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Abstract

Carbon-13 direct detection NMR methods are feasible thanks to the improvements in probehead technology and to the development
of new NMR experiments. We present here a complete set of experiments, based on C 0 direct detection, developed to perform protein
complete assignment of backbone and side-chains (except for aromatic rings). This strategy offers alternative solutions for demanding
situations (paramagnetic and/or large molecules) and can be useful in general in conjunction with conventional experiments.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Although reports on 13C NMR spin-system assignment
of 13C enriched proteins are available in the literature since
1988 [1–3], heteronuclear detected NMR experiments have
been progressively abandoned in favor of 1H-detected
experiments. Indeed, the higher efficiency of proton
NMR prompted the design of a vast number of inverse-de-
tected experiments for biomolecular applications. After the
advent of TROSY spectroscopy, which is able to reduce the
adverse effect of transverse relaxation on the NH fragments
of peptide bonds, or in aromatic CH groups [4], the assign-
ment of the backbone nuclei in triply labeled (15N, 13C, 2H)
monomeric proteins as large as 80 kDa became feasible [5].
More recently also methyl and methylene TROSY experi-
ments have been proposed [6,7]. The cross relaxation-en-
hanced polarization transfer (CRINEPT) technique
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optimized for large systems provided another increase in
the molecular size limit for NMR studies [8,9]. These tech-
niques are mainly used for backbone assignment and sel-
dom the assignment of side-chains in large molecules is
attempted.

Experiments that rely on heteronuclei, in particular on
13C, were recently applied to several paramagnetic pro-
teins, where the contribution to line broadening from the
paramagnetic center is so large that 1H signals are broad-
ened beyond detectable limits in a wide sphere around
the metal ion [10–14]. These applications promoted the
revival of heteronuclear NMR as a means to overcome
the limitations imposed to 1H NMR by fast proton trans-
verse relaxation [15–17]. The interest in 13C NMR has also
triggered a renewal of interest in probe design to overcome
the limit of sensitivity of low-c nuclei, and the consequent
increase in spectrometer performance prompted the design
of novel applications, opening new possibilities of exploita-
tion of heteronuclear NMR [18,19].

A 13C-based approach to obtain the heteronuclear back-
bone assignment was first proposed [20,21] and extended to
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Fig. 1. The 2D CON-IPAP spectrum acquired on SOD with a 14.1 T
spectrometer equipped with a cryoprobe optimized for 13C detection at
298 K. The pulse sequence used is reported in Appendix A along with
pulse lengths and delay durations; the remaining experimental parameters
are reported under Section 3. Treatment of the data prior to Fourier
transform was performed as described under Section 3. The data were then
multiplied by a cosine window function, zero filled and processed through
Fourier transformation, to a matrix of 1024 · 1024.
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the side-chains with a CBCACO experiment [22], that
yields correlations between three nuclei (Cb, Ca and C 0)
and to the rest of the chain with TOCSY-type experiments
[15,22,23]. The problem of signal splitting due to 13C–13C
scalar couplings in the direct-dimension was solved for C 0

and for Ca nuclei through the IPAP and DIPAP approach-
es, respectively [22,24].

We would like to present here a set of novel experiments
to supplement the already proposed 2D CACO-IPAP [22],
3D CBCACO-IPAP [22], and 3D CANCO [20,21] experi-
ments, that enable the complete NMR assignment of a pro-
tein based on direct detection of C 0 (except for aromatic
rings). The new features of these experiments include exten-
sion to the complete side chains (CCCO-IPAP), 3D exper-
iments with 15N evolution in one of the indirect dimensions
(3D CBCACON and 3D CCCON) and inclusion of a spin
state selective approach (IPAP or S3E) in all experiments to
improve resolution in the direct acquisition dimension
(including CON and CANCO). These experiments are
demonstrated on a monomeric analogue of reduced human
Cu,Zn superoxide dismutase, and we will show that with a
limited number of experiments it is possible to obtain the
complete assignment of a protein without involving 1H-

transfer or TROSY effects. The limits of the approach, par-
ticularly with respect to the experimental time needed to
accomplish the assignment, will also be discussed.

