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Abstract

The application of a spin-state-selective coherence transfer experiment (INADEQUATE-SSS) to solid-state NMR spectroscopy is
described. Two-dimensional 13C double-quantum/single-quantum spectra without J splittings in both dimensions lead to enhanced spec-
tral resolution. The method is demonstrated to significantly improve the spectral resolution of the crowded C 0–Ca region of two proteins.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Recent advances in heteronuclear decoupling pulse tech-
niques [1–5] and attention to sample preparation [6,7] have
improved the resolution of 13C solid-state MAS NMR
spectra in uniformly labelled peptides and proteins to the
point that it now is limited by non-resolved or partially re-
solved homonuclear J couplings. A somewhat similar situ-
ation is encountered in 13C detected liquid-state spectra [8].

Several methods have been developed to remove the J

splitting from the spectra. For the indirect dimension of
multi-dimensional spectra, homonuclear decoupling using
a selective refocusing pulse has been shown to be a robust
and easy to implement method [9,10]. Of even grater inter-
est is the decoupling in the directly detected dimension
where high spectral resolution comes without increased
measurement time. Different approaches to this problem
have been discussed in the literature. One approach uses
selective homonuclear decoupling during acquisition and
involves the switching between acquisition of a data point
and application of rf close to the observation frequency

[11–15]. This approach is technically challenging and the
obtained signal-to-noise ratio is compromised because no
samples can be taken during the pulse and the pulse ring-
down period. The second approach, the one to be further
developed in this paper, employs pulse techniques to pre-
pare a spin state of the type Ŝi;yŜ

b
j before the actual data

acquisition [16–18]. Such states lead to an NMR spectrum
where only one line of a spin doublet is visible, in our
example, one line of the i-spin doublet produced by a J-
coupling term between spins i and j. The application of
spin-state selection schemes to MAS NMR of solids [19],
specifically the IPAP scheme [20,21], has already been
demonstrated [22,23].

Spin-state selective methods are most easily applied to
spins that have only a single coupling partner with a size-
able J coupling. This is the case for the carbonyl resonances
in peptides or proteins. Incidentally, an improved resolu-
tion in the crowded C 0–Ca cross peak region is of great
practical importance for the assignment process in peptides
and proteins.

In this communication, a spin-state-selective version of
the INADEQUATE experiment is described. The polariza-
tion transfer occurs via the J coupling. After a short theo-
retical description of the spin-state-selective conversion of
double-quantum (DQ) to single-quantum (SQ) coherence,
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the remainder of this paper will focus on the practical char-
acterization and implementation of the experiment. The
basic principles will be illustrated on the model compound
glycine ethyl ester and the practical relevance will be dis-
cussed with data from two different protein samples: ubiq-
uitin, a small globular protein consisting of 76 amino acid
residues [24] and the fragment 218–289 of the HET-s prion
protein [25].

2. Theory

In the following, a greatly simplified two-spin Hamilto-
nian is used to describe the principles of the spin-state-se-
lection experiment. Assuming that MAS is fast enough to
average out all spatially anisotropic interactions, we con-
sider, in the following, only the isotropic part of the chem-
ical shift and the isotropic part of the J coupling.
Considering the small size of the 13C–13C J coupling, when
compared to typical chemical-shift differences, we further
invoke the weak-coupling approximation and use the mod-
el Hamiltonian H ¼ xð1ÞŜ1;z þ xð2ÞŜ2;z þ 2pJ Ŝ1;zŜ2;z, where
x(i) is the isotropic chemical shift of spin i.

With these simplifications the behavior of a C 0–Ca spin
pair can be analyzed in the framework of the product-op-
erator formalism [26]. The experimental pulse scheme to
be discussed is shown in Fig. 1. The experiment starts with
an adiabatic cross-polarization step [27] from protons to
13C leading to an initial carbon density operator
r(0) � Ŝ1,y + Ŝ2,y. The s1 period generates DQ coherence
using the INADEQUATE scheme [28–30]. For perfect
p/2 and p pulses (all with phase along x) and a delay s1/2
adjusted to 1/4J we are left with pure DQ coherence at
the end of the s1 period: rðs1Þ / Ŝþ

1 Ŝ
þ
2 � Ŝ�

1 Ŝ
�
2 . The DQ

coherence evolves during t1 and is reconverted to single-
quantum coherence of the form Ŝ�

