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Abstract

The experimental lineshapes of the carboxyl and methyl carbon resonances of fully 13C enriched LL-Alanine are studied in detail at

different MAS frequencies and decoupling field strengths. Complex lineshapes at intermediate spinning speeds were explained by the

joint effect of off rotational resonance and coherent CSA–dipolar cross-correlation. Whereas off rotational-resonance effects lead to

complex lineshapes due to a splitting of some energy levels, coherent CSA–dipolar cross-correlation introduces either a differential

intensity and/or a differential broadening of the lines of the J-multiplet. The conditions which lead to such effects are explained and

experimentally verified. Additional simulations show that these effects can be expected over a wide range of static magnetic fields and

are not restricted to LL-Alanine.

� 2003 Elsevier Science (USA). All rights reserved.

1. Introduction

With the constant improvement of resolution in solid-

state nuclear magnetic resonance (NMR), this technique

is able nowadays to study larger molecular systems like
proteins in a non-oriented environment [1–5]. This is

mainly the result of technical improvement in high

magnetic field, radio-frequency (RF) fields, magic-angle

sample spinning (MAS), and sample preparation tech-

niques. With these tools, in combination with sophisti-

cated pulse sequences for decoupling and/or recoupling

different interactions, an approach similar to that done

in liquid-state NMR could be developed for the study of
(non-oriented) biomolecules with solid-state NMR [4].

As in liquid-state NMR, most pulse sequences devel-

oped for this purpose are designed for fully labeled

carbon-13 and nitrogen-15 molecules. The extensive use

of carbon-13 labeling leads however to a broadening

of the carbon lines due partly to the presence of the

homonuclear J-couplings. When the resolution is good

enough to resolve to some extent the fine structure due

to the J-coupling, it was observed that this coupling

does not necessarily induce the expected multiplet

structure, but rather unusual broadened and asymmetric
lineshapes [6,7], examples of which are given in Fig. 1. A

better understanding of the different contributions that

causes distorted and broadened lineshapes could enable

the development of new techniques for enhancing the

resolution in solid-state NMR. In this paper we will give

a detailed explanation of which physical mechanisms

lead to these lineshapes.

Several effects which have been described separately in
literature must be invoked to explain these lineshapes.

Broadening of the lineshape in a powder-pattern like

fashion under MAS was already predicted in 1979 by

Maricq and Waugh [8] for homonuclear coupled spin

systems. Rotational-resonance effects [9–11] where the

MAS frequency matches the difference of isotropic

chemical shift of both nuclei must also be considered to

explain complex lineshapes, even far from the exact
rotational-resonance condition [12,13]. Finally, the in-

terplay of the dipolar-interaction and chemical-shielding-
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anisotropy (CSA) tensors was shown to introduce an

asymmetry in the intensity of the two peaks split by the

isotropic coupling constant J in a heteronuclear two-

spin system under slow sample spinning [14]. This kind

of asymmetry was observed as well by Nakai and
McDowell [15] in homonuclear spin-systems.

In this contribution we examine and discuss in more

detail the specific experimental lineshapes observed for

the carboxyl and the methyl carbons of 13C enriched LL-

Alanine under a range of experimental conditions. By

means of computer simulations, we show the relative

impact of the different parts of the Hamiltonian on the

spectral lineshape of a homonuclear coupled spin sys-
tem. We show that in the case of a carboxyl carbon, the

asymmetric powder lineshape can be explained by

the joint effect of off rotational resonance [12,13] and a

Fig. 1. Experimental carboxyl carbon lineshapes for 99% 13C enriched LL-Alanine at different spinning speeds and decoupling field strengths. The

carbon spectra were obtained using the standard cross-polarization technique, with a ramped spin-lock on the proton channel to broaden the

Hartman-Hahn condition [42–44]. The contact time was set to 1ms. Detection was performed under TPPM decoupling [45]. To ensure the best

resolution, the acquisition time was set to 60ms, ensuring complete decay of the FID (at all spinning speeds). No exponential line broadening was

applied.
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coherent cross-correlation effect between the CSA of the
carboxyl and the dipolar interaction between the car-

boxyl- and Ca-carbons, leading to an asymmetry in in-

tensity between the two components of the multiplet

[14,15]. For the methyl resonance in LL-Alanine, a co-

herent cross-correlation effect is present as well, but is

manifested this time additionally by a differential

broadening of the doublet components. The conditions

which lead to such distorted carbon lineshapes in ho-
monuclear coupled spin-systems are discussed. Finally,

we show with simulations that this situation is not re-

stricted to the experimental conditions used here, but are

expected for other compounds as well, and this over a

wide range of magnetic fields.