2. Results and discussion

The sample used in this research is human Cu,Zn super-
oxide dismutase modified at point 50, 51 (Phe, Gly fi Glu),
and 133 (Glu fi Gln). The first two mutations disrupt the
quaternary structure of the protein producing a soluble
monomeric form [25] (MW 16,000) while the third muta-
tion increases the enzymatic activity [26]. This monomeric
analog (SOD hereafter) has been expressed to large quan-
tity and widely characterized. The NMR solution structure
of the Cu(I) form has been solved [27] and a fairly extended
assignment of this protein is available from literature data
[28]. It thus constitutes a reliable benchmark for an assign-
ment protocol.

2.1. Experiments for sequence-specific signal assignment

The simplest NMR experiment to verify the quality of a
sample is the 1H–15N HSQC. Indeed, from the dispersion
of the signals, it is immediately evident whether the inves-
tigated system is suitable for an NMR characterization.
The equivalent experiment in a 13C-based strategy is the
CON experiment; we report here the IPAP version of the
experiment to improve the resolution in the direct acquisi-
tion dimension by removing the 55 Hz JC0Ca-splitting [22].

In Fig. 1 the CON-IPAP spectrum recorded on reduced
SOD is reported. The map shows the expected cross peaks
with an excellent resolution, including those of Pro residues
as well as those of Asn and Gln side-chains. The first count
of the cross peaks in the spectrum shows 161 cross peaks
out of the expected 163 (152 for the backbone and 11 for
the Asn and Gln side chains). The same count performed
on the 1H–15N HSQC spectrum shows 159 cross peaks
out of the 169 expected ones (147 for the backbone and
22 for Asn and Gln side chains). Two additional peaks in
the CON-IPAP map could be identified with a thorough
analysis of the spectrum as partially overlapped with two
other resonances. On the other hand, the missing NH sig-
nals were not revealed in the 1H–15N HSQC, despite the
good quality of the spectra obtainable on the present sam-
ple. The missing signals are indeed due to highly mobile
and solvent accessible residues [28]. The gain in resolution
observed in the CON experiment compared with that of the
HSQC is due to the larger dispersion/linewidth of the CO
resonances with respect to the HN resonances at the mag-
netic field used for these experiments (14.1 T). At higher
fields, on 2H labeled proteins with the TROSY approach,
the situation will be inverted due to the increase of trans-
verse carbonyl relaxation rates.

The CON-IPAP experiment, together with the CACO-
IPAP [22] experiment allows one to identify all backbone
correlations. To link the backbone nuclei in a sequence spe-
cific manner, the CANCO experiment [20] offers one possi-
ble solution. In the present case, thanks to the
implementation of the IPAP scheme (see Appendix A), al-
ready the 2D map provided good resolution. The intra-res-
idue correlations of 10 residues (20, 49, 55, 57, 60, 110, 137,
144, 146, and 147) are missing. The corresponding inter-
residue correlations are all present but one (49–48). Four
other inter-residue correlations (50–49, 57–56, 58–57, and
144–143) are partially in overlap with other resonances,
and may not be trivial to assign. Additional 32 correlations
(16 inter- and 16 intra-residue) are partially overlapped. In



Fig. 2. The 2D CBCACO-IPAP (black contours) is compared with the 2D
CCCO-IPAP spectra obtained with different spin-lock times (dark and
light grey for the 10 ms and 22 ms spin lock experiments, respectively).
Spectra were acquired on monomeric SOD with a 14.1 T spectrometer
equipped with a cryoprobe optimized for 13C detection. The spin systems
of Thr 2, Val 103, and Ile 151 have been highlighted. The pulse sequence
used is reported in Appendix A along with pulse lengths and delay
durations; the remaining experimental parameters are reported under
Section 3. Treatment of the data prior to Fourier transform was
performed as described under Section 3. The data were then multiplied
by a cosine window function, zero filled and processed through Fourier
transformation, to a matrix of 2048 · 1024.
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general, however, the redundant information available in
the spectrum enables the assignment, reducing the number
of the unassignable resonances. In the 3D version of the
experiment the cases of 13C-chemical shift degeneracy were
largely solved due to the 15N dispersion.

