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Abstract

A two-dimensional solid-state NMR method for the measurement of chemical shift anisotropy tensors of X nuclei ð15N or 13CÞ
from multiple sites of a polypeptide powder sample is presented. This method employs rotor-synchronized p pulses to amplify the
magnitude of the inhomogeneous X–CSA and 1H–X dipolar coupling interactions. A combination of on-resonance and magic angle

rf irradiation of protons is used to vary the ratio of the magnitudes of the 1H–X dipolar and X–CSA interactions which are re-

covered under MAS, in addition to suppressing the 1H–1H dipolar interactions. The increased number of spinning sidebands in the

recovered anisotropic interactions is useful to determine the CSA tensors accurately. The performance of this method is examined

for powder samples of N-acetyl-15N-LL-valine (NAV), N-acetyl-15N-LL-valyl-15N-LL-leucine (NAVL), and a-13C-LL-leucine. The sources
of experimental errors in the measurement of CSA tensors and the application of the pulse sequences under high-field fast MAS

operations are discussed.

� 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

Solid-state NMR techniques have been highly valu-

able in determining accurate chemical shift anisotropy

(CSA) tensors, which are essential in the structural

studies of peptides and proteins [1,2]. Recent studies

suggest that the CSA tensor values and orientations of
15N or 13C nuclei present in the backbones of proteins
depend on the primary and secondary structure, dy-

namics, and electrostatic effects [3–6]. Therefore, it is of

significant interest to accurately determine the CSA

tensors using solid-state NMR techniques. However,

some of the intrinsic difficulties in using solid-state NMR

spectroscopy, such as poor sensitivity and resolution,

restrict the measurement of CSA tensors from proteins

that are uniformly or nonselectively labeled with 15N

and/or 13C isotopes [7,8]. In addition, in order to avoid

the rotational resonance condition that recovers 13C–13C

dipolar coupling [9], not all spinning speeds can be used

to perform MAS experiments on uniformly 13C-labeled

proteins. Only selected spinning speeds are available: 50,

80–100, and 180 ppm or faster. The spinning speeds are

expressed in ppm units to be magnetic-field-independent

and to easily compare with a conventional 1D 13C
spectrum of a protein. Therefore, CSA tensors from a

protein have to be measured at a relatively high spinning

speed (>5 kHz at 400MHz). On the other hand, the
spans of CSA tensors associated with 13Ca and other

13C

nuclei present in the side chains of a protein are smaller

than 50 ppm [3,7,10], and therefore a spinning speed

>50 ppm is not desirable to measure such small CSA

tensors. Therefore, it is essential to develop a new solid-
state NMR method that can be used to measure small

CSA tensors without sacrificing the high sensitivity and

high resolution rendered by relatively fast spinning

speeds, where conventional methods cannot be used to

measure CSA and heteronuclear dipolar coupling.
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To overcome the above-mentioned difficulties, we
propose a simple two-dimensional solid-state NMR

method that can be used to accurately determine the

principal values and directions of the principal elements

of the CSA tensors directly from polypeptides that are

uniformly, or nonselectively, labeled with 15N or 13C

isotopes. Based on the extended chemical-shift modu-

lation method [11] and the amplification of dipolar

coupling method [12], the proposed two-dimensional
pulse sequences under MAS correlate the isotropic

chemical shift of X nuclei (15N or 13C) and the convo-

luted X–CSA and 1H–X dipolar coupling interactions.

Rotor-synchronized p pulses in the X-rf channel are
applied to amplify the magnitudes of X–CSA and 1H–X

dipolar coupling interactions, while a multiple pulse

sequence is applied to suppress the 1H–1H dipolar in-

teractions. Applying the 1H–1H dipolar decoupling se-
quence during part of the evolution time can further

modulate the magnitude of the 1H–X dipolar coupling.

This method, essentially a simplified version of the ex-

tended chemical shift method [11], intentionally mixes

dipolar coupling and CSA interactions in order to ex-

tract the angles between the two spin interaction tensors,

which are important in studying protein structures and

dynamics [3,13]. In recent years, several methods have
been introduced to generate spinning sidebands in the

indirect dimension by the use of p pulse timing within a
rotor period. Besides the aforesaid extended chemical-

shift modulation and amplification of dipolar coupling

methods, which are based on separation of local field,

Spiess and co-workers proposed a rotor encoding of

longitudinal magnetization experiment to generate in-

formative spinning sidebands in the indirect dimension
[14]; Levitt and co-workers developed symmetry-based

R- and C-type pulse sequences to selectively recouple

heteronuclear dipolar couplings [15–17]. As in other

studies, our method represents an additional useful way

to manipulate spinning sidebands in the indirect di-

mension to obtain valuable information. The perfor-

mance of this method is demonstrated on powder

samples of N-acetyl-15N-LL-valine (NAV), N-acetyl-15N-
LL-valyl-15N-LL-leucine (NAVL), and 13Ca-LL-leucine. The

effects of rf power strength for the p pulse, errors in the p
pulse length (or rf field inhomogeneity), and the offset

(the frequency difference between the isotropic chemical

shift of X nuclei and the rf irradiation) on the efficacy of

the two-dimensional pulse sequence were also examined,

using a numerical simulation program.