1 Ŝ
b
2. This can be achieved

by the SSS sequence [(selective p/2) - s2/2 - p - s2/2 - (selec-
tive p/2)] first described by Sørensen and coworkers [18]
with s2/2 = 1/4J. The rotation operator which formally

achieves this transformation (equal to an selective pulse
on the jaaæ to jbaæ transition) is a p rotation with Ŝa

1Ŝ2;y .
Following the scheme described by Sørensen et al. [18]
we rewrite this rotation operator as
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2Ŝ1;zŜ2;z
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Ŝ2;y

� �
exp

�ip
2
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The final equality of Eq. (1) can directly be converted into
the pulse sequence with two selective p/2 pulses (with phas-
es x and y) on spin 2, separated by two delays of duration
1/4J and a p refocusing in the middle (see Fig. 1). Note that
the final selective p pulse on spin 1 just converts the coher-
ence order on spin 1 in Eq. (1) and that the final rotation
on Spin 2, a p/2 z-rotation, does not influence the observed
spin 1 coherence. Both pulses can omitted for the pulse se-
quence design and are not represented in Fig. 1. In contrast
to a direct realization of a rotation described by Ŝa

1Ŝ2;y

which would require selective manipulation of one line
out of the J doublet, the selective pulses in the sequence

Fig. 1. Pulse sequence for the acquisition of DQ/SQ correlation spectra with DQ generation by INADEQUATE and SSS reconversion of the DQ
coherence to observable SQ coherence before t2 acquisition. Selective reconversion of DQ coherence observable coherence uses fx;�x; yg or fx;�x;�yg phases
for the three pulses in the SSS sequence. Generation of the echo or anti-echo components is obtained by either putting a p pulse directly before or directly
after the t1 evolution delay (hatched pulses).
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of Fig. 1 are selective to spin 2, and operate on the entire
multiplet.

3. Results and discussion

3.1. A model system

The performance of the INADEQUATE-SSS experiment
was tested on doubly 13C-labelled glycine ethyl ester. A stan-
dard INADEQUATE spectrum shown in Fig. 2b shows an
intensity comparable to the CP spectrum of Fig. 2(a) and
demonstrates that the DQ generation using J couplings is
efficient. The intensity of the selected resonances in the SSS
spectra of Fig. 2(c and d) is equal to the corresponding peak
in the CP spectrum. This is despite the fact that the SSS part
of the experiment adds another 4.4 ms (vide infra) to the
INADEQUATE experiment. The explanation for this
observation is that the SSS sequence transfers all the DQ
coherence to one part of the doublet and in the absence of
relaxation the intensity of the selected peak should be twice
the intensity of the CP peak.

The SSS spectra also show the efficient selection of a sin-
gle line of the carbonyl J doublet. Two points are notewor-
thy: first, the selection of the single component is achieved
in a single scan. This is a fundamental difference from the
IPAP sequence which relies on the addition (or subtrac-
tion) of two scans to achieve the selection of a single com-
ponent [20–23]. The SSS experiment incorporates a DQ
filter phase cycle which runs over four scans [31]. However,
this cycle is independent of the selection process.

The second point to note is that the optimum delay with
respect to the best suppression was found to be significantly
shorter than the value predicted from theory. The predicted
intensity of the two components of the J doublet with an
optimum suppression of the unwanted line at s2/2 =
1/4J = 3.91 ms is plotted as a green solid line in Fig. 3(a).
The experimental data for the carbonyl resonance of the
glycine ethyl ester, also plotted in Fig. 3(a), show a system-
atic deviation with an optimum suppression already at
2.2 ms. The spectra were recorded under optimized pro-
ton-decoupling using XiX [3] with an rf amplitude of
140 kHz. Less efficient decoupling with XiX decoupling
at an amplitude of 100 kHz (Fig. 3b) and CW decoupling
at 100 kHz (Fig. 3c) accentuates the trend to shorter s2 val-
ues for optimum suppression. Furthermore, decreased
decoupling efficiency leads to a faster decay of the total sig-
nal. The diminished initial value is a consequence of faster
coherence decay during s1. Similar effects on the sensitivity
of the spin-state selection process as a function of the qual-
ity of the decoupling have been reported in the literature
[22]. We note that the optimum value of s2 critically de-
pends on the specific parameters of the spin system under
consideration, and must be optimized experimentally.
The practical applicability in multispin systems will depend
on the uniformity of this optimum choice for all spins.