To get information on the side chains, we propose the
CCCO-IPAP experiment (see Appendix A for the pulse se-
quence details), that in conjunction with the CBCACO-
IPAP experiment [22] provides information on all the car-
bon atoms in the side chain.1 The intensity of the cross
peaks of each side chain in this experiment is modulated
by the length of the spin-lock time, as expected. As an
example of the quality of the data, in Fig. 2 the spin-sys-
tems corresponding to Thr 2, Val 103 and Ile 151 are high-
lighted in the overlay of two 2D CCCO-IPAP maps
recorded with different spin-lock times and the CBCACO-
IPAP map. Overall, 96% of the expected peaks have been
identified and assigned. The missing correlations belong
to the terminal part of Leu and Ile side-chains.
1 Except for aromatic rings; in this case additional experiments are
necessary to correlate the Cb to the aromatic ring.
This is an important step in the assignment procedure,
as information on the residue-type becomes available, pro-
viding a handle in solving possible ambiguities still present
in the backbone assignment, also thanks to the large chem-
ical shift dispersion of carbon atoms in the side chains [29].
Moreover the Cb chemical shift values, together with the
Ca values, also give information useful to determine the
secondary-structure propensity of the polypeptidic chain
[30,31] to fully exploit the 13C-Chemical Shift Index for a
first structural characterization of the protein [31]. This is
possible also for the regions where NH was not assigned
with the proton-based experiments due to exchange or
where prolines are present.

The CCCO-IPAP can easily be expanded to a third
dimension by including Ca evolution (see Appendix A),
as already suggested for the CBCACO-IPAP experiment
[22]. This allows one to separate different spin systems that
have degenerate C 0 chemical shifts, offering an increase in
resolution.

If resolution is still a limiting factor, as often the case
when dealing with large biomolecules, it is convenient to
exploit the backbone 15N-signal dispersion to expand the
13C–13C 2D experiments in a third dimension. The 3D
CANCO experiment [20] is conceived as such, as well as
the two variants of the selective CANCO designed to dis-
criminate between the sequential and intra-residue correla-
tions [21]. For the 13C-based sequences for side-chain
assignment, the insertion of the CON building block in
the most sensitive 2D experiments is a suitable solution.
To compare the relative sensitivity of these experiments,
the first increments are reported in Fig. 3 (top).

By combining the CBCACO-IPAP and the CCCO-
IPAP, with the CON-IPAP a set of 3D experiments with
C 0 in the acquisition dimension, N and Ca/ali in the indirect
dimension can be obtained. We have implemented the
CBCACON-IPAP and the CCCON-IPAP. The three
dimensional spectra of these two exclusively heteronuclear

experiments are shown in Fig. 4 while the pulse sequences
are described in detail in Appendix A. The first increments
are also reported in Fig. 3 (bottom). The CBCACON-
IPAP experiment correlates the Ca, Cb of each amino acid
to the C 0 and then to the N of the following amino acid,
and the CCCON-IPAP also includes the correlations with
the remaining carbons of the side chain, in a similar fashion
to the CBCACONH and CCCONH experiments [32].

2.2. The assignment protocol

The set of 3D CANCO-IPAP and of the 3D experiments
based on C 0 direct detection for side chain assignment
(CBCACO-IPAP, CCCO-IPAP, CBCACON-IPAP, and
CCCON-IPAP) can be used to identify all the spin systems
in the protein involving carbon and nitrogen and to corre-
late them in a sequence specific manner. To illustrate the
sequence specific assignment strategy, Fig. 5 reports the
example of Pro 74–Lys 75. It can be observed that the spin
system of each amino acid can be easily identified with the



Fig. 3. The first increment of the experiments based on C 0 direct detection
with the IPAP approach (CACO, CBCACO, CCCO, CON, CBCACON,
CCCON, and CANCO) is shown to compare the relative sensitivity.
Experiments were acquired at 14.1 T spectrometer equipped with a
cryoprobe optimized for 13C detection. All experiments were acquired with
comparable parameters and with 16 scans, unless otherwise indicated. The
trace is extracted after linear combination of the in-phase and anti-phase
components. The pulse sequences used are reported in Appendix A along
with pulse lengths and delay durations; the remaining experimental
parameters are reported under Section 3. Treatment of the data prior to
Fourier transform was performed as described under Section 3. The data
were then multiplied by a cosine window function, zero filled to 1024
points and processed through Fourier transformation.