2. Theory

In an unperturbed (or rf-free) rotor period of MAS,

the dynamic phase U accumulated by the nuclear spin

magnetization due to the evolution under the effect of

inhomogeneous CSA and heteronuclear dipolar cou-

pling interactions is averaged out to zero [18]. On the
other hand, when a p pulse is introduced after a time
interval t1 within a rotor period, as shown in Fig. 1A,
the dynamic phase accumulated by the transverse mag-

netization of X nuclei (13C or 15N), due to the evolution

under CSA and/or heteronuclear dipolar coupling in-

teractions, at the end of a rotor cycle is given as [12]

UðsrÞ ¼
Z t1

0

xðtÞdt �
Z sr

t1

xðtÞdt ¼ 2Uðt1Þ: ð1Þ

It is clear that in the presence of a p pulse, the accu-
mulated dynamic phase is no longer averaged to zero

after a rotor period; in addition, at the end of a rotor

period, the p pulse doubles the dynamic phase accu-
mulated at time t1. This doubling of the dynamic phase
is equivalent to doubling the magnitude of the inho-

mogeneous interaction for a given spinning speed xr.

Alternatively, if the magnitude of the inhomogeneous

interaction is fixed then doubling the phase is equivalent
to halving the spinning speed [12]. In general, if n rotor

periods are used to repeat the basic scheme shown in

Fig. 1A then the dynamic phase accumulated will be

increased by 2n as given below:

UðnsrÞ ¼ n
Z t1

0

xðtÞdt
�

�
Z sr

t1

xðtÞdt
�

¼ 2nUðt1Þ: ð2Þ

This idea is employed to design a two-dimensional rf

pulse sequence (shown in Figs. 1B and C) that recovers

the CSA of X nuclei as well as the 1H–X heteronuclear
dipolar coupling under MAS condition. In the pulse

sequence given in Fig. 1B, the transverse magnetization

of X nuclei prepared via cross-polarization (CP) from

the 1H magnetization is allowed to evolve under the

CSA and the 1H–X dipolar coupling for two rotor pe-

riods, and then the free induction decay is acquired

under on-resonance proton decoupling. A p pulse after a
time interval t1 in each rotor period is used to amplify
the phase accumulated by the X magnetization, while

the p pulse at the end of the first rotor period ensures
that the phase accumulated during each rotor period is

identical and additive. Therefore, the phase accumulated

by the transverse magnetization of X nuclei after the two

complete rotor periods is quadrupled, which is equiva-

lent to an effective fourfold reduction in the spinning

speed, as explained earlier in this paper. Magic angle rf
decoupling or the Lee–Goldburg (LG) decoupling se-

quence [19–21] is applied in the 1H rf channel to sup-

press 1H–1H dipolar interactions for the two rotor

periods, while the transverse magnetization of X nuclei

evolves under the X–CSA and the scaled 1H–X dipolar

coupling interactions. The TPPM decoupling of protons

is used during the acquisition of X magnetization [22].

Thus the two-dimensional spectrum obtained using this
pulse sequence consists of isotropic chemical shifts of X

nuclei in x2 and the convoluted X–CSA and 1H–X

dipolar coupling interactions in x1. Both the X–CSA
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and 1H–X dipolar coupling interactions are quadrupled,

whereas the LG decoupling scales the 1H–X dipolar

coupling by 0.58. When a higher spinning speed is de-

sired, more rotor periods can be used to further reduce

the effective spinning speed in order to obtain more

spinning sidebands in the x1 dimension of the 2D
spectrum. The main limitation of this experiment is the

finite p pulse length that restricts the attainable spectral
width in the indirect frequency dimension of the 2D

spectrum.

The LG decoupling can also be applied during one of

the two rotor periods as illustrated in Fig. 1C. This pulse

sequence would allow the 1H–X dipolar coupling to be

effective for one of the two rotor periods, while the CSA
interaction would be effective for both rotor periods.

Therefore, in this case, the CSA interaction is quadru-

pled, whereas the heteronuclear dipolar coupling is only

doubled. If the spinning speed is still considered as a

fourfold reduction then the magnitude of the CSA in-

teraction remains the same as in the case of the pulse

sequence in Fig. 1B, while the magnitude of the effective
1H–X dipolar coupling is only half of the original,

besides the scaling factor from the multiple pulse se-

quence. This partial-LG decoupling scheme (see Fig.

1C) is useful to measure the sideband pattern of the

convoluted heteronuclear dipolar and CSA interactions,

especially when the dipolar coupling is too large com-

pared to the span of the CSA tensor; for example, the
13Ca CSA span is less than 2.0 kHz (at 9.4 T magnetic

field) and the 1H–13Ca dipolar coupling is �20 kHz. It
should be noted that the pulse sequences given in Fig. 1

are not intended to suppress the CSA interaction, while

pulse sequences that completely suppress the CSA in-

teraction in order to measure the heteronuclear dipolar

interactions have already been reported in the literature

[12,23,24].

3. Experimental

All of the experiments were performed on

a Chemagnetics/Varian CMX Infinity-400 solid-state

NMR spectrometer, operating at 40.551MHz for
15N, 100.620MHz for 13C, and 400.139 MHz for 1H.