168170172
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Fig. 2. Carbonyl region of spectra from glycine ethyl ester, 13C labelled at
the C 0 and Ca positions of the glycine moiety of the molecule. (a) CP
experiment showing the doublet structure due to the homonuclear J

coupling. (b) Standard 1D INADEQUATE with a hard p/2 reconversion
pulse. (c) and (d) 1D INADEQUATE with SSS reconversion to SQ. In (c)
the a component of the C 0 doublet is selected and in (d) the b component is
selected. In both cases the frequency selective p/2 pulses were centered on
the Ca region of the spectrum. All spectra (a)–(d) are on the same vertical
scale and are the result of the same number of scans. Experiments were
performed on a Varian Infinity+ spectrometer operating at a 1H Larmor
frequency of 499.734 MHz using a Chemagnetics 2.5 mm TR MAS probe
with MAS at 22.50 kHz ± 5 Hz. XiX proton decoupling (pulse width and
amplitude: 82.22 ls and 140 kHz). The hard p/2 and p pulses were 2.5 and
5.0 ls. Frequency selective p/2 pulse were 270� Gaussian pulses centered
on the Ca region [39](duration 500 ls, amplitude cut-off at 6.3% of the
maximum amplitude). The timing was optimized at s1 = 8.0 ms,
s2 = 4.4 ms. Acquisition: 4096 points with a 12.5 ls dwell. No synchro-
nization between pulse sequence and MAS rotation was attempted.
Sixteen scans were taken and no apodisation was applied.
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3.2. Application to peptides

Figs. 4 and 5 show DQ/SQ spectra of the peptides
ubiquitin and HET-s(218–289) obtained with the pulse
sequence of Fig. 1. The spectra correlate the isotropic
chemical shift of the C 0 resonance in the directly detected
dimension and the sum of the isotropic shifts of the

carbonyl and Ca carbons in the indirectly detected dimen-
sion. A SQ/SQ correlation representation could be ob-
tained by a shearing transformation [31]. The DQ
resonance line is not influenced by the J coupling and no
homonuclear decoupling is necessary in t1.

The spectra shown in Figs. 4(b and c) and 5(b and c) are
SSS experiments with selection of the a (b panels) and b
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Fig. 3. 1D stack plot of the carbonyl resonance of glycine ethyl ester as a function of the delay s2. Results with 140 kHz XiX, 100 kHz XiX, and 100 kHz
CW decoupling are shown in (a), (b), and (c), respectively. The vertical scale in (b) is multiplied by a factor of 2 and in (c) by a factor of 20 with respect to
the scale in (a). With the exception of the decoupling, all other experimental parameters were the same as those used for the data in Fig. 2. The solid lines
(green in online version) in (a) indicate the theoretical expectations for the line intensities in the absence of relaxation processes and using the known
J-coupling constant. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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(c panels) components of the J doublet of the carbonyls.
The spectra shown in Fig. 4(a) and 5(a) were recorded
for comparison and correspond to a DQ/SQ spectrum
without spin-state selection. DQ coherence was generated
with a dipolar recoupling sequence (R1454) for the excitation

and reconversion [32,33]. Comparison of the dipolar recou-
pled data with the data from the SSS experiments, clearly
illustrates the increased resolution in the SSS spectra. This
is further elaborated by the extracted slices and the vertical
dotted lines. In the frequency range between 225 and
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Fig. 4. DQ/SQ correlation spectra of microcrystalline, uniformly 15N, 13C labelled ubiquitin and extracted slices at the indicated positions in x2. (a)
spectrum acquired with a R1454 dipolar excitation and reconversion sequence. (b) and (c) spectra acquired with the SSS sequences shown in Fig. 1 and with
a phase of the last pulse to select either the a or b component of the carbonyl doublet respectively. In all figures eight contour levels are draw at 7.5, 14.3,
22.2, 31.6, 42.4, 55.2, 70.1, and 87.5% of the maximum intensity. The MAS rotation frequency was 22.50 ± 0.02 kHz. The non-selective DQ/SQ
experiment in (a) was acquired with a R1454 DQ recoupling sequence for excitation and reconversion of DQ coherence. Two of these blocks were
incorporated in the pulse sequence of Fig. 1 instead of the INADEQUATE and SSS parts. Both excitation and reconversion blocks had a duration of
355.55 ms (28 R-elements or 8 rotor cycles). For the experiments in b and c the pulse sequence of Fig. 1 was used. The phase (y or �y) of the final (soft) pulse
selected the a or b line. XiX decoupling (Amplitude 106 kHz, pulse length 82.22 ls) was applied. The duration of the Gaussian pulses was 125 ls. The
delays s1/2 and s2/2 were 3.25 and 1.80 ms, respectively. Echo and antiecho spectra with 128 scans per t1 increment each were averaged with a recycle delay
of 3 s. 160 t1 increments and 512 t2 points were acquired (dwell 25.0 ls). Total experimental time: 34.4 h. States processing was used. Both the SSS and
R1454 experiments were zero filled once in the indirect and twice in the direct dimension. A Gaussian line broadening of 16 Hz and 8 Hz was applied in t1
and t2. The digital resolution of all spectra after processing is 46.875 Hz/point along x1 and 19.53 Hz/point along x2. Processing was done in Matlab with
the MatNMR toolbox [40]. The spectra were referenced to TMS with an external secondary standard (adamantane).
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240 ppm the assignment of resonances to individual corre-
lations is practically impossible in the dipolar spectra,
whereas a high percentage of the peaks can actually be
identified in the SSS spectra.