Fig. 5. The assignment strategy based only on 13C direct detection 3D
experiments is shown for the fragment Pro 74 (left)–Lys 75 (right) as an
example. The portions of Ca/ali–C 0 planes of 3D spectra reported in the
figure are taken from the following experiments: (A) 3D CANCO-IPAP,
(B) 3D CBCACO-IPAP, (C) 3D CBCACON-IPAP, (D) 3D CCCO-IPAP,
and (E) 3D CCCON-IPAP. For each residue, the figure shows in (A) the
region of the Ca–C 0 plane of 3D CANCO at the Ni chemical shift
(129.2 ppm for Pro 74, 115.8 ppm for Lys 75), in (B) and (D) a portion of
the Cali–C 0 plane of the CBCACO and CCCO at the Ca

i chemical shift
(63.7 ppm for Pro 74, 54.9 ppm for Lys 75), and in (C) and (E) the
portions of the Cali–C 0 plane of the CBCACON and CCCON at the Ni+1

chemical shift (115.8 ppm for Lys 75, 121.5 ppm for Asp 76). All
experiments were acquired using the IPAP approach that allows us
remove the large Ca–C 0 scalar coupling in the direct dimension.

Fig. 4. The 3D CBCACON-IPAP (left) and CCCON-IPAP (right) spectra
acquired on SOD with a 14.1 T spectrometer equipped with a cryoprobe
optimized for 13C detection. The pulse sequences used are reported in
Appendix A along with pulse lengths and delay durations; the remaining
experimental parameters are reported in Section 3. Treatment of the data
prior to Fourier transform was performed as described under Section 3.
The data were then multiplied by a cosine window function, zero filled to
1024 · 128 · 256 points and processed through Fourier transformation.
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3D CBCACO, 3D CCCO, 3D CBCACON, and 3D
CCCON experiments by correlating the carbon atoms of
the side chains to Ca

i , C
0
i and also to Ni+1. Each spin-system

can then be linked in a sequence specific manner through
the 3D CANCO-IPAP by correlating the C0

i and Ni+1 to
two Ca spins (Ca

i and Ca
iþ1). In summary the CBCACO,

CCCO, CBACON, and CCCON experiments enable iden-
tification of the 13C-spin system of each amino acid (that
also gives information on the amino acid-type) exploiting
the nice chemical shift dispersion of carbonyls and amide
nitrogens. The CANCO experiment then provides the
sequential link by correlating the Ca of two subsequent res-
idues with the carbonyl of the first one and with the amide
nitrogen of the second one.

In Table 1, a list of the 13C-detected experiments pro-
posed for protein signal assignment based on C 0 direct
detection and tested on SOD is reported. We also report
the number of scans suggested for each experiment, esti-
mated on the basis of the signal-to-noise ratio of the first
increments reported in Fig. 3 (see Section 3). Summarizing,
for a protein of average size like the present one, highly sol-
uble, that can be expressed and isotopically enriched with
high yield, the experimental time needed to have the set
of 2D spectra is not unreasonably long with respect to
the 1H-based experimental approach. Indeed, for mono-
meric SOD, the whole series of 2D experiments could be
acquired in about 2 days, the 3D versions of experiments
necessary for spin system identification in 4 days (plus 6
days for the experiments with 15N evolution) and the 3D
CANCO in 6 days. Actually the larger dispersion of 13C
with respect to 1H allowed us to obtain with this set of
experiments a virtually complete assignment. Exchange
processes identified for residues 56 and 61 [33] prevent
detection of NH correlations for residues 57–59 [28], inter-
rupting the sequential ‘‘walk on the backbone’’ with the
conventional triple resonance assignment strategy based
on NH acquisition [34], did not prevent sequential assign-
ment through the protocol proposed. The same holds for
proline residues. The large number of Gly present in



Table 1
The experiments, based on acquisition of C 0 with the IPAP approach, that
we propose for complete sequence specific assignment of heteronuclei are
listed

Experiment Correlations observed Scans Ref.