Fig. 1. Two-dimensional pulse sequences that recover inhomogeneous interactions, such as 1H–X heteronuclear dipolar coupling and X–CSA, under

MAS. (A) A basic one-rotor-cycle pulse sequence that recovers and doubles the magnitude of an inhomogeneous interaction. (B) A two-rotor-cycles

pulse sequence that recovers and quadruples the magnitude of an inhomogeneous interaction. (C) A two-rotor-cycles pulse sequence that doubles the
1H–X heteronuclear dipolar coupling while it quadruples the X–CSA interaction.
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Conventional 5-mm rotors were used and 50mg of 13C-
or 15N-labeled samples were packed into the rotors. 1H,
13C, and 15N 90� pulse lengths were optimized to 3.0,
3.7, and 4.4 ls, respectively. A contact time of 1.5ms for

CP, an acquisition time of 40ms, and a recycle delay of
3 s were used for all samples. The TPPM decoupling of

protons [13] was used during signal acquisition with a

pulse duration of 5.67 ls and a total phase shift of 15�.

Fig. 2. Comparison of one-dimensional 15N CSA spectral slices obtained from two-dimensional experiments on NAV and NAVL samples with one-

dimensional CPMAS spectra. Two-dimensional spectra (not shown) were obtained using the pulse sequence given in Fig. 1B with an on-resonance

continuous wave 1H-decoupling during the t1 period. (A) and (C) One-dimensional CPMAS spectrum of NAV sample at 500Hz and 1 kHz spinning
speed, respectively. (B) and (D) One-dimensional spectral slices obtained from 2D experiments on NAV sample at 2 and 4 kHz spinning speed,

respectively. (E) 1D CPMAS spectrum of NAVL sample at 1 kHz spinning speed. (F) and (G) 1D spectral slices of leucine and valine residues,

respectively, obtained from a 2D experiment on NAVL sample at 4 kHz spinning speed.

Fig. 3. One-dimensional spinning sideband patterns obtained from the 2D spectra (not shown) obtained from a powder sample of N-acetyl-15N-LL-

valine (NAV) using the pulse sequences in Fig. 1 at 4 kHzMAS. (ii) The best-fitting simulated spectra and (iii) numerically simulated spectra obtained

as explained in the text. (A) CSA spinning sideband patterns; (B) spinning sideband patterns of dipolar-shift interactions with two rotor periods of

dipolar coupling evolution; (C) spinning sideband patterns of dipolar-shift interactions with one rotor period of dipolar coupling evolution. The

simulated spectra were obtained using the following principal values of the 15N CSA tensor: r11N ¼ 59.6 ppm, r22N¼ 89.4 ppm, r33N¼ 228.6 ppm.
The (aN, bN) angles used in simulated dipolar-shift spectra were (51�, 20�) in (B) and (36�, 16�) in (C). An N–H bond length of 1.07 �AA and a spinning
speed of 1 kHz were used in the simulations.
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From 64 to 128 transients were accumulated for each t1
increment. MAS speeds of 2000� 1 and 4000� 1Hz
were used in 15N experiments and 8000� 1Hz for 13C
experiments. Two rotor periods for 15N experiments and

four rotor periods for 13C experiments were used for the

dipolar-shift evolution. The LG 1H–1H dipolar decou-

pling condition was obtained by offsetting the 1H rf ir-

radiation frequency by 59,924Hz. Three types of
evolution in the t1 period of the pulse sequence in Fig. 1
were employed: (a) CW proton decoupling during all the

rotor periods, allowing only the CSA interaction to be

effective; (b) LG decoupling during all the rotor periods,

allowing the scaled 1H–X dipolar and the complete X–

CSA interactions to be effective; (c) LG decoupling

during part of the rotor periods and CW proton de-

coupling during the remaining rotor periods, leaving the
partial dipolar and complete CSA interactions opera-

tive. A p pulse was moving from 0 to sr within a rotor

period in 32 steps (or 32 t1 increments) for experiments
at 2 kHz MAS, and 16 steps (or 16 t1 increments) for
experiments at 4 kHz MAS, with a t1 dwell time of
15.6 ls in 15N experiments. In 13C experiments, 16 t1
increments were used under 8 kHz MAS, with a t1 dwell
time of 7.8 ls. All experiments were performed by set-
ting the individual resonance peak on resonance in order

to remove any additional phase acquired by the X
magnetization due to the evolution under the isotropic

chemical shift of X nuclei.

The one-dimensional dipolar-shift sideband patterns

obtained from the x1 frequency dimension of the 2D
spectrum were compared with the simulated spectra.

The simulated spectra were obtained using a C++ pro-

gram, compiled under a GAMMA-4.0.3b developmen-
tal environment [25] (http://gamma.magnet.fsu.edu/
index.html) on a Silicon Graphics (Octane) workstation

and also on an AMD K6-II PC. The root-mean-square

Table 1
15N=13C CSA tensor values and angles in selected compounds

riso (ppm) r11 (ppm) r22 (ppm) r33 (ppm) a (�) b (�)
15N-NAV

1D (1 kHz) 125.9 58.0 83.0 236.6

2D (4 kHz, no dipolar) 125.9 59.6 89.4 228.6

2D (4 kHz, full dipolar) 51� 15 20� 1
2D (4 kHz, half dipolar) 36� 15 16� 2
1D (500Hz) 125.9 61.2 83.1 233.2

2D (2 kHz, no dipolar) 125.9 55.9 94.0 227.7

2D (2 kHz, full dipolar) 36� 8 20� 2
2D (2 kHz, half dipolar) 32� 10 18� 2
2D MAT 200Hza 125.5 59.6 80.5 235.3 20� 15 21� 2