In liquid state NMR, cross-correlation is a very well-

known phenomenon, which manifests itself in the re-

laxation behavior of the spin system. The modulation by
molecular motion of two different anisotropic spin in-

teractions whose orientations are correlated (for exam-

ple, the magnetic dipole–dipole interaction and the

chemical shielding anisotropy) can give rise to this kind

of relaxation process, generally called cross-correlated

relaxation or cross-correlation (for reviews about that

subject, see [16,17]). Such relaxation induced (incoher-

ent) cross-correlation effects, which lead to a differential-
line broadening of the J-multiplets, have also been seen

in solids under MAS for compounds showing extensive

molecular motion like liquid crystals or highly mobile

solid polymers [18–21].

2. Experimental results

The experiments were all performed on a Bruker 500

Avance spectrometer (proton frequency at 500MHz)

equipped with a 2.5mm double resonance CPMAS

probe. All experiments were performed on 99% 13C la-

beled LL-Alanine purchased from Eurisotop and used

without further purification. The carbon spectrum was

measured for different MAS spinning frequencies (6, 7,

9, 12, 18, 21, 23, 28, 30, and 35 kHz) and decoupling
field strengths (60, 100, and 160 kHz). Attention was

paid in choosing the MAS frequencies that none of the

carboxyl rotational-resonance conditions were matched.

Considering that the isotropic chemical shift difference is

15.9 kHz between the COO� (C0) and CH (Ca) groups,

and 19.8 kHz between the C0 and CH3 (Cb), the rota-

tional-resonance conditions for the carboxyl carbon

with the Ca resonance are at 5.3 (n¼ 3), 8.0 (n¼ 2), and
15.9 kHz (n¼ 1), and at 6.6 (n¼ 3), 9.9 (n¼ 2), and
19.8 kHz (n¼ 1) for the carboxyl with the Cb resonance.

All chosen MAS frequencies are at least 1.2 kHz off the

n ¼ 1 and 900Hz off the n ¼ 2 rotational-resonance
conditions. As the dipolar-coupling constant to the Cb is

much smaller than to the Ca, off rotational-resonance

effects from recoupling of the carboxyl resonance with

the Cb are less important. The carboxyl resonance is
shown in Fig. 1 for the different MAS frequencies at 60,

100 and 160 kHz decoupling field strengths.

Under high spinning speed and decoupling field, and

well off rotational-resonance conditions, we expect the

carboxyl resonance to be split into a symmetric doublet

by the homonuclear J-coupling to the carbon Ca. In-

deed, to zero order, the effect of the heteronuclear C–H

dipolar coupling is removed by both MAS and de-
coupling, the heteronuclear C–H J-coupling is removed

by decoupling, and the homonuclear carbon–carbon

dipolar coupling by MAS, as long as rotational-reso-

nance conditions are avoided. The effect of the car-

boxyl CSA should also be removed by MAS. However,

the spectra of Fig. 1 show that the experimental line-

shape is far from the expected symmetric doublet, ex-

cept for spinning speeds well above 25 kHz. Below
9 kHz MAS and above 20 kHz, the lineshape looks like

a more or less asymmetric doublet, with two compo-

nents of different intensity but the same linewidth. This

is especially marked at the lower MAS spinning speeds.

In the lower spinning regime, broadening of the dou-

blet was observed for the exact n ¼ 3 rotational-reso-
nance condition at 5.3 kHz and 6.6 kHz MAS (not

shown). However, off rotational-resonance effects from
those conditions are small and appear negligible at 6

and 7 kHz. At 9, 12, and 18 kHz MAS, we obtain a

powder-pattern like line, with a different shape at each

spinning speed. It is difficult to follow more closely the

change of the lineshape between these different spin-

ning speeds, as rotational-resonance conditions would

then be close to match, and their effects clearly domi-

nate the lineshape. It is also noticeable that the center
of gravity of the resonance moves slightly between 6

and 23 kHz, another effect of off rotational-resonance

conditions [12,13].

