Ca for polypeptide backbone sites. In extending
the approach to all backbone and side chain sites in 13C and 15N la-
beled proteins, the spectral complexities of three and four-spin
systems must be dealt with. Here we describe initial studies of
the dipolar couplings of 13C labeled methyl groups in the amino
acid alanine alone and incorporated biosynthetically into a protein.

The comparison of the experimental and simulated spectra in
Fig. 3 (alanine) and Fig. 4 (Pf1 coat protein) show that the PDLF
experiment enables high-resolution spectra to be obtained with
simple doublets for the methyl dipolar couplings. As demonstrated
with the data in Fig. 5, the PDLF experiment also allows the direct
analysis of two-dimensional powder patterns, which would other-
wise be extremely complex and overlapped.

Proteins in supramolecular structures are challenging systems
to study by NMR, and as much flexibility as possible is needed in
the preparation of samples in order to ensure that they retain their
native structures and full activities during the course of the exper-
iments. In some cases it is undesirable or impossible to prepare
aligned samples, in which case unoriented or powder samples
must be utilized. Since the dipolar couplings can be recoupled in
magic angle spinning experiments, it is possible to extend the anal-
ysis to unoriented samples where the individual atomic sites are
resolved on the basis of their isotropic chemical shift differences.
The comparison of the data in Figs. 3, 5 and 7 demonstrate the abil-
ity of these experiments to be applied to 13C methyl groups in sta-
tionary single crystal and powder samples and spinning powder
samples. Similarly, the comparison between the data in Figs. 4
and 7 demonstrate that it is possible to measure the dipolar cou-
plings for individual methyl groups in both aligned and unoriented
samples. The 22 ppm span of the 13C methyl chemical shift tensor
is fairly small, thus the simplified dipolar splittings will play an
important role in resolving among the resonances from the methyl
sites in larger or more highly labeled proteins.

These results demonstrate that the four-spin system of 13C la-
beled methyl groups present in many of the amino acids in pro-
teins can be studied by solid-state NMR with both aligned
sample and magic angle spinning approaches. This contributes to
the development of a general approach to structure determination
of proteins that includes all backbone and side chain sites through
1H/13C/15N triple resonance experiments.
4. Methods

The stationary experiments were performed on a Bruker Avance
spectrometer interfaced to a Magnex magnet operating at a field
strength corresponding to 1H and 13C resonance frequencies of
801.6 MHz and 201.6 MHz. A home-built 1H/13C double resonance
probe that incorporates a strip-shield to reduce RF heating with
high conductivity biological samples was utilized [48]. The 13C
chemical shift frequencies are referenced to external tetramethyl-
silane (TMS) at 0 ppm by assigning the chemical shift of the 13CH2

resonance of adamantane (25 �C) a value of 38.47 ppm. The spectra
in Fig. 3 were obtained on a 21 mg 13C-methyl labeled alanine crys-
tal placed at an arbitrary orientation in the sample coil. 13C3-la-
beled L-alanine was obtained from Cambridge Isotope
Laboratories (www.isotope.com). The B1 field strengths for both
the 1H and 13C channels were matched at 48 kHz. The cycle time
for each FSLG increment was 34.0 ls and the jump frequency
was ±33961.8 Hz. The PISEMA spectrum was acquired with 4 scans
and 96 t1 points using a 5 s recycle delay. The scaling factor for the
PISEMA spectrum is assumed to be the theoretical value of 0.82.
The PDLF spectrum was acquired with 8 scans and 32 t1 points.
The scaling factor for the FSLG multiple pulse sequence in the PDLF
experiment was determined experimentally to be 0.52 from a ser-
ies of HETCOR experiments performed as a function of 1H carrier
frequency offset. The simulations in Fig. 3F and G were carried
out using the program SIMPSON [49]. A four-spin system (one
13C, and three 1H) was constructed with three identical C–H dipolar
couplings at 3.2 kHz. All nuclei are assumed to be irradiated on-
resonance.

