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Abstract: After the exploitation of 1H polarization as a starting source for 13C direct detection experiments,
pulse sequences are designed which exploit the accelerated 1H longitudinal relaxation to expedite 13C
direct detection experiments. We show here that 2D experiments based on 13C direct detection on a 0.5
mM water sample of ubiquitin can be recorded in a few minutes and 3D experiments in a few hours. We
also show that fast methods like nonuniform sampling can be easily implemented. As overall experimental
time has always been a counter indication for the use of 13C direct detection experiments, this research
opens new avenues for the application of 13C NMR to biological molecules.

Introduction

The intrinsically low sensitivity of NMR spectroscopy as
compared to other spectroscopic techniques has always been
the price to pay to have access to exquisitely detailed
information on the structural and dynamic properties of
molecules in solution, without perturbing their chemical
properties. Multidimensional NMR experiments thus result
from repetition of the basic pulse sequence for a very large
number of times, and, to obtain the necessary resolution in
all of the indirect dimensions, a large number of data points
should be acquired. This dramatically impacts on the duration
of the experiments.

This drawback of NMR spectroscopy has recently been
greatly alleviated by the tremendous improvements in
instrumental sensitivity brought about by the advent of high
static magnetic fields as well as by the development of
probeheads characterized by reduced noise,1 both aspects
contributing to an enhanced signal-to-noise ratio (S/N) of
the spectra. Thanks to the increased sensitivity, several
elegant strategies, partly derived from the field of magnetic
resonance imaging where the duration of the NMR experi-
ment constitutes an important issue, have been recently
implemented in high-resolution biomolecular 1H NMR to
significantly reduce the time necessary to perform an
experiment.2,3 These strategies can be subdivided into two
main categories that consist of either reducing the number
of acquired data points4-21 or reducing the interscan delay,22-31

which are the major determinants of the duration of an NMR
experiment. The implementation of these features in multi-
dimensional inverse-detection NMR experiments has greatly
contributed to a drastic reduction of the NMR time necessary
to obtain a specific result. A complete series of NMR
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experiments to perform sequence-specific assignment of a
protein has been thus reduced from a few weeks to a few
days.12,13,27,30,32-35

Another field of research that has been greatly stimulated by
the recent improvements of NMR instrumental sensitivity is
directdetectionofcarbon-13tostudybiologicalmacromolecules.36-38

Despite that 13C nuclear spins are characterized by a reduced
sensitivity as compared to proton spins, and in fact 1H constitutes
the nucleus of choice in NMR, 13C NMR provides additional
tools in all cases in which 1H NMR spectroscopy finds
limitations. Some examples are paramagnetic or large proteins
where 1H may be broadened beyond detection while (at least
some) 13C nuclei may still be narrow enough to provide high-
resolution information,39-51 or unfolded systems where the lack
of a stable 3D structure greatly reduces the proton chemical
shift dispersion.52-55 However, 13C direct detection NMR
experiments may be useful also in cases where the 1H detection
does not suffer from counter indications, such as for all of the
small/medium size proteins suitable for a complete structural
and dynamic characterization through NMR, as it is able to
complement, and sometimes to complete, the data obtainable
by proton NMR.56-60 In the latter case, the exploitation of 1H
polarization as a starting point of the NMR experiments can

significantly improve the sensitivity of the experiment,61-68 even
in the case of NMR experiments where no 1H chemical shift
labeling occurs in any of the dimensions.54 The leap in
sensitivity lately obtained in 13C NMR direct detection now
permits one to fully exploit the methods introduced in NMR
spectroscopy to speed up the timing of the experiments.

We will show here how with the exploitation of longitu-
dinal relaxation enhancement23,25-27,30,31 as well as extensive
spectral aliasing,19,69-71 a 13C NMR direct detected 2D experi-
ment can be acquired in a few minutes (a CACO56 in 1 min
and a CON37 in 5 min) and a 3D experiment in a few hours (a
CBCACON37 in 6 h or a CANCO72 in 11 h) on a 0.5 mM
sample of ubiquitin. The experimental time of a multidimen-
tional experiment can be further reduced with the introduction
of nonuniform/sparse sampling techniques, such as multidi-
mensional decomposition (MDD).6,9,16,20

This demonstrates that 13C NMR direct detection is a mature
technique for any kind of biomolecular application.