The influence of the decoupling power on the line-

shape is less drastic. Reduction of the decoupling power

introduces a broadening of the lines due to less efficient

decoupling of the protons, but the shape of the carboxyl

line is not essentially modified. With a field strength of
60 kHz, the decoupling is not effective any more for

spinning speeds higher than 20 kHz, reflecting probably

the combined effect of less efficient decoupling and the

onset of rotary-resonance recoupling, which is expected

at 30 kHz MAS [22,23].

We do not show here in the same details the behavior

of the CH (Ca) and CH3 (Cb) carbon resonances of LL-

Alanine. The resolution of the CH resonance is not good
enough to resolve the splitting due to the two J-cou-

plings, and only a broad, featureless line is observed. In

the case of the CH3, the carbon resonance is better re-

solved than for the CH, and shows a more or less re-

solved doublet structure at all MAS frequencies that are

not too close to rotational resonance conditions. At the

lower spinning speeds, however, an asymmetry in the
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line intensities and widths of the doublet leads us to
suspect similar effects on the methyl lineshape as those

observed for the carboxyl, as will be discussed in detail

below.

The effects on the lineshape that we describe here

seem to be a general problem in fully 13C labeled sam-

ples. Unexpected lineshapes were indeed also observed

in carbon spectra of fully labeled proteins [3,7,24]. As an

example, in the spectrum of the a-spectrin SH3 domain
measured at a field of 17.6 T and published in Fig. 2a of

[3], the resolved resonances of Val53 Cc at 17.0 ppm and

Ala55 Cb at 15.9 ppm are obviously asymmetrically

broadened (for the carbon assignment, see [4]).

3. Theoretical aspects and simulations

The theory concerning the different aspects consid-

ered in this contribution has already been treated in the

literature individually. However, in order to separate the

different contributions to the lineshape and understand

the experimental observations, we will recall here a

broad outline of the theory.

Let us first consider the case of a static sample. The

Hamiltonian of a static two-spin system in the rotating
frame of the Zeeman interaction is given by the fol-

lowing expression:

H ¼ Hiso þ HCSA þ HD þ HJ ð1Þ
with Hiso the isotropic chemical shift of both spins I

and S, HCSA the anisotropic part of the chemical shift
which is here only considered for the spin I, Hdip the
dipolar interaction between both spins, and HJ the

scalar J-coupling:

Hiso ¼ x0I Iz þ x0SSz;

HCSA ¼ xCSAðXÞIz;
HD ¼ xDðX0Þð3IzSz � I � SÞ ¼ xDðX0Þð2IzSz � IxSx � IySyÞ;
HJ ¼ pJ2IzSz;

ð2Þ
where X and X0 represent the two sets of Euler angles

connecting the principal axis systems of the CSA and

dipolar tensors, respectively, to the crystallite orienta-

tion in the laboratory frame. The relation between X
and X0 depends on the geometry of the spin system. In

matrix form, this Hamiltonian is given by:

where the elements of the basis are: j1i ¼ ja; ai,
j2i ¼ ja; bi, j3i ¼ jb;ai, and j4i ¼ jb; bi, the first symbol

representing the state of the I spin and the second one of
the S spin.

Let us now consider that the isotropic chemical shift

difference is larger than all the other interactions (which

is for example always the case in heteronuclear spin

systems in the high magnetic field approximation). In

this case, the off-diagonal elements of this matrix can be

considered as non-secular and can be neglected. The two

single-quantum transitions for the I spin appear at the
frequencies:

xaa!ba ¼ x0I þ pJ þ xCSAðXÞ þ xDðX0Þ;
xab!bb ¼ x0I � pJ þ xCSAðXÞ � xDðX0Þ:

ð4Þ

The two transitions which are separated by the J-cou-

pling have a powder lineshape due to the orientation-

dependent contributions of the CSA and dipolar terms.

However, due to the fixed relative orientation of both

tensors, the contribution of the two terms are ‘‘added’’

for one transition and ‘‘subtracted’’ for the other one.
This leads to powder patterns of different shapes and

widths for the two transitions of the I spin. The differ-

ence in width of the powder patterns depends on the

relative size and orientation of the CSA and the dipolar

tensors. A detailed analysis of the pattern of both

transitions can be found in [25]. In a homonuclear spin-

system, the off-diagonal elements of Eq. (3) introduce an

additional term to the resonance frequencies of Eq. (4),
which depends non-linearly on xD and xCSA. However,
this term is the same for both transitions. Differential

linewidths of the resonance components will therefore

still be expected from the relative contribution of CSA

and dipolar terms which are added for one transition

and subtracted for the other. This is illustrated in Fig. 2

where simulations of the I spin transitions in the static

case are shown. In Fig. 2a the geometry of LL-Alanine
was considered with the I spin representing the carboxyl