2D
CACO-IPAP Ca

i –C
0
i N [22]

CBCACO-IPAP Cb
i –C

0
i;C

a
i –C

0
i N [22]

CCCO-IPAP Cb;c;d;e
i –C0

i;C
a
i –C

0
i 2N This work

CON-IPAP Ni–C
0
i�1 2N [13,14] and

this work
CANCO-IPAP Ca

i –C
0
i�1 16N

Ca
i�1–C

0
i�1 [20] and this

work

3D
CBCACO-IPAP Cb

i –C
a
i –C

0
i;C

a
i –C

a
i –C

0
i N [22]

CCCO-IPAP Cb;c;d;e
i –Ca

i –C
0
i;C

a
i –C

a
i –C

0
i 2N This work

CANCO-IPAP Ca
i –Ni–C

0
i�1

Ca
i�1–Ni–C

0
i�1 16N [20] and this

work
CBCACON-IPAP Ca

i�1–Ni–C
0
i�1

Cb
i�1–Ni–C

0
i�1 2N This work

CCCON-IPAP Ca
i�1–Ni–C

0
i�1

Cb;c;d;e
i�1 –Ni–C

0
i�1 4N This work

The correlations that can be observed in each experiment are indicated
schematically as well as the number of scans necessary for each experi-
ment, relative to the number of scans necessary to acquire the most sen-
sitive ones (N). These estimates are based on our experience with
monomeric reduced SOD.
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SOD (24) enables also to exploit at its best the CANCO
experiment. Indeed, being a constant-time experiment
[35], the negative intensity of the correlation involving
these residues are often a useful starting point for the
sequential assignment for the different peptidic fragments.

In conclusion, extension to the third dimension and
inclusion of a spin state selective approach to remove the
large one bond Ca–C 0 splitting are key aspects to obtain
a sufficient resolution to study complex systems by 13C-di-
rect detection NMR. All the experiments presented here in-
clude the IPAP method [22,36–39]. Among the alternative
ways to obtain spin-state selection [37,40–42], the S3E ap-
proach [40] may be actually better than the IPAP for higher
molecular masses and higher magnetic fields, cases in which
C 0 relaxation is faster. Indeed, despite less robust to varia-
tions in the Ca–C 0 coupling constant values than IPAP [41],
it depends on 1=4JCaC0 rather than 1=2JCaC0 , thus requiring
half the time as the IPAP. Therefore, we implemented it in
the pulse sequences where it contributes to reducing the
overall duration of the experiment (CACO-S3E [22],
CBCACO-S3E, and CCCO-S3E). The details of the pulse
sequences of CBCACO-S3E and of CCCO-S3E are report-
ed in Appendix A.

3. Materials and methods

3.1. Sample preparation

The 13C,15N-labeled monomeric mutant F50E/G51E/
E133Q of superoxide dismutase was expressed and purified
as previously reported [28,33]. The protein concentration in
the final NMR samples was about 1.5 mM. The copper was
reduced under anaerobic conditions with sodium ascor-
bate. The buffer was 20 mM phosphate at pH 5.0 and
10% D2O was added for the lock signal. All the spectra de-
tailed below were recorded at 298 K.

3.2. NMR experiments

All the experiments reported were recorded at 14.1 T
with a 600 Avance NMR spectrometer equipped with a tri-
ple-resonance cryoprobe optimized for 13C sensitivity
equipped with 3 cold preamplifiers (13C, 1H, and 2H).
The pulse lengths used were 11 ls for 13C, 14.8 ls for 1H
and 40 ls for 15N. Experiments were acquired placing the
1H and 15N carriers at 4.7 and 118 ppm respectively and
13C pulses were given at 173, 55 and 39 ppm to excite or in-
vert C 0, Ca, and Ca/b spins respectively unless otherwise
specified. Composite pulse decoupling was applied during
acquisition and during some of the elements of the pulse se-
quence with RF field strength of 2.9 and 1.0 kHz for 1H
(waltz-16) [43] and 15N (garp-4) [44]. For 13C the following
pulses were used: 320 ls with Q5 (and time reversed Q5)
shapes [45] for Ca, Cali excitation, 256 ls Q3 shape and
1 ms Q3 shape [45] for Cali and Ca inversion/refocusing
respectively, 500 ls Chirp shape [46] for adiabatic inversion
of C 0 and Ca. Experiments were acquired with relaxation
delays between 1.4 and 1.5 s and acquisition times ranging
from 141 to 159 ms. The spectral widths were between 18
and 24 ppm for C 0, 42 ppm for N, 48 ppm for Ca, and
75–80 ppm for Cali.