15N-NAVL Leucine

1D (500Hz) 128.3 57.5 93.3 234.1

1D (1 kHz) 128.3 54.7 98.3 231.8

2D (4 kHz, no dipolar) 128.3 56.6 102.9 225.4

2D(4 kHz, full dipolar) 48� 15 16� 2
2D (4 kHz, half dipolar) 36� 20 15� 2
2D MAT 200Hza 128.4 58.7 93.7 232.8 36� 11 18� 2
2D MAT 500Hza 128.4 58.7 93.7 232.8 41� 11 17� 3

15N-NAVL Valine

1D (500Hz) 125.9 58.2 87.1 232.2

1D (1 kHz) 125.9 57.2 88.6 231.8

2D (4 kHz, no dipolar) 125.9 57.3 93.9 226.5

2D (4 kHz, full dipolar) 54� 20 17� 2
2D (4 kHz, half dipolar) 27� 25 16� 2
2D MAT 200Hza 125.7 60.2 87.1 230.1 34� 12 20� 2
2D MAT 500Hza 125.7 60.2 87.1 230.1 44� 13 19� 2

13 Ca-LL-Leucine

Site 1, 2D, 8 kHz 54.4 43.8 56.1 63.3 0� 20 90� 5
Site 2, 2D, 8 kHz 53.4 43.0 55.4 61.9 0� 20 90� 5

LL-Leucineb 54.4 42 42 80

53.2 40 40 80

LL-Alanine single crystalc 50.9 31.2 56.4 65.0

LL-Threonine single crystald 60.2 52.6 58.9 69.0

aReference [8].
bReference [30].
cReference [31].
dReference [32].
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deviations (RMSD) between the experimental and the

simulated spectra were also calculated using the same

program.
The pulse sequence was also numerically simulated

using a simulation program, SIMPON [26] (http://

nmr.imsb.au.dk). The effects of the strength of rf power

for the p pulse, errors in the p pulse length (or rf field
inhomogeneity), and the offset (the frequency difference

between the isotropic chemical shift of X nuclei and the

rf irradiation) on the efficacy of the 2D pulse sequences

in Fig. 1 were also examined using this numerical sim-
ulation program.

4. Results and discussion

The magnitudes of the principal elements (defined as

r33NP r22NP r11N) of the 15N CSA tensors of NAV

and NAVL peptides were obtained by one-dimensional
CPMAS spectroscopy at 500-Hz and 1-kHz spinning

speeds (Figs. 2A, C, and E), and the spinning sidebands

were simulated using the Herzfeld and Berger method

[27] and fitted computationally [28]. The principal values

given in Table 1 are in agreement with the results

obtained from 2D MAT experiments on the same

samples [8].

The one-dimensional spectral slices can be obtained

from the 2D spectra along the x1 frequency dimension.
The high-resolution spectra were obtained by replicating
t1 FID and appending the replicated FID to the original
data several times until the desired peak separation was

achieved. Since CSA and/or dipolar coupling interac-

tions form rotor echoes in FID and the magnetization is

identical at the beginning and the end of the t1 evolution
period, FID replication is an effective way to obtain

(pseudo) high resolution while keeping the experimental

time short. Here, we replicated the 16- or 32-point FID
to 512 points. No zero-filling was done to this FID as it

introduced undesired spikes in the Fourier transformed

spectrum (as seen in [12]). Since only the sideband in-

tensity information is contained in the FIDs in t1 di-
mension, zero filling and/or a weighing function

introduce artificial linewidths, which are not present in

the FIDs. Further, all the spinning sidebands in the x2
dimension should be summed together with the center-
band. The experimental one-dimensional CSA-only

spectral slices obtained from 2-D spectra of NAV and

NAVL samples are shown in Figs. 2B and D for NAV

and Figs. 2F and G for NAVL, in comparison with

direct one-dimensional CPMAS spectra shown in Figs.

2A and C for NAV and Fig. 2E for NAVL. The CSA

tensor values obtained from the computer simulation of

Fig. 4. (i) One-dimensional spinning sideband patterns obtained from the 2D spectra (not shown) obtained from a powder sample of N-acetyl-15N-LL-

valine (NAV) using the pulse sequences in Fig. 1 at 2 kHz MAS. The best-fitting simulated spectra are shown in column (ii). The spectra from

numerical pulse sequence simulations using the SIMPSON program are shown in column (iii). (A) Spinning sideband patterns of 15N CSA; (B)

spinning sideband patterns of dipolar-shift interactions with two rotor periods of dipolar coupling evolution; (C) spinning sideband patterns of

dipolar-shift interactions with one rotor period of dipolar coupling evolution. The simulated spectra were obtained using the following principal

values of the 15N CSA tensor: r11N ¼ 55:9 ppm, r22N ¼ 94:0 ppm, r33N ¼ 227:7 ppm. The (aN, bN) angles used in simulated dipolar-shift spectra were
(36�, 20�) in (B) and (32�, 18�) in (C). An N–H bond length of 1.07 �AA and a spinning speed of 0.5 kHz were used in the simulations.
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the slices are also listed in Table 1. For both samples, the

CSA principal values obtained from two-dimensional

experiments are in good agreement with those obtained

using 1D CPMAS experiments.