and the S spin the Ca. It is clear in this simulation that

the first carboxyl transition aa ! ba, e.g. with the Ca in

a-state, is broader than the second transition ab ! bb
with Ca in b-state. Since only the I spin signal is shown

in Fig. 2a for reasons of clarity, a small dispersive signal

appears at the chemical shift of the S spin due to the

mixing of the spin-states by the off-diagonal elements of
Eq. (3), which are not completely non-secular in this

homonuclear spin system. In Fig. 2b the I spin repre-

sents the Cb of LL-Alanine coupled to the Ca (S spin).

Here again, the difference in width of both components

H ¼ 1
2

x0I þx0S þ pJ þxCSAþxD 0 0 0

0 x0I �x0S � pJ þxCSA�xD �xD 0

0 �xD �x0I þx0S � pJ �xCSA�xD 0

0 0 0 �x0I �x0S þ pJ �xCSAþxD

0
BB@

1
CCA;

ð3Þ
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is evident, whereby the relative orientation of the Cb-
CSA and the dipolar coupling lead this time to a

broader pattern for the transition with Ca in b-state
(ab ! bb). The geometry of all the tensors with respect
to the molecular frame is given in Fig. 2c using the

SIMMOL package [26]. The exact values considered for

the different CSA tensors and the dipolar interaction

were taken or calculated from [27–29] and are summa-

rized in Table 1.
In the static case, the correlated effect of the CSA-

and dipolar tensors appears directly to zero order in the

Hamiltonian, leading for the I spin to two transitions of

different shape. The introduction of sample spinning will

affect identically both transitions. The Hamiltonian of

Eq. (1) becomes in this case time-dependent

HðtÞ ¼ Hiso þ HCSAðX; tÞ þ HDðX0; tÞ þ HJ ð5Þ
with the time-dependent terms:

HCSAðX; tÞ ¼ xCSAðX; tÞIz;
HDðX0; tÞ ¼ xDðX0; tÞð2IzSz � IxSx � IySyÞ:

ð6Þ

Let us now consider two situations, depending upon

whether theHamiltonian behaves homogeneously or not.

3.1. The inhomogeneous case

If the secular approximation made above is valid, the

dipolar contribution in Eq. (6) can be reduced to its IzSz
component, and the Hamiltonian then commutes with

itself at any time during the rotation. In such a situation,

the spin system is considered to behave inhomoge-

neously in the sense of Maricq and Waugh [8]. Spinning

at the magic angle will lead to a perfect refocusing of the

anisotropic part of the magnetization at integer multi-

ples of the rotor period, leading to two well-resolved

spinning sideband manifolds, one for each transition of
the I spin. The static powder pattern of these two

transitions being however different from each other,

with for instance different widths, the sideband mani-

folds for each transition will be different. An asymmetry

in intensity between both central transitions will there-

fore normally be present for spinning speeds lower than

the static transition width, with the most intense line

belonging to the transition with the narrowest static
pattern. This was indeed already observed for an het-

eronuclear spin system by Harris et al. [14], where both

sideband manifolds corresponding to the two transitions

of a carbon coupled to a phosphorous had different in-

tensities at slow spinning speeds, resulting directly from

the difference in shape of the two transitions in the static

case. It was also observed by Nakai and McDowell [15]

in a homonuclear two-spin system with a large difference
in isotropic chemical shifts (doubly 13C labeled sodium

acetate).

We see here in the case of the carboxyl of fully en-

riched LL-Alanine that this effect of coherent cross-cor-

Fig. 2. Simulated static powder pattern for the (a) C0 and (b) Cb in LL-

Alanine. For the carboxyl, the transition aa ! ba, e.g. with Ca in a
state, is broader than the transition ab ! bb with the Cb in b state.
Regarding the methyl, the transition aa ! ba is narrower than the
transition ab ! bb. For both simulations, the system was reduced to
two spins under the Hamiltonian of Eqs. (1) and (2), the S spin being in