Experimental Data

NMR Experiments. All NMR experiments were performed at
16.4 T on a Bruker Avance spectrometer operating at 700.06 MHz
1H and 176.03 MHz 13C frequencies, equipped with a 13C cryogeni-
cally cooled probehead optimized for 13C direct detection. The
experiments were acquired with a 0.5 mM 13C, 15N labeled ubiquitin
sample in HEPES buffer at pH 7.0.

The new pulse sequences, described in detail and discussed in
the following section, are shown in the Supporting Information.
Common parameters used for all experiments are described in detail
in this paragraph, while those specific for each experiment are
reported in the captions of the figures describing the pulse
sequences. Unless otherwise specified, for 13C band-selective π/2
and π flip angle pulses, Q5 (or time reversed Q5) and Q3 shapes73

were used with durations of 274 and 220 µs, respectively, except
for the π pulses that should be band-selective on the CR region
(Q3, 860 ms) and for the adiabatic π pulse to invert both C′ and
CR (smoothed Chirp,74 500 µs, 25% smoothing, 80 kHz sweep,
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(45) Balayssac, S.; Jiménez, B.; Piccioli, M. J. Biomol. NMR 2006, 34,

63–73.
(46) Caillet-Saguy, C.; Delepierre, M.; Lecroisey, A.; Bertini, I.; Piccioli,

M.; Turano, P. J. Am. Chem. Soc. 2006, 128, 150–158.
(47) Bermel, W.; Felli, I. C.; Matzapetakis, M.; Pierattelli, R.; Theil, E. C.;

Turano, P. J. Magn. Reson. 2007, 188, 301–310.
(48) Matzapetakis, M.; Turano, P.; Theil, E. C.; Bertini, I. J. Biomol. NMR

2007, 38, 237–242.
(49) Pochapsky, S. S.; Sunshine, J.; Pochapsky, T. C. J. Am. Chem. Soc.

2008, 130, 2156–2157.
(50) Takeuchi, K.; Sun, Z. N.; Wagner, G. J. Am. Chem. Soc. 2008, 130,

17210–17211.
(51) Abriata, L. A.; Ledesma, G. N.; Pierattelli, R.; Vila, A. J. J. Am. Chem.

Soc. 2009, 131, 1939–1946.
(52) Bermel, W.; Bertini, I.; Felli, I. C.; Lee, Y.-M.; Luchinat, C.; Pierattelli,

R. J. Am. Chem. Soc. 2006, 128, 3918–3919.
(53) Hsu, S. T.; Bertoncini, C. W.; Dobson, C. M. J. Am. Chem. Soc. 2009,

131, 7222–7223.
(54) Bermel, W.; Bertini, I.; Csizmok, V.; Felli, I. C.; Pierattelli, R.; Tompa,

P. J. Magn. Reson. 2009, 198, 275–281.
(55) Knoblich, K.; Whittaker, S.; Ludwig, C.; Michiels, P.; Jiang, T.;

Schafflhausen, B.; Günther, U. Biomol. NMR Assign. 2009, 3, 119–
123.

(56) Bermel, W.; Bertini, I.; Duma, L.; Emsley, L.; Felli, I. C.; Pierattelli,
R.; Vasos, P. R. Angew. Chem., Int. Ed. 2005, 44, 3089–3092.

(57) Babini, E.; Felli, I. C.; Lelli, M.; Luchinat, C.; Pierattelli, R. J. Biomol.
NMR 2005, 33, 137.

(58) Bertini, I.; Felli, I. C.; Gonnelli, L.; Pierattelli, R.; Spyranti, Z.;
Spyroulias, G. A. J. Biomol. NMR 2006, 36, 111–122.

(59) Pasat, G.; Zintsmaster, J. S.; Peng, J. J. Magn. Reson. 2008, 193, 226–
232.
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11.3 kHz strength). The 1H and 15N carriers are placed at 4.7 and
125 ppm, respectively. The 13C band selective pulses on Cali, CR,
and C′ were given at the center of each region, respectively, and
the adiabatic pulse was adjusted to cover all of the 13C region.
Decoupling of 1H and 15N was achieved with waltz-1675 (1.7 kHz)
and garp-476 (1.0 kHz) sequences, respectively. All experiments
employ the IPAP approach to suppress the CR-C′ coupling in the
direct acquisition dimension56,77,78 where the in-phase (IP) and
antiphase (AP) components are acquired and stored separately,
doubling the number of FIDs recorded in one of the indirect
dimensions.38 The phase cycle, the method used for quadrature
detection, the duration of the delays shown in the pulse sequences,
and the relative strengths of the gradients used (all gradients had a
duration of 1 ms and a sine shape) are reported case-by-case.