The experimental one-dimensional spectral slices of

NAV sample obtained from 2D spectra at 4 and 2 kHz
are given in Figs. 3 and 4 (column i), respectively. The

sideband simulations using our program (column ii) and

the numerical pulse sequence simulations using SIMP-

SON (column iii) are also presented in Figs. 3 and 4. The

spinning sidebands are separated by 1000Hz in Fig. 3

and 500Hz in Fig. 4, confirming that the pulse se-

quences in Fig. 1 are successful in increasing the number

of spinning sidebands by a factor of 4. Figs. 3A-i and
4A-i show the spectra obtained with the CW proton

decoupling in both the rotor periods in t1, in which only
the CSA interaction is preserved. The spectra shown in

Figs. 3A-ii and 4A-ii are best-fit spectra and the prin-

cipal CSA tensor values are listed in Table 1. The

spectra in Figs. 3A-iii and 4A-iii were numerically

computed using the SIMPSON program by considering

the 15N–CSA and 1H–15N dipolar coupling interactions

for a two spin-1/2 system with no additional protons. In

addition, parameters used in the simulations were an

isotropic chemical shift of zero (on resonance), an N–H

dipolar coupling of 9.7 kHz (calculated using a N–H
bond length of 1.07�AA), and on-resonance CW proton

decoupling during both the rotor periods.

Figs. 3B-i and 4B-i show the spectra obtained with

LG decoupling in both the rotor periods in t1 (see Fig.
1B). The amplified 1H–15N dipolar coupling is scaled

only by the LG decoupling with a scaling factor of 0.58.

The angles aN (the angle between the projection of the
N–H bond on the r11N–r22N plane and the r11N axis)
and bN (the angle between the N–H bond and the r33N
axis) define the orientation of the 15N CSA tensors rel-

ative to the N–H bond [2]. The ðaN; bN) angles used in
the simulations of the best-fitting spectra are (51�, 20�)
in Fig. 3B-ii and (36�, 20�) in 4B-ii. An N–H bond length
of 1.07�AA was used in the simulations. The RMSD

Fig. 5. Two-dimensional RMSD contour plots of simulated and experimental spectra of dipolar-shift experiments. The contour intervals are 10% of

the minimum RMSD value. (A) An RMSD plot for the dipolar-shift experiment with two rotor periods of dipolar coupling evolution at 4 kHz MAS;

the errors in the angles (aN, bN) estimated at the 10% RMSD level are (�15�, �1�). (B) An RMSD plot for the dipolar-shift experiment with one
rotor period of dipolar coupling evolution at 4 kHz MAS; the errors in the angles (aN, bN) estimated at the 10% RMSD level are (�15�, �2�). (C) An
RMSD plot for the dipolar-shift experiment with two rotor periods of dipolar coupling evolution at 2 kHz MAS; the errors in the angles (aN, bN)
estimated at the 10% RMSD level are (�8�, �2�). (D) An RMSD plot for the dipolar-shift experiment with one rotor period of dipolar coupling
evolution at 2 kHz MAS; the errors in the angles (aN, bN) estimated at the 10% RMSD level are (�10�, �2�).
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values were calculated by varying aN from 0� to 90� and
bN from 10� to 30�. The resulting contour plots are
shown in Figs. 5A and C for 4- and 2-kHz spectra, re-

spectively. The contour levels are normalized relative to

the minimum RMSD value, which was set to 1. The

contour interval was 0.1 of the minimum RMSD value

and the errors for the aN and bN angles were estimated
at 1.1 contour level. The numerically simulated spectra
are shown in Figs. 3B-iii and 4B-iii using the same pa-

rameters as described before, except that LG decoupling

was used in both the rotor periods of the t1 period.
Figs. 3C-i and 4C-i show the spectra obtained with

LG decoupling in the first rotor period and CW de-

coupling in the second rotor period. Therefore, the CSA

interaction is fully effective, while the heteronuclear di-

polar coupling is effective only in the first rotor period
of t1. Thus the dipolar coupling is reduced by half in
addition to the scaling factor from the LG decoupling.

The best-fit spectra in Figs. 3C-ii and 4C-ii were ob-

tained using the same CSA principal values as given

above, but half of the dipolar coupling. The angles (aN,
bN) used in the best-fit spectra are (36�, 16�) in Fig. 3C-
ii and (32�, 18�) in Fig. 4C-ii, which are also listed in
Table 1. The RMSD contour plots are shown in Figs.
5B and D. The spectra shown in Figs. 3C-iii and 4C-iii

were obtained by simulating the pulse sequence nu-

merically, setting the first rotor period with LG decou-

pling and the second rotor period with CW decoupling

of protons.

The same analyses were also performed on the NAVL

sample. The one-dimensional dipolar-shift spectral slices

obtained from the 2D spectra under 4 kHz MAS are

given in Figs. 6 and 7 for leucine and valine residues,

respectively. The (aN, bN) angle pairs used for the full
dipolar-shift best-fit spectra are (48�, 16�) for the leucine
residue and (54�, 17�) for the valine residue (Table 1).
For partial dipolar-shift spectra, the (aN, bN) angle pairs
were optimized at (36�, 15�) for the leucine residue and
(27�, 16�) for the valine residue (Table 1). An N–H bond
length of 1.06�AA was used in all simulations. The aN and
bN angles obtained from the present study within ex-

perimental errors are in good agreement with the values

measured using a two-dimensional MADMAT (magic
angle decoupling magic angle turning) experiment on

the same sample [8].