The following 2D experiments were acquired: CACO-
IPAP [22] (with 16 scans, 1024 · 256 data points), CBCACO-
IPAP [22] (with 16 scans, 800 · 96 data points), CON-IPAP
(with 32 scans, 800 · 256 data points), CANCO-IPAP (Ca–
C 0 plane) (with 512 scans, 1024 · 192 data points), CCCO-
IPAP with mixing times of 10, 15, and 22 ms (each spectrum
with 16 scans, 1024 · 192 data points), CBCACO-S3E (with
32 scans, 512 · 128 data points), CCCO-S3E with mixing
time of 12 ms (with 32 scans, 512 · 256 data points).

The following 3D experiments were acquired: CBCACO-
IPAP [22] (16 scans, 800 · 24 · 96 data points), CCCO-
IPAP with mixing time of 22 ms (32 scans, 800 · 32 · 128
data points), CBCACON-IPAP (32 scans, 800 · 64 · 128
data points), CCCON-IPAP with mixing time of 22 ms
(24 scans, 512 · 32 · 256 data points), and CANCO-IPAP
(512 scans, 1024 · 16 · 48 data points).

For experiments that employ the IPAP approach in the
acquisition dimension, linear combination of the in-phase
and anti-phase components (that were stored separately),
followed by a frequency shift of each of the two multiplet
components to the center of the original doublet, was per-
formed to suppress the Ca–C 0 coupling [22,47].

For experiments that employ the S3E approach in the
acquisition dimension, the sum of the first two FIDs
(stored separately) gives one of the two multiplet compo-
nents, while the difference, phase shifted by p /2 gives the
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other multiplet component. Each of the two multiplet com-
ponents is then shifted to the center of the original doublet
to suppress the Ca–C 0 coupling [22,47].

The pulse sequences of CON-IPAP, CANCO-IPAP,
CCCO-IPAP, CBCACON-IPAP, CCCON-IPAP, CBC-
ACO-S3E, and CCCO-S3E are reported and described in
detail in Appendix A.
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Appendix A

The new pulse sequences to acquire the experiments de-
scribed in the main text are described in detail hereafter. In
particular we report the CCCO-IPAP, CBCACON-IPAP,
Fig. 6. CCCO-IPAP. The delays are: D = 9 ms, e = t1 (0). The phase cycle is: /
/rec = x, (�x), (�x),x,(�x),x,x, (�x). Quadrature detection in the F1 and F2 di
TPPI manner. The strength of the gradients is 50%:60%:11%.

Fig. 7. CCCON-IPAP. The delays are: D = 9 ms, D1 = 25 ms, e1 = t1 (0), e2
/4 = 8x, 8(�x); /IPAP (IP) = x; /IPAP(AP) = �y; /rec = 2(x, (�x), (�x),x), 2(
obtained by incrementing /1 and /2, respectively, in a States-TPPI manner. T
CCCON-IPAP, the implementation of IPAP in the CON
and CANCO experiments (CON-IPAP, CANCO-IPAP)
as well as the implementation of the S3E approach in the
experiments in which this reduces the overall duration of
the pulse scheme (CBCACO-S3E, CCCO-S3E). In all the
figures reported hereafter, band selective 13C pulses are
denoted by shapes. For 13C excitation and inversion/refo-
cusing Q5 (or time reversed Q5) and Q3 shapes [45] were
used with durations of 320 ls and 256 ls respectively unless
for the pulse indicated in grey (Q3, 1 ms). The rectangular
wide and narrow pulses correspond to p and p/2 flip angles.
Pulse field gradients (PFG line) are also indicated by
shapes. The 1H and 15N carriers are placed at 4.7 and
118 ppm, respectively. The change in the position of the
13C carrier (39 ppm for Cali, 55 ppm for Ca and 173 ppm
for C 0) is indicated by vertical arrows. The RF power used
for the 13C FLOPSY16 spin-lock was 10 kHz (applied for
durations ranging from 10 to 22 ms in the 2D versions
and 22 ms in the 3D version). Decoupling of 1H and 15N
was achieved with 2.9 kHz waltz-16 [43] and 1.0 kHz
garp-4 [44] schemes respectively. The amount of decou-
pling is comparable to that necessary in conventional triple
resonance experiments except for the additional 1H decou-
1= x,�x; /2 = 2x, 2(�x); /IPAP (IP) = 4x, 4(�x); /IPAP(AP) = 4(�y), 4y;
mensions is obtained by incrementing /1 and /2, respectively, in a States-

= t2 (0). The phase cycle is: /1 = x,�x; /2 = 2x, 2(�x); /3 = 4x, 4(�x);
(�x),x,x, (�x)). Quadrature detection in the F1 and F2 dimensions is
he strength of the gradients is 50%:60%:19%:11%.