The CT HC HSQC experiment was chosen to determine the
“nonselective” and the “selective” inversion recovery profiles of
alpha (HR) or aliphatic (Hali) protons. In the “selective” experiment,
the initial inversion element included a Q3-shaped band-selective
180° 13C pulse of 860 µs (at 55 or 43 ppm) or of 220 µs (at 39
ppm) and a delay ∆1 of about 1/JCH = 6.8 ms. The HN HSQC was
chosen to determine the “selective” inversion recovery profiles of
amide (HN) protons (using in the initial inversion element a
rectangular 180° 15N pulse of 76 µs, at 118 ppm and a delay ∆1 of
about 1/JNH = 11 ms) and their “nonselective” analogues. The
experiments were acquired with standard parameters, using an inter
scan delay of 5 s to ensure complete recovery to thermal
equilibrium. For each series (HR “selective”, Hali “selective”, the
“nonselective” analogue, HN “selective”, and the “nonselective”
analogue), eight experiments were recorded with the inversion
recovery delay (τ) of 0.0001, 0.1, 0.2, 0.35, 0.5, 0.8, 1.2, and 2 s.

A variety of 13C direct detection multidimensional NMR experi-
ments were modified by including the “1H-start” and subsequently
the “1H-flip”, described in detail in the following section, to increase
the sensitivity of the experiment and to reduce the inter scan delay,
both effects contributing to the reduction of the amount of time
needed to detect specific types of internuclear correlation NMR
experiments.

For each type of 2D experiment (CR-C′ or C′-N selected in
our case), several series were acquired to evaluate the effect of the
inclusion of the “1H-start” and “1H-flip”, and, for each type of pulse
sequence, the experiment was repeated several times by reducing
the inter scan delay (3, 2.5, 1.5, 1.2, 0.9, 0.7, 0.5, 0.35, 0.23 s). In
particular, the CR-C′ correlation map was acquired with the
standard “13C-start” version (CACO), with the “1H-start” version
((H)CACO), and with the “1H-flip” version ((H-flip)CACO). The
common acquisition parameters were two scans per increment,
spectral widths of 50 (aq) × 40 (13C) ppm with 1024 × 256 data
points in the direct and indirect acquisition dimensions.

The C′-N correlation experiment was acquired with the standard
“13C-start” version (CON), with the version that exploits the “1H-
start” as a starting polarization source ((H)CON) as well as with
the implementation of the “1H-flip” ((H-flip)CON). The common
parameters were eight scans per increment, spectral widths of 50
(aq) × 50 (15N) ppm with 1024 (aq) × 512 (15N) data points in the
direct and indirect acquisition dimensions. For the ((H-flip)CON)
experiment, the S/N allowed one to reduce the number of scans to
two per increment.

Some of the 2D NMR experiments with the short inter scan delay
were also acquired with a smaller spectral width in the indirect
dimension, reducing the acquired data points by the appropriate
factor, to maintain the resolution while reducing the experimental

time necessary (20 and 10 ppm for the 13CR indirect dimension
and 20, 15, 12.5 ppm for the indirect 15N dimension).

As an example of the reduction in experimental NMR time that
can be obtained thanks to the implementation of the above-
mentioned approaches, the 3D CANCO was acquired with the “1H-
start” version ((H)CANCO) as well as with the “1H-flip” version
((H-flip)CANCO) by also making use of folding in the indirect
acquisition dimensions. The (H)CANCO version was acquired with
16 scans per increment, an inter scan delay of 1.4 s, spectral widths
of 50 (aq) × 35 (15N) × 50 (13C) ppm with 1024 (aq) × 64 (15N)
× 160 (13C) data points. The (H-flip)CANCO version was acquired
with 16 scans per increment, an inter scan delay of 330 ms, spectral
widths of 50 (aq) × 15 (15N) × 27 (13C) ppm with 1024 (aq) × 64
(15N) × 160 (13C) data points. For the MDD version of the (H-
flip)CANCO, the NUSSAMPLER program was used to generate
the sampling table for acquisition. Spectra were recorded with either
20% or 40% of the complete set of increments. The resulting
experimental data recorded according to the generated values were
processed using MDD software included in the Bruker TopSpin
3.0 software. All other data were acquired and processed using the
Bruker TopSpin 1.3 software.