In the ubiquitin spectra of Fig. 4(b and c) roughly 50
peaks can be unambiguously picked. Most of these peaks
can then actually be assigned to C 0–Ca correlations of spe-
cific residues (not shown) using the published assignments
[24,34,35]. Peaks were picked on the basis of a conservative
criterion: only those signals which show a maximum in the
contour plot were accepted as a peak excluding signals
which appear as a shoulder. Strongly overlapping signals
were counted as a single signal. The fact that nevertheless

50 peaks can be identified (versus the expected 73 on the
basis of the primary structure) illustrates the high resolu-
tion of the spectra.

The sensitivity of the experiment when applied to ubiq-
uitin can be evaluated in a similar procedure as for the test
compound (Fig. 2). The intensity of the spectrally isolated
and well J-resolved Met1 carbonyl resonance around
170.5 ppm was used as a benchmark. INADEQUATE,
refocused INADEQUATE and INADEQUATE-SSS
experiments yielded a signal intensity of 50, 34, and 44%,
when compared to a direct CP experiment. The S/N of
the (R1454) was found to be significantly lower than for
SSS experiments (although all data sets were acquired in
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Fig. 5. DQ/SQ correlation spectra of the HET-s (218–289) fragment (U-13C/15N) and extracted slices at the indicated position in x2. (a) spectrum acquired
with a R1454 dipolar excitation and reconversion sequence. (b) and (c) spectra acquired with the SSS sequences. Contour levels are set as indicated in Fig. 4.
Experimental settings were as indicated in Fig. 4 with the following exceptions: a DR 2.5 mm Bruker probehead was used, XiX amplitude 123 kHz,
s2/2 = 1.90 ms, 1024 points acquired in t2.
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roughly the same amount of time). A comparison between
J and dipolar transfer is quite involved and outside the
scope of this communication.

Fig. 5 shows DQ/SQ spectra of HET-s(218–289). This
protein fragment is know to show dynamic heterogeneity
with parts of the molecule being highly mobile, and parts
being rigid [36,37]. In CP spectra where only the rigid parts
are observed, a total of 42 amino acid residues were identi-
fied [36]. Using the same procedure as described for ubiqui-
tin, 38 peaks can be picked in the region below 220 ppm in
the INADEQUATE-SSS spectra (Fig. 5b and c) and the
large majority can immediately be assigned on the basis
of the published shifts [38].

4. Conclusions

We have demonstrated that spin-state-selective experi-
ments lead to highly resolved DQ/SQ INADEQUATE
correlation spectra for the case of a model system and
two polypeptides. The method is shown to work well for
spins which have only one coupling partner, such as
carbonyl groups in proteins and peptides. Significantly
improved resolution in the correlation peaks between C 0

and Ca polypeptide resonances is observed. The single most
important experimental parameter is the duration of the
reconversion delay as was illustrated experimentally. The
optimum length of this delay depends on the experimental
settings, and in particular on the quality of the proton
decoupling.

Because the usually highly crowded C 0 and Ca region of
the protein spectra is of particular importance for the
resonance assignment the INADEQUATE-SSS experi-
ments are expected to be of significance for the assignment
process in proteins.
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