Two-dimensional experiments were also performed at

8 kHz MAS and four rotor periods on a 13Ca-labeled LL-

leucine sample to examine the efficacy of the proposed

method. From the crystal structure of LL-leucine, two

asymmetric molecules are present in a unit cell [29], and

two 13Ca peaks, therefore, appear in the 1D spectrumwith
the isotropic chemical shifts at 54.4 (site 1) and 53.4 ppm

(site 2). Fig. 8 shows the 1D spectral slices for both these

sites (2D spectra not shown). Simulations of the CSA

Fig. 6. The one-dimensional dipolar-shift spinning sideband patterns of a powder sample of N-acetyl-15N-LL-valyl-15N-LL-leucine (NAVL) obtained at

4 kHz MAS for the leucine residue. The experimental dipolar-shift spectra obtained from the x1 frequency dimension of the 2D spectra (not shown)
are shown in column (i). The best fitting simulated spectra are shown in column (ii). The spectra obtained from numerical pulse sequence simulations

using the SIMPSON program are shown in column (iii). (A) Spinning sideband patterns of 15N CSA; (B) spinning sideband patterns of dipolar-shift

interactions with two rotor periods of dipolar coupling evolution; (C) spinning sideband patterns of dipolar-shift interactions with one rotor period

of dipolar coupling evolution. The simulated spectra were obtained using 15N CSA principal values of r11N¼ 56.6 ppm, r22N¼ 102.9 ppm,
r33N¼ 225.4 ppm. The (aN, bN) angles used in simulated dipolar-shiftspectra were (48� 15�, 16� 2�) in (B) and (36� 20�, 15� 2�) in (C). An N–H
bond length of 1.06 �AA and a spinning speed of 1 kHz were used in the simulations.
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patterns for both the sites (Figs. 8A and C) yielded the

principal values of r11C ¼ 43:8, r22C ¼ 56:1, and r33C ¼
63:3 ppm for the site 1 and r11C ¼ 43:0, r22C ¼ 55:4, and
r33C ¼ 61:9 ppm for the site 2 (Table 1). The span of the
magnitude of the CSA tensor of the Ca carbon (2 kHz) is

significantly smaller than that of the 13C–1H dipolar

coupling (20.4 kHz for a C–H bond length of 1.14�AA).
Therefore, reducing the magnitude of the 13C–1H dipolar
coupling was essential to obtain an interpretable dipolar-

shift spectrum in order to determine the 13Ca CSA tensor

in the molecular frame. The application of the LG de-

coupling during part of the t1 evolution period can sig-
nificantly reduce the magnitude of the 13C–1H dipolar

coupling. The spectra in Figs. 8B and D were obtained

with one rotor period of LG decoupling and three rotor

periods of CW decoupling of protons, respectively.
Therefore, the residual dipolar coupling is only one-

fourth of the original magnitude. Simulations of the

spinning sidebands were performed using a dipolar cou-

pling of 5.1 kHz and (aN, bNÞ angle pairs of (0�, 90�) for
both the Ca sites. Both experiments and numerical pulse

sequence simulations demonstrated the successful per-

formance of the partial LG decoupling in reducing the

effective heteronuclear dipolar coupling by 0.25.
To our knowledge, only a few Ca CSA tensors have

been determined experimentally to a high accuracy. The

previously reported LL-leucine Ca tensor values are very

different from our data (Table 1), and this is because the

previous data were obtained from slow spinning one-

dimensional CPMAS experiments on natural abundance

samples, and the tensor values were extracted from very

crowded spectra [30]. Our data were obtained using a
13C-labeled sample and 2D separation experiments, and

the spectra are clear of overlaps with other carbon spins,

resulting in a much higher accuracy. The LL-leucine Ca

tensor values determined here are in a comparable range

with those obtained from LL-alanine [31] and LL-threonine

[32] single crystals (Table 1) and ab initio calculations

for several amino acids [3].

5. Sources of experimental error

It is important to develop simple pulse sequences that

can be used to measure the complete CSA tensors (both

the magnitudes and the orientations of the principal

elements) directly from proteins for structural studies

using NMR spectroscopy. This is technically demand-

ing, especially in the case of proteins or peptides em-

bedded in hydrated lipid bilayers, where the calibration

of rf pulse width or power is usually performed on test
samples. This experimental set-up procedure may not be

correct and may lead to pulse imperfections. Therefore,

it is useful to analyze the effects of experimental

Fig. 7. The one-dimensional dipolar-shift spinning sideband patterns of a powder sample of N-acetyl-15N-LL-valyl–15N-LL-leucine (NAVL) obtained at