The 3D CBCACON was also implemented in the “1H-flip”
version ((H-flip)CBCACON) and was compared to the available
“1H-start” version ((H)CBCACON). The two experiments were
acquired with eight scans per increment, with an inter scan delay
of 400 ms, spectral widths of 50 (aq) × 35 (15N) × 80 (13C) ppm
with 1024 (aq) × 128 (15N) × 200 (13C) data points.

Results and Discussion

Implementation of the Pulse Sequences. It is well-known that
the selective manipulation of a subset of proton spins in a protein
yields significantly shortened longitudinal relaxation times.70,79

The difference between the so-called selective and nonselective
longitudinal relaxation profiles gives a measure of the expected
gain in implementing relaxation enhanced sequences.23,25-27,80

The determination of selective and nonselective inversion
recovery profiles for different kinds of 1H spins in an isotopically
labeled (13C and 15N) protein can be obtained using the basic
strategy81-84 schematically illustrated in Figure 1. Let us
consider the general case of a proton spin H that has a large
scalar coupling JHX to a heteronuclear spin X, and of a second
proton spin K that does not have a large scalar coupling with X
(Figure 1A). The spin H can be selectively inverted with respect
to spin K by using the building block shown in Figure 1B. Both
spins H and K can be inverted by a simple spin echo (Figure
1C). This method can thus be used to determine selective (B)
and nonselective (C) inversion recovery profiles for a spin H
with respect to a spin K by repeating the experiments several
times increasing the delay τ. The two building blocks can be
used in a 1D spectrum by adding a 90° 1H pulse at the end of
the block. Alternatively, the two building blocks can be inserted
prior to the beginning of a 2D pulse sequence when it is
necessary to achieve a sufficient resolution for protein applications.

The same simple concepts can be used to control the spin-
state of different types of 1H spins (such as, for example, alpha,
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aliphatic, aromatic, amide protons) in exclusively heteronuclear
NMR 13C direct detection experiments that exploit protons as a
starting polarization source to increase the sensitivity of the
experiments through an INEPT transfer step (1H-start).54 Indeed,
in this kind of experiment, protons are perturbed at the beginning
of the pulse sequence and when it is necessary to refocus X-H
scalar couplings during evolution or coherence transfer periods.
In these conditions, in the initial part of the experiments, the
proton spins that are not directly involved in the INEPT transfer
can be flipped back to the +z axis by including a 1H 90° pulse
at the end of the refocused INEPT transfer step. This approach
permits one to enhance the longitudinal recovery of the proton
spins providing the initial polarization transfer and thus to reduce
the interscan delay. This is schematically shown in Figure 1D.
In the subsequent parts of more complex pulse sequences, if a
180° inversion pulse is needed to refocus the evolution of H-X
scalar couplings, this can always be compensated by a 180°
pulse of opposite phase close by in the pulse sequence to flip
back the 1H magnetization along the +z axis (1H-flip).

This experimental approach that exploits the evolution of one
large heteronuclear scalar coupling to selectively invert one type
of proton spins with respect to the others is an alternative as
compared to the use of 1H band-selective pulses proposed for
1H direct detection multidimensional NMR experiments.25,27,31

It is particularly well suited for exclusively heteronuclear NMR
experiments based on 13C detection because, as mentioned in
the previous paragraph, protons are only used as a starting

polarization source. However, it may be of general interest also
for 1H detected NMR experiments. It may be particularly
advantageous when the selected proton types to be inverted are
not easily manipulated through band-selective pulses due to
signals overlap. This is the case, for example, for HR spins,
which resonate in a region very close to that of other aliphatic
protons. The problem of overlap between the two chemical shift
regions is reduced when analyzing the directly bound carbon
spins, because the latter are characterized by a larger chemical
shift dispersion.