both cases the Ca. The different parameters for the CSA and dipolar

tensors, as well as their relative orientation are given in Table 1. In

both cases, the CSA of the S spin was neglected. The 1JC0Ca
and 1JCbCa

scalar couplings were set to 54 and 34Hz, respectively. A planar grid

powder average over 1,000,000 different crystal orientations was per-

formed to obtain the simulated powder spectra [32]. These simulations

were obtained using Matlab [33]. (c) Geometry of the CSA and dipolar

tensors with respect to the molecular frame, for all carbons in LL-Ala-

nine. This picture was obtained using SIMMOL package [26].
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relation between a CSA and a dipolar tensor is expected

in a fully labeled amino acid. Indeed the chemical shift
difference between C0 and Ca is large enough for this

homonuclear two-spin system to behave inhomoge-

neously. Fig. 3 compares the experimental lineshape of

the carboxyl resonance of fully 13C labeled LL-Alanine

with numerical simulations. The same two-spin C0–Ca

system was considered as for the static simulations in-

cluding the C0–Ca dipolar interaction and the CSA of

only the C0. The asymmetry in the line intensities of the
doublet is very clear at 6 and 7 kHz MAS, and re-

markably well predicted by the simulations, despite the

two-spin approximation and the omission of the Ca

CSA. Only at spinning speeds higher than the width of

the static spectrum (above 20 kHz), the CSA–dipolar

terms are fully averaged and the whole spectral intensity

concentrated in the centerband for each transition,

leading to a symmetric doublet.
At intermediate spinning speeds, the lines are addi-

tionally broadened by so called off rotational-resonance

effects. This broadening mechanism was extensively

discussed by Levitt et al. [12] and Nakai and McDowell

[13]. When the MAS spinning speed comes close to a

rotational-resonance condition, jx0I � x0S j ffi nxr with

n a small integer, the non-secular time-dependent off-

diagonal elements of Eq. (3) contain a component which
starts to be resonant with the energy levels ja; bi and
jb; ai. This induces a splitting of each of these two levels
into a pair of time-independent virtual states, leading to

a splitting of all single-quantum resonances [12]. The

single-quantum spectrum of the I spin is no longer made

up of two components (see Eq. (4)) but four for each

crystallite orientation. As the splitting depends on the

dipolar coupling and thus the crystallite orientation,
experimental conditions at or close rotational resonance

lead to complex powder lineshapes.

At exact rotational resonance, the broadenings can be

several hundred Hertz. Although they drop off rapidly

away from match, they can still be relevant to the line-

shapes we observe, where the dominant interactions are

only a few tens of Hertz. Indeed, in the case of the
carboxyl resonance in LL-Alanine, this phenomenon

dominates the lineshape for spinning speeds between 9

and 20 kHz (see Fig. 3). The different powder shapes are

again extremely well predicted with the numerical sim-

ulations of the two-spin system given in the middle

column of Fig. 3. The separate simulations of the two J-

components xaa!ba and xab!bb clearly show the split-

ting due to broad rotational-resonance effects. It is
worth noting that these two J-components have the

same lineshape: the off rotational-resonance effects act in

the same way on both transitions. The intensity of the

two broadened transitions may however differ due to the

coherent cross-correlation between CSA and dipolar

interactions described above. This is particularly no-

ticeable at 9 and 12 kHz, where the simulations includ-

ing the carboxyl CSA match very well the experimental
lineshapes, and clearly show two resonances of different

intensity. The simulations without CSA (right column of

Fig. 3) exhibit as expected two identical transitions split

by the J-coupling.

3.2. The homogeneous case

If the chemical shift difference between both spins I

and S is comparable to the dipolar interaction, the

system behaves under MAS homogeneously [8]. In that

case, the Hamiltonian does not commute with itself at

all times, and MAS only partly refocuses the anisotropic

component at multiples of the rotor period. The line-

width therefore now depends on the MAS frequency,

with the resolution improving with increasing spinning

speed. In that case, we expect coherent CSA–dipolar
cross-correlation to lead to a differential broadening of

both lines in the doublet. Indeed for a given MAS

frequency, the narrower static transition will be better

averaged and therefore narrower than the broader

transition. This effect will of course decrease with

Table 1

Parameters for the carbon CSA tensors, J-coupling and dipolar tensors in LL-Alanine

CSA parameters 13C0 13Ca
13Cb

xiso=2pa 176 ppm 50 ppm 19 ppm

xaniso=2pb )70 ppm )20 ppm )12 ppm
gb 0.78 0.32 1

XPM
c (11.7�, 86.3�, )53�) (81.7�, 24.5�, 29.1�) (52.9�, 77.4�, 140.5�)