4 kHz MAS for the valine residue. The experimental dipolar-shift spectra obtained from the x1 frequency dimension of the 2D spectra (not shown)
are shown in column (i). The best fitting simulated spectra are shown in column (ii). The spectra obtained from numerical pulse sequence simulations

using the SIMPSON program are shown in column (iii). (A) Spinning sideband patterns of 15N CSA; (B) spinning sideband patterns of dipolar-shift

interactions with two rotor periods of dipolar coupling evolution; (C) spinning sideband patterns of dipolar-shift interactions with one rotor period

of dipolar coupling evolution. The simulated spectra were obtained using the 15N CSA principal values of r11N¼ 57.3 ppm, r22N¼ 93.9 ppm,
r33N¼ 226.5 ppm. The (aN, bN) angles used in simulated dipolar-shift spectra were (54� 20�, 17� 2�) in (B) and (27� 25�, 16� 2�) in (C). An N–H
bond length of 1.06 �AA and a spinning speed of 1 kHz were used in the simulations.
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imperfections on the efficacy of the proposed two-di-

mensional pulse sequences. Numerical simulations of

the performance of the pulse sequences were carried out

using the SIMPSON program. The CSA and dipolar

parameters for the NAV sample, a two-rotor period

evolution time, and a 4-kHz spinning speed were used in

the simulations. Pulse imperfections such as errors in the

p pulse length or the rf field inhomogeneity and the
resonance offset are considered. Numerically simulated

one-dimensional spinning sideband patterns for CSA,

CSA+ full 1H–15N dipolar coupling, and CSA+partial
1H–15N dipolar coupling obtained using the pulse se-

quences in Figs. 1B and C, respectively, are compared

with perfect spectra (obtained without any pulse errors).

Fig. 9 shows the RMSD plot that represents the differ-

ence between spectra obtained with an imperfect p pulse
and the perfect spectrum against the rf field inhomoge-

neity (Fig. 9A) and resonance offset (Fig. 9B). It is ob-

vious from Figs. 9A and B that the spinning sideband

patterns are highly dependent on the quality of the p
pulse employed in pulse sequences. Therefore, care must

be taken to calibrate the p pulse before setting up the
experiment for the measurement of CSA tensors using

these two-dimensional pulse sequences. It should be
noted that the errors are larger when the magnitude of

the heteronuclear interaction is larger (see Figs. 9A and

B). Therefore, scaling down the heteronuclear dipolar

interaction using a partial LG decoupling strategy as

shown in Fig. 1C should be highly useful to measure

CSA tensors from biological samples, particularly to

study membrane-associated proteins embedded in hy-

drated lipid bilayers.

One of the major disadvantages of these 2D experi-
ments is that it has to be performed on resonance. If the

rf carrier frequency is higher than the isotropic chemical

shift then the intensities of the sidebands with a positive

order increase and those of sidebands with a negative

order decrease (simulations not shown). On the other

hand, if the rf carrier frequency is lower than the iso-

tropic chemical shift then the intensities of those side-

bands with a negative order increase and those of
sidebands with a positive order decrease (simulations

not shown). This trend holds true for all CSA and di-

polar-shift experiments. From the RMSD values, the

isotropic off-resonance up to �1 ppm is acceptable.

Nevertheless, it may be possible to overcome the off-

resonance problems using procedures presented else-

where [11]. No such efforts were made in this study.

One more possible source of experimental errors in
the measurement of CSA tensors using these 2D tech-

Fig. 8. The one-dimensional dipolar-shift spinning sideband patterns of a powder sample of 13Ca-LL-leucine obtained at 8 kHz MAS using four rotor

periods of t1 evolution time (one rotor period of LG and three rotor periods of CW decoupling). The experimental dipolar-shift spectra obtained

from the x1 frequency dimension of the 2D spectra (not shown) are shown in column (i). The best fitting simulated spectra are shown in column (ii).
The spectra obtained from numerical pulse sequence simulations using the SIMPSON program are shown in column (iii). (A) Spinning sideband

patterns of the 13Ca CSA for site 1 with isotropic shift of 54.4 ppm; (B) spinning sideband patterns of dipolar-shift interactions for site 1 with one

rotor period of dipolar coupling evolution; (C) spinning sideband patterns of the 13Ca CSA for site 2 with isotropic shift of 53.4 ppm; (D) spinning

sideband patterns of dipolar-shift interactions for site 2 with one rotor period of dipolar coupling evolution. The simulated spectra were obtained

using the 13Ca CSA principal values of r11C ¼ 43:8 ppm, r22C ¼ 56:1 ppm, r33C ¼ 63:3 ppm for site 1 and r11C ¼ 43:0 ppm, r22C ¼ 55:4 ppm,
r33C ¼ 61:9 ppm for site 2. The (aN;bN) angles used in simulated dipolar-shift spectra were (0� 20�, 90� 5�) in (B) and (D). A C–H bond length of
1.14�AA and a spinning speed of 1 kHz were used in the simulations.
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niques is the error in setting up the LG condition [19].

The LG condition is experimentally set up using the
magnitude (Brf ) and carrier frequency (BoffÞ of the rf
decoupling power used to decouple protons in the t1
period of the pulse sequences in Figs. 1B and C. The

value of Boff is chosen based on the experimental mea-
surement of the Brf value. As mentioned above, Brf is
typically measured on a test sample and it may not be

correct for a relevant protein sample. This could be a

possible source of experimental error (the value of Brf or
Boff ) in the measurement of CSA tensors. Numerical
simulations of the performance of the pulse sequences in

Fig. 1 were performed using the CSA tensors of the

NAV sample. In the numerical simulations, we deliber-

ately offset the value of Boff from the perfect LG con-
dition by �2, �4, �6, and �8 kHz, and the RMSD
errors against Boff are shown in Fig. 9C for two rotor
periods of LG (left) and one rotor period of LG (right).