Longitudinal Relaxation Enhancement. Following the ap-
proach outlined above, 1H inversion recovery profiles were
measured for HR and amide protons of ubiquitin inserting the
building blocks reported in Figure 1 at the beginning of the 2D
HSQC pulse sequences (1H-13C and 1H-15N, respectively). For
the acquisition of HR inversion recovery profiles, the delay ∆1

was set to 1/JCH = 6.8 ms, and the selectivity of the 13C inversion
pulse (either band-selective on the CR region or on all of the
aliphatic region) was exploited to invert only HR protons or all
aliphatic protons. Nonselective inversion recovery profiles were
also acquired. The inversion recovery profiles determined for
HR protons under different initial conditions (inversion of HR

only, of all aliphatic protons, or of all protons) can thus be
compared. As an example, the recovery of the HR of residue 50
is reported in Figure 2A. It can be observed that the time point
for which the intensity of an NMR signal crosses zero in an
inversion recovery experiment (Tnull) decreases from about 500
ms to 250 ms to 100 ms, by progressively restricting the
ensemble of inverted spins, indicating a faster recovery to
equilibrium of the observed spins. For amide protons, the delay
∆1 should be set to 1/JNH = 11 ms, and a square 180° is used
to invert amide 15N spins. Two inversion recovery profiles were
determined inverting either only amide protons or all protons
simultaneously. As an example, the data for residue 50 are

Figure 1. (A) Schematic representation of the backbone of a protein
highlighting the CR and HR nuclei as well as other neighboring proton nuclei
in the surroundings (residues 4-6 of ubiquitin, PDB code 1DZ3, are shown).
The pulse sequence element (B) to achieve selective inversion of a set of
proton spins H that have a large scalar coupling JHX to a heteronuclear spin
X and (C) to invert both kinds of spins H and K, where K represent proton
spins that do not have a large scalar coupling with X (the delay ∆1 is matched
to 1/JHX and, when not indicated explicitly, pulses have phase x). This can
be used to determine selective and nonselective inversion recovery profiles
of proton spins H. (D) The pulse sequence element that can be incorporated
into exclusively heteronuclear experiments on the basis of 13C detection to
enhance the initial polarization of the heteronucleus X through a H-X
refocused INEPT transfer step (1H-start) and to flip back along the z axis
(1H-flip) the magnetization of all other proton spins that do not have a large
on-bond coupling with X (spins K in our example).

Figure 2. (A) Inversion recovery profiles of the HR of residue 50 acquired
with different initial conditions: selective HR inversion (9), selective aliphatic
inversion (b), and after inversion of all spins (2); (B) recovery of one HN

signal either selectively inverting amide protons (9) or inverting all protons
simultaneously (2). Other profiles are reported in the Supporting Information
(Figure S1).
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shown in Figure 2B. Also in this case, the Tnull decreases from
about 500 to about 100 ms, indicating a pronounced effect of
the same magnitude as that observed for HR spins.

A similar behavior is observed for the majority of residues
in well-structured regions of the protein (Figures S1 and S2 of
the Supporting Information). The differential longitudinal
relaxation effect, which depends on the local correlation time,
is less pronounced for the first and last residues, as well as for
some residues in external loops (Figures S1 and S2 of the
Supporting Information), which are characterized by higher local
mobility and, for this reason, are anyway characterized by a
faster recovery to equilibrium.

The determined inversion recovery profiles show that the
proposed approach works and that it can be exploited to
significantly enhance the longitudinal recovery of 1H polarization
in exclusively heteronuclear NMR experiments based on 13C
direct detection, through the implementation of the building
block shown in Figure 1D. Several examples will be given in
the next sections starting from the most sensitive and useful
2D experiments (CON and CACO) and then moving to some
of the most useful 3D experiments.

CON and CACO Experiments. The 2D HR-start CON
experiment can be taken as an example to illustrate the approach.
The insertion of the HR-CR-CO transfer (1H-start), which is a
necessary additional block with respect to the basic pulse
sequence,37 allows one to significantly increase the sensitivity
of the experiments. The modified pulse sequence to implement
longitudinal relaxation enhancement (1H-flip) is shown in the
Supporting Information. This was used to acquire a series of
spectra on ubiquitin, all recorded with the same number of scans,
but with decreasing relaxation delay. These were then compared
to the standard (H)CON experiment and with the 13C-start
experiment where the interscan was scaled to account for the
increase in longitudinal recovery of 13C as compared to 1H
(nonselective) by a factor of about 1.7, which was experimen-
tally verified. As an example, the traces extracted from these
2D spectra for the C′59-N60 correlation are shown in Figure
3. It is worth noting that the proposed variant of the CON
provides the same S/N as the standard experiment about 1/5 of
the time and that all of the expected resonances can be detected,
proving the generality of the approach.