Scalar and dipolar couplings parameters 13C0–13Ca
13C0–13Cb

13Ca–
13Cb

Jjkd 54Hz 0Hz 34Hz

djk=2pe )2092.5Hz )474.76Hz )2104.8Hz
X0

PM
c (0�, 21.5�, )154�) (0�, 46.6�, 160.4�) (0�, 78.4�, 144.7�)

a Isotropic chemical shifts from [28] with respect to TMS.
bxaniso ¼ x0ðdzz � disoÞ, g ¼ ðdyy � dxxÞ=ðdzz � disoÞ, with the chemical shielding principal values taken from [28] and ordered as following:

jdzz � disojP jdxx � disojP jdyy � disoj.
c Set of Euler angles from [29] between the principal axis system of the tensors and the crystallographic reference frame [27].
dMeasured in a liquid state NMR spectrum of 13C enriched LL-Alanine.
e djk ¼ �l0c

2�h=4pr3jk , with the internuclear distances rjk from [39].
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increasing spinning speed. The expectation of differen-

tial broadening in the multiplet structure of a homo-
nuclear spin system under MAS was mentioned by

Maricq and Waugh [8], but to our knowledge no ex-

perimental evidence for this effect has been previously

observed.

Inspecting the CH3 carbon resonance in fully
13C

enriched LL-Alanine, shown in Fig. 4a, demonstrates this

kind of differential broadening. Between 7 and 12 kHz

MAS, the doublet due to the J-coupling to the Ca starts
to be resolved. Deconvolution of this doublet reveals

components of different widths, with the downfield

component (Ca in the b-state) being wider (see Fig. 4b).
The differential broadening decreases as expected with

the MAS frequency, going in our case from approxi-

mately 6Hz at 7 kHz MAS (an effect of 15%) to 3Hz at

Fig. 3. Comparison of (a) the experimental lineshape of the carboxyl resonance of LL-Alanine at different spinning speeds with (b–c) numerical

simulations. The experimental spectra are those measured with 160 kHz decoupling field strength (see Fig. 1 for experimental details). For the

simulations, the same spin system was considered as for the static simulation of Fig. 2a. In the simulations of column (c), the CSA part of the

Hamiltonian (HCSA ¼ xCSAðX; tÞIz) was omitted. For all the simulated spectra, a ZCW powder average over 62,700 different crystal orientations was

performed [32]. The simulations were obtained with the NMR simulation package SIMPSON [31]. A line broadening of 24Hz was applied prior to

Fourier Transform.
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12 kHz MAS. Increasing further the spinning speed

leads to a symmetric doublet (within the limit of un-

certainty of the measurement). We should note that the

difference in linewidth also leads to a different intensity

for the two components. However, the integrated in-

tensity over both deconvoluted components is the same
in all the spectra (except at 7 kHz MAS, for which

spectrum we could not obtain a good deconvolution).

This indicates that the inhomogeneous contribution to

the lineshape is very small here. The difference in in-

tensity arises therefore only from the differential

broadening, and not from differences in spinning side-

bands intensity distribution, as it is the case for the

carboxyl resonance (inhomogeneous interactions).
We have tried to simulate the differential broadening

induced by coherent cross-correlation using the tensor

geometry found in LL-Alanine. Interestingly, it was im-

possible to obtain components of significantly different

width with only two spins (Cb and Ca), even by consid-

ering both CSAs, andmodifying the tensor parameters to

force the system to behave as homogeneously as possible.

A difference in width of the two components of the dou-

blet was obtained only when dipolar couplings to a third

spin (C0) were introduced. This is in agreement with Filip
et al. [30] who claim that the lineshape of homogeneous

system is dominated at lower spinning speed by three-spin

(and higher) terms. Only at higher spinning speeds do

these terms get smaller, and the lineshape canbe explained
using a spin-pair approximation.

Simulations of the Cb resonance of LL-Alanine are

given in Fig. 4c. The J-coupling between Cb and Ca, all

the dipolar couplings between the three spins in one

molecule of LL-Alanine and CSA of Cb were taken into

account. The simulated spectra which are shown with a

small line broadening (LB¼ 3Hz) do not reproduce
exactly the experimental spectra. This is not too sur-
prising, since homogeneous spin systems are notoriously

difficult to simulate accurately, and it is probable that

more spins need to be added to the simulation to re-

produce the experimental spectra accurately. However,

what is most important to note is that the simulations

do predict different lineshapes and widths for the

two transitions, in contrast to the inhomogeneous sim-

ulations of Fig. 3. Of course, off rotational-resonance

Fig. 4. (a) Experimental lineshape of the Cb resonance of LL-Alanine at different spinning speeds with a 160kHz decoupling field strength. Experi-