Fig. 9. CON-IPAP. The delays are: D = 9 ms, D1 = 25 ms, e = t1 (0). The phase cycle is: /1 = x,�x; /2 = 2x, 2(�x); /3 = 4x, 4(�x); /IPAP(IP) = x;
/IPAP(AP) = �y; /rec = x, (�x),x, (�x), (�x),x, (�x),x. Quadrature detection in the F1 dimension is obtained by incrementing /1 in a States-TPPI
manner. The strength of the gradient is 30%.

Fig. 10. CANCO-IPAP. The delays are: D = 9ms, D1 = 25 ms, D2 = 32 ms. The phase cycle is: /1 = x,�x; /2 = 8x, 8 (�x); /3 = 2x, 2(�x);
/IPAP(IP) = 4x, 4(�x); /IPAP(AP) = 4(�y), 4y; /rec = x, (�x), (�x)x, (�x),x,x, (�x). Quadrature detection in the F1 and F2 dimensions is obtained by
incrementing /1 and /3, respectively, in a States-TPPI manner. The strength of the gradients is 30%:19%.

Fig. 8. CBCACON-IPAP. The delays are: D = 9 ms, D1 = 25 ms, D2 = 8 ms e = t2(0). The phase cycle is: /1 = x,�x; /2 = �y; /3 = 2x, 2(�x);
/4 = 4x, 4(�x); /5 = 8x, 8 (�x); /IPAP(IP) = x; /IPAP(AP) = �y; /rec = 2(x, (�x), (�x),x), 2((�x),x,x, (�x)). Quadrature detection in the F1 and F2

dimensions is obtained by incrementing /1 and /3, respectively, in a States-TPPI manner. The strength of the gradients is 30%:19%.
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Fig. 11. CCCO-S3E. The delays are: D = 9 ms, e = t1 (0), e1 = 4 ls. The phase cycle is: /1 = x,�x; /2 = 4x, 4(�x), /3 = 2x, 2(y), /4 = 2x,2(y),
/S3Eð1Þ ¼ 4ð45 �Þ, /S3Eð2Þ ¼ 2ð45 �Þ; 2ð225 �Þ; /rec = x, (�x), (�x),x, (�x),x,x, (�x). Quadrature detection in the F1 and F2 dimensions is obtained by
incrementing /1 and /2, respectively, in a States-TPPI manner. The strength of the gradients is 50%:60%:11%.

Fig. 12. CBCACO-S3E. The delay D is 9 ms, D2 = 8 ms, e1 = 4 ls. The phase cycle is: /1 = x,�x; /2 = 8x, 8 (�x); /3 = 2y, 2(�y), /4 = 4x,4(y),
/5 = 4x, 4(y); /S3Eð1Þ ¼ 4ð45 �Þ; 4ð225 �Þ, /S3Eð2Þ ¼ 8ð45 �Þ; /rec = x, (�x), (�x),x, (�x),x,x, (�x). Quadrature detection in the F1 and F2 dimensions is
obtained by incrementing /1 and /3 in a States-TPPI manner. The strength of the gradient is 30%.
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pling during acquisition. For samples where this would be
a concern, all decoupling, except during acquisition, can be
replaced by p pulses. For experiments that employ the
IPAP approach to suppress the Ca–C 0 coupling, the in-
phase (IP) and anti-phase (AP) components are acquired
and stored separately using the pulse schemes illustrated
that differ only for the two panels indicated with IP and
AP, respectively. For experiments that employ the S3E ap-
proach to suppress the Ca–C 0 coupling, the two compo-
nents that need to be acquired and stored separately
differ by the phase uS3E and by a p increment of phase u4

in the CCCO-S3E experiment and u5 in the CBCACO-
S3E experiment. The phase cycle, the method used for
quadrature detection, the durations of the delays shown
in the pulse sequences and the strengths of the gradients,
given as percentage of the maximum gradient strength of
53.5 G/cm (all gradients had a duration of 1 ms, a sine
shape), are reported case-by-case (see Figs. 6–12).
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