The large chemical shift dispersion typical of heteronuclei
provides well-dispersed spectra. The possibility given by this
experiment to observe signals involving proline residues further
increases the chemical shift dispersion of the correlations,
particularly in the 15N dimension, minimizing the occurrence

of overlap (Figure 3A). As a result, even if 15N signals resonate
in a large chemical shift range (from about 105 ppm for glycines
residues to about 145 ppm for proline residues), it is possible
to use extensive spectral aliasing to reduce the actual spectral
width and thus the number of points acquired in the indirect
dimension without losing resolution. The spectral width in the
15N dimension could be reduced by a factor of about 3, without
increasing the number of peaks in overlap (not shown). The
consequent reduction in terms of experimental time, still keeping
the same resolution in the indirectly detected dimension, is thus
a factor of about 3. Indeed, the number of acquired data points
necessary to maintain the same resolution in the indirect
dimension is reduced by the same factor by which the spectral
width is reduced.

In summary, the combination of longitudinal relaxation
enhancement and spectral aliasing, which constitute two inde-
pendent approaches to reduce experimental time, contributes
to a reduction of experimental time, which permits one to
acquire a CON experiment in about 5 min.

Similarly, the 1HN-start, 1HN-flip versions of the CON
experiment ((NH-flip)CON) can be implemented. However, the
(H-flip)CON experiment, which uses HR polarization as a
starting source, is less prone to losses due to exchange processes
as compared to a (NH-flip)CON, and it allows one to detect
proline residues. Therefore, it is generally preferred to the
versions that start with 1HN polarization, even if the latter is in
principle more sensitive. The same argument holds when
comparing the performance of the proposed experiments to the
1H detected experiments that provide similar information (3D
HNCO).

Another example can be provided by the most simple and
sensitive exclusively heteronuclear NMR experiment based on
carbonyl direct detection, the CACO. This experiment gives
information on C′ and CR of all amino acid types and thus
provides highly complementary information to that obtained
though a CON experiment. Therefore, it may be a useful
complement to 1H-15N HSQC experiments to complete the
study of the properties of backbone nuclei that cannot be
obtained though simple 2D experiments based on 1H direct
detection. For example, it may be profitably used for chemical
shift mapping and alike applications.58

The inclusion of proton polarization as a starting source as
well as the implementation of the longitudinal relaxation rate
enhancement are analogous to that discussed in the previous

Figure 3. The intensity of one of the cross peaks obtained in 2D CON
experiments (the correlation for C′59-N60 of ubiquitin indicated by an
arrow in the full spectrum reported in (A)) recorded with different pulse
schemes and different interscan delays (d1) is compared by showing its
trace. From left to right: (B) 13C start (d1 ) 2.5 s), (C) 1H start (d1 ) 1.5 s),
and (D)-(J) HR-flip with different relaxation delays d1 (1.5, 1.2, 0.9, 0.7,
0.5, 0.35, 0.2 s).

Figure 4. Parts of the 2D CACO maps recorded on ubiquitin with the
(H-flip)CACO experiment in (A) 3 min and (B) 1 min. All of the correlations
detected in (A) are also observed in (B); a few additional correlations from
side-chains (Asx, Glx) are present in (B) due to spectral folding in the
indirect dimension, while in (A) they are outside the printed area.
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paragraph (the relevant pulse sequences are reported in the
Supporting Information). A (H-flip)CACO spectrum as the one
reported in Figure 4A showing all of the expected correlations
for ubiquitin can be recorded in about 3 min. With the
exploitation of spectral folding in the indirect dimension (Figure
4B), the time necessary for acquisition is further reduced to 1
min.