mental details are given in the caption of Fig. 1. No linebroadening was applied prior to Fourier Transform. Each experimental line was decon-

voluted with two Lorentzian functions. The result of the deconvolution is given in (b), with the Lorentzian linewidth at half height and integral over

each component (I). (c) Simulations under magic angle spinning for the Cb in LL-Alanine. To simulate the differential linebroadening for the methyl,

the dipolar couplings to a third spin are necessary, here C0 was considered [30]. A ZCW powder average over 62,700 different crystal orientations was

performed to obtain the simulated spectra [32]. The simulations were obtained with the NMR simulation package SIMPSON [31]. A small line

broadening (3Hz) was applied prior to Fourier Transform to smooth down the lines.
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effects will also additionally affect the lineshape in the
homogeneous case. For the particular case of the CH3
in LL-Alanine shown here, the MAS frequencies were

chosen such that off rotational-resonance effects were

negligible.

All simulations under MAS were performed with the
NMR simulation package SIMPSON [31] using stan-

dard methods [32]. The static simulations as well as the

deconvolution of the CH3 resonance of LL-Alanine (see

Fig. 4) were obtained using Matlab [33].

4. Discussion

Our results show that the experimental lineshape

observed for fully labeled LL-Alanine can be explained by

the joint effect of off rotational-resonance conditions

and cross-correlation between the CSA and dipolar in-

teractions. Such effects are however not limited to the

special case considered in detail here, but also appear at

other magnetic fields or in other amino acids, and are

therefore relevant for all 13C labeled samples.
To illustrate this, in Fig. 5, the lineshape of the car-

boxyl resonance of LL-Alanine is simulated for a series

of different static magnetic fields corresponding to

400MHz to 1GHz proton resonance frequencies. To

keep the size of the off rotational-resonance effects

constant, the MAS frequency was adjusted such that its

ratio to the magnetic field remained the same for all

simulated spectra. Even if the distortion of the lineshape
from the expected symmetric doublet tends to be smaller

at higher magnetic fields, it still leads to noticeable ef-

fects at 800MHz proton frequency. We predict therefore

Fig. 6. Simulated (a) carboxyl and (b) methyl resonances for LL-Thre-

onine at intermediate spinning speeds and 500MHz proton frequency.

The different parameters for the CSA and dipolar tensors, as well as

their relative orientations are given in Table 2. For the simulations of

the carboxyl (C0) lineshape a two spin-system C0–Ca was considered.

Only the CSA of the carboxyl spin was taken into account. For the

methyl (Cd) lineshape simulations, a four spin-system C0–Ca–Cb–Cc

was chosen. All CSA tensors and dipolar couplings between all four

spins were considered. The parameters for the different interactions are

given in Table 2. A ZCW powder average over 5640 different crystal

orientations was performed to obtain the simulated spectra [32]. The

simulations were obtained with the NMR simulation package SIMP-

SON [31]. A line broadening of 24Hz was applied prior to Fourier

Transform.

Fig. 5. Simulations under magic angle spinning of the carboxyl reso-

nance of LL-Alanine at different static magnetic fields ranging from

400MHz to 1GHz proton frequency. The spinning frequency was

chosen such that its ratio to the magnetic field was kept constant. The

same spin system was considered as for the static simulation of Fig. 2a.

A ZCW powder average over 5640 different crystal orientations was

performed to get the simulated spectra [32]. The simulations were

obtained with the NMR simulation package SIMPSON [31]. A line

broadening of 24Hz was applied prior to Fourier Transform.
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that cross-correlation and off rotational-resonance ef-

fects can broaden the carbon resonances of fully 13C
labeled proteins, even at the highest available magnetic

field strengths. The asymmetric lineshapes observed in

[3] for the SH3 domain resonances Cc of Val53

(17.0 ppm) and Cb of Ala55 (15.9 ppm) are good ex-

amples of this.

To illustrate the generality of this effect with respect

to the spin system, we have simulated the lineshapes of

resonances using the parameters for the carboxyl and
methyl groups of LL-Threonine for different MAS spin-

ning speeds (see Fig. 6, and Table 2 for the size and

geometry of the different interactions). The broadening

of these simulated lines is seen in Fig. 6 to be quite

similar to that described above for LL-Alanine.