Fig. 9. The efficacy of the pulse sequences given in Fig. 1 against the effects of the X-channel p pulse length errors (A) and offset (B) and an error in
the offset value during the LG decoupling (C), illustrated by numerical simulations using the SIMPSON program. The CSA and dipolar coupling

parameters of the NAV sample were used in the simulations. A two-rotor-period experiment with a spinning speed of 4 kHz is considered. Spectra

displayed in the leftmost columns of (A) and (B) were obtained using CW decoupling for both t1 evolution rotor periods. Spectra displayed in the
middle columns of (A) and (B), and the left plot of (C) were obtained using LG decoupling for both t1 evolution rotor periods. Spectra displayed in
the rightmost columns of (A), (B), and (C) were obtained using LG decoupling for the first rotor period and CW decoupling for the second rotor

period of evolution. (A) The p pulse length on the 15N rf channel was offset by 0, �0:5, �1:0, and �2:0ls from the correct value. The RMSD values
for the p pulse imperfection were calculated by comparing with the spectrum that was obtained using a perfect p pulse, and plotted against the
percentage of the offset. (B) The 15N isotropic shifts were set to be 0, �1, �2, and �3 ppm from the rf carrier frequency. The RMSD values for off-
resonance effects were calculated by comparing with the spectrum that was obtained with the isotropic chemical shift at on-resonance and plotted

against the value of off-resonance. (C) The 1H decoupling frequency offsets were 0, �2, �4, �6, and �8 kHz from the perfect LG condition. Left: LG
decoupling for both evolution rotor periods; right: LG decoupling for the first rotor period and CW decoupling for the second rotor period of

evolution. The RMSD values for LG offset were calculated by comparing with the spectrum that was obtained with a perfect LG condition and

plotted against the LG offset.
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Although a deviation from the perfect LG condition

introduces a slightly larger RMSD value due to a change
in the scaling factor of the LG sequence from 0.58, the

effect is reasonably small for Boff errors < 5 kHz (see
Fig. 9C). Inclusion of more protons in addition to the

amide proton and the long-range 1H–1H dipolar inter-

actions from additional protons did not cause a signifi-

cant change in the simulated results.

It is also important to examine the performance of the

2D pulse sequence against the rf power of the p pulse as
most of the biological samples, especially the wet sam-

ples, are power lossy and it is practically difficult to use

high-power pulses. Spectra simulated using the SIMP-

SON program for various p pulse powers, (200, 55.6, and
33.3 kHz) are given in Fig. 10. The RMSD values listed in

Fig. 10 are obtained by comparing the corresponding

numerically simulated spectrum and the spectrum ob-

tained from the direct sideband simulation using the CSA
tensor parameters of NAV sample (see Fig. 3, column ii).

Although higher power levels resulted in better spectra

(smaller RMSD), we found that the performance of the

2D pulse sequences at lower rf power levels (for example

�50 kHz) is reasonably good (see Fig. 10).

6. Conclusions

The present work explored the possibility of em-

ploying 2D pulse sequences that amplify inhomoge-

neous interactions, such as the CSA and heteronuclear

dipolar interactions, under MAS to determine CSA
tensors from multiple sites. Such efforts represent an

attempt to exploit ongoing development of multidi-

mensional pulse sequences for CSA tensor measure-

ments from a uniformly labeled protein which hitherto

demanded the use of samples labeled with X (15N or
13C) isotope at a single site. Pursuing such an avenue

may not only simplify the execution and analysis of

NMR experiments but also, by lifting the demand for
either no or slow spinning conditions, open up the

sensitivity and resolution bonuses that result from high-

field fast MAS operation.

The closeness of a spinning sideband pattern (either

CSA or dipolar-shift) obtained using a 2D pulse se-

quence in this work to the 1D spectrum directly ob-

tained by the conventional CPMAS experiment suggests

that the 2D methods are highly efficient in resolving the
amplified inhomogeneous interactions associated with

the chemically and/or magnetically inequivalent X (15N

or 13C) nuclei sites in a polypeptide labeled uniformly

with the X isotope. Further, the feasibility of obtaining

the CSA and the dipolar coupling tensors with a fast

spinning speed (up to 10 kHz) using the 2D methods

demonstrated in this study suggests that these methods

are also highly sensitive as compared to other slow
spinning techniques. In these experiments, the total

number of spinning sidebands is greatly enhanced due to

the amplification of the magnitude of an inhomogeneous

Fig. 10. Numerical simulations of the effects of errors in the rf power level used for the p pulse on the X-channel on the amplification and recovery of
the dipolar-shift interactions using the pulse sequences given in Fig. 1. The CSA and dipolar coupling parameters of the NAV sample were used in

simulations of two-rotor-period experiments with a spinning speed of 4 kHz. The rf power level was set to 200, 55.6, and 33.3 kHz on 15N. (A) CW

decoupling for both evolution rotor periods; (B) LG decoupling for both evolution rotor periods; (C) LG decoupling for the first rotor period and

CW decoupling for the second rotor period of evolution. The number next to each spectrum is the RMSD value from the direct sideband simulation

(see Fig. 3, column ii).
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interaction or due to an effective reduction of the spin-
ning speed to xr=2n. The use of the LG sequence for the
partial decoupling of 1H–1H dipolar interactions greatly

enhances the flexibility of the method by effectively re-

ducing the dipolar to CSA ratio.
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