Implementation in 3D Experiments. Spectral folding and
longitudinal relaxation rate enhancement can be incorporated
in virtually any 1H-start, 13C detect, exclusively heteronuclear
NMR experiment through the inclusion of the building block
described in Figure 1D. As an example, the modified pulse
sequence for the (H-flip)CANCO is shown in the Supporting
Information. An experiment with a good resolution and high
S/N could be acquired in 11 h. Careful inspection of the 3D
maps shows that all expected correlations could be detected
through this variant of the CANCO. As an example of the
quality of the data, the C′-N projections of the standard
(H)CANCO spectrum and of the new variant of (H-flip)CANCO
recorded in the same amount of time (see Experimental Data)
are shown in Figure 5A and B, respectively. The 1D projections
on the upper part of the figure compare the relative intensity of
the ensemble of the cross peaks, and they clearly demonstrate
the gain in sensitivity obtained in the unit time employing
longitudinal relaxation enhancement and spectral folding in the
indirect dimensions. The same “1H-flip” approach can obviously
be also included in the “selective” CANCO,85 the complemen-
tary experiment to clearly identify and discriminate between
intra- and inter-residue correlations.

Similarly, the (H)CBCACON experiments,54 used for the
identification of 13C resonances of each amino acid and for
correlating them with the nitrogen of the following residue, can
be converted to the “1H-flip” variant, even if the gain deriving
from the implementation of longitudinal relaxation enhancement

is expected to be smaller as all aliphatic nuclei provide the initial
polarization source (instead of only HR nuclei, as in the previous
examples). Despite this, thanks to the combination of “1H-start”
and “1H-flip”, a 3D spectrum could be acquired in 6 h.

These 3D experiments are perfectly suited to be combined
with so-called fast acquisition techniques.4,6-11,20,86-89 These
methods rely on the assumption that, with a proper choice of
the experimental parameters, it is possible to reconstruct a full
multidimensional data set from a reduced set. We tested the
method of nonuniform sampling using MDD for processing.6,9,16,20

Conventionally, all of the points in the indirect dimensions that
fall on the grid given by the Nyquist theorem are sampled. In
nonuniform sampling, only a subset of those is recorded in a
random fashion. These points can either be distributed equally
or exponentially weighted, such as to sample more at the
beginning of the FID, when the S/N is high. Nonuniform
sampling allows one to reduce the number of data points
acquired in the indirect dimensions, optimizing the resolution
and the sensitivity for a given experimental time. The data are
then processed using MDD algorithms6,9,16,20 instead of the
standard fast Fourier transform algorithm. Alternatively, maxi-
mum entropy algorithms13,18 or Fourier transform algorithms
for nonequidistant data13,15 can be used.

Taking again the CANCO experiments as an example,
because it is one of the most demanding experiments in term
of sensitivity, we proved that a reduction in sampled data points
to build the 3D map to about 40% allows one to obtain a 3D
experiment displaying all of the expected correlations necessary
for sequence-specific assignment. The C′-N projection of the
obtained 3D map is reported in Figure 5C for comparison. At
the current stage of technology, it is not possible to go below
this 40% threshold, as the reduced S/N of the MDD spectrum

(85) Bermel, W.; Bertini, I.; Felli, I. C.; Pierattelli, R.; Vasos, P. R. J.
Magn. Reson. 2005, 172, 324–328.

(86) Szyperski, T.; Wider, G.; Bushweller, J. H.; Wüthrich, K. J. Am. Chem.
Soc. 1993, 115, 9307–9308.

(87) Freeman, R.; Kupce, E. J. Biomol. NMR 2003, 27, 101–113.
(88) Atreya, H. S.; Szyperski, T. Methods Enzymol. 2005, 394, 78–108.
(89) Kupce, E.; Freeman, R. J. Magn. Reson. 2008, 191, 164–168.

Figure 5. C′-N projections of the 3D CANCO maps acquired with the (H)CANCO (A) and the (H-flip)CANCO (B) pulse sequences in the same experimental
time. The 1D projections reported in the upper part clearly show the increase in intensity obtained with the “1H-flip” version. In (C), the C′-N projection
of the MDD (H-flip)CANCO map recorded with the same experimental parameters as the map reported in (B) but sampling only 40% of the increments in
the indirect dimensions is shown. The reduction in the overall intensity of the 1D projection is almost negligible.

15344 J. AM. CHEM. SOC. 9 VOL. 131, NO. 42, 2009

A R T I C L E S Bermel et al.



causes the appearance of artifacts that may cause misassign-
ments. However, this is the proof that 13C direct detection
experiments are as versatile as are the inverse-detected
experiments.

Conclusions

Carbon-13