As was briefly mentioned by Nakai and McDowell

[15], we note that the coherent cross-correlation effect we

observe for carbon lineshapes could potentially be used
to determine the orientation of the CSA tensor in the

molecular frame, if the principle components are known

(or vice-versa). This is illustrated in Fig. 7 where we

show the predicted lineshape of the C0 carbon in LL-Al-
anine as a function of the angle b between the z-com-

ponent of the CSA tensor and the C0–Ca internuclear

vector. The change is clear, and only the previously

determined geometry of the Table 1 agrees with the

experimental result.

5. Conclusions

We have shown that carbon-13 spectra of fully la-

beled compounds can reveal at intermediate spinning

speeds broadened and asymmetric lineshapes instead of

the expected multiplet structure due to the scalar cou-

plings. Whereas the broadening of the lines originates

mainly from well-known off rotational-resonance effects,

coherent CSA–dipolar cross-correlation was shown to
induce an asymmetry in intensity for inhomogeneous

systems [13,14], and this will be the case for the vast

Table 2

Parameters for the carbon CSA tensors, J-coupling and dipolar tensors in LL-Threonine

CSA parameters 13C0 13Ca
13Cb

13Cc

xiso=2pa 170 ppm 60.2 ppm 65.4 ppm 18.9 ppm

xaniso=2pb 70.2 ppm 8.8 ppm )26.6 ppm )17.5 ppm
gb 0.85 0.71 0.35 0.51

XPM
c (83.7�, 69.4�,

154.4�)
(149�, 58.3�,
88.7�)

(50�, 110.4�,
150.9�)

(1.7�, 147�,
72.8�)

Scalar and dipolar couplings parameters 13C0–13Ca
13C0–13Cb

13Ca–
13Cb

13Ca–
13Cc

13Cc–
13Cb

Jjk 54Hz 0Hz 34Hz 0Hz 34Hz

djk=2pd )2176.5Hz )454.5Hz )2072.3Hz )467Hz )2229Hz
X0

PM
c (0�, 126.8�,

147.7�)
(0�, 125.2�,
18.6�)

(0�, 104.3�,
59.2�)

(0�, 50.4�,
64.5�)

(0�, 20.9�,
73.3�)

a Isotropic chemical shifts calculated from [40] with respect to TMS.
bxaniso ¼ x0ðdzz � disoÞ, g ¼ ðdyy � dxxÞ=ðdzz � disoÞ, with the chemical shielding principal values estimated from [40] and ordered as following:

jdzz � disojP jdxx � disojP jdyy � disoj.
c Set of Euler angles between the principal axis system of the tensors and the crystallographic reference frame, determined from the atomic

parameters given in [41].
d djk ¼ �l0c

2�h=4pr3jk , with the internuclear distances rjk from [41].

Fig. 7. (a) Experimental C0 lineshape at 7 kHz spinning rate, taken from Fig. 1. (b) Simulations similar to Fig. 3, but varying the angle b between the
z-component of the C0 CSA tensor and the C0–Ca internuclear vector, showing the sensitivity of the lineshape to this structurally relevant parameter.

The simulations of Fig. 3 were done for b ¼ 64:8�, swhich is the value found from [39].
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majority of carboxyl resonances in proteins for example.
In homogeneous systems, coherent cross-correlation

effects were shown to induce differential broadening for

the first time. This will be the case, for example, for

many aliphatic groups in proteins. The effect we describe

here is widespread and is particularly relevant for solid-

state NMR studies of proteins, where current experi-

mental practice favors the use of intermediate spinning

speeds that appear to maximize these effects, and we
show that these effects are still noticeable at the highest

available magnetic fields.

In all cases these coherent cross-correlation effects

disappear at high spinning frequencies. At low spinning

rates, the coherent cross-correlation effects in carbon-13

labeled systems can be eliminated by selective pulses

which refocus the homonuclear J-coupling in experi-

ments such as those proposed by Straus et al. [34]. In-
deed, Igumenova and McDermott [35] have recently

been working towards experiments specifically aimed at

removing these effects.

Finally, cross-correlation effects in liquid state NMR

have successfully been exploited as sensitive structural

probes [36,37] and differential broadening has recently

been exploited in the TROSY experiment [38] to yield

resolution enhancement in spectroscopy of proteins. It is
conceivable that the exploitation of these effects in solids

could also lead to new, unexpected applications.
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