The spectra in Fig. 4 were obtained on a 13C3-alanine labeled
sample of Pf1 bacteriophage. The concentration of the Pf1 sample
was approximately 30 mg/mL and the pH was 8, which are com-
patible with alignment of the filamentous particles by the mag-

http://www.isotope.com


Fig. 7. Magic angle spinning spectra of 13C3 alanine labeled Pf1 bacteriophage. (A) One-dimensional isotropic chemical shift spectrum. (B) Two-dimensional 1H–13C
PISEMAMAS spectrum. (B) Two-dimensional PISEMAMAS spectrum. (C) Dipolar slice at the 15.35 ppm frequency marked by the arrow in the one-dimensional spectrum. (D)
Simulated dipolar spectrum for a 1H–13C dipolar coupling of 3.3 kHz with added linebroadening corresponding to 1.1 kHz for comparison with the experimental spectrum.
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netic field. The B1 field strengths for both channels were matched
at 53.7 kHz. The cycle time for each FSLG increment was 30.4 ls
and the jump frequency was ±37983.6 Hz. The spectra were ac-
quired with a 5 s recycle delay. The PDLF spectrum was acquired
with 192 scans and 48 t1 points. The SAMPI4 spectrum is acquired
with 192 scans and 48 t1 points. The simulations in Fig. 4F and G
are similar to the simulation in Fig. 3 except that the 13C–1H dipo-
lar coupling is 3.0 kHz.

The experimental spectra in Fig. 5 were obtained on a polycrys-
talline sample of 13C3 labeled alanine. The B1 field strengths for
both channels were matched at 52.7 kHz. The cycle time for each
FSLG increment was 31.0 ls and the jump frequency was
±37248.4 Hz. The spectra were acquired with a 5 s recycle delay.
The PDLF spectrum was acquired with 4 scans and 48 t1 points.
The chemical shift frequencies used in the simulations in Fig. 5D
and E were obtained from the spectrum in Fig. 5A. Two angles
are needed to define the relative orientation of the dipolar coupling
vector and the chemical shift tensor. In the simulations, the exter-
nal magnetic field orientations were generated randomly using 106

iterations for each two-dimensional spectrum. The best-fit simula-
tion is presented in Fig. 5E.The magic angle spinning experiments
were performed on a Bruker Avance spectrometer interfaced to a
Magnex magnet operating at a field strength corresponding to 1H
and 13C resonance frequencies of 749.277 MHz and 188.414 MHz.
A Bruker 4 mm 1H/13C/15N triple resonance MAS probe was used
for these experiments. The data in Fig. 6 were obtained on a poly-
crystalline sample of 13C3 labeled alanine. The two-dimensional
spectrum in Fig. 6B was obtained by recoupling the dipolar cou-
pling [50,51] using the pulse sequence diagrammed in Fig. 2E.
The spinning speed was maintained to 11,111 Hz. The field
strength of the B1 fields was 50 kHz during cross polarization, as
well as for homonuclear and hetero-nuclear decoupling irradia-
tions. During the hetero-nuclear dipolar recoupling periods, the
Hartmann–Hahn matching conditions were met by varying the
amplitude of the irradiation on the 13C channel in order to match
the first order spinning side bands. The Hartmann–Hahn matching
conditions were met for the +1 and �1 spinning sidebands with
synchronized phase switching, which results in a scaling factor of
0.57. Homonuclear dipolar decoupling among protons is accom-
plished with the FSLG irradiation. Continuous wave irradiation
with field strength of 50 kHz and correspondingly 35 kHz proton
offset were used to achieve Lee–Goldburg decoupling for protons.
An effective nutation frequency of 61 kHz was calculated for the
1H channel, and accordingly the 13C irradiation amplitudes were
varied from meff

1H þ mr ¼ 72 kHz to meff
1H � mr ¼ 50 kHz during the +LG

and �LG blocks, respectively. The simulated dipolar spectra were
calculated using SIMPSON using 7 kHz dipolar coupling for each
of the 13C–1H spin pairs in the four-spin system. The two-dimen-
sional spectrum was acquired with 4 scans, 62 t1 increments,
and a 5 s recycle delay. A dwell time of 32.66 ls for FSLG period
was set for each t1 increment. The final data matrix with
4096 � 256 points was Fourier transformed after a sine bell win-
dow function was applied in the f1 dimension for data processing.

The spectra shown in Fig. 7 were obtained from a concentrated
solution containing Pf1 bacteriophage. The two-dimensional spec-
trum was obtained using the modified PISEMA pulse scheme and
experimental conditions similar to those described above for the
polycrystalline alanine sample. The sample temperature was main-
tained at 30 �C. The pH of the sample was 8 and the high 80 mg/ml
sample concentration ensured that the sample was not aligned by
the magnetic field. Fifty microliters of sample was confined to the
middle of the 4 mm rotor by utilizing spacers. Chemical shifts were
referenced to external TMS as described above. A total of 32 tran-
sients with 6 s recycle delay and 16 t1 increments were used to ac-
quire the two-dimensional PISEMAMAS data. The final matrix with
2048 � 256 points was Fourier transformed with no window func-
tions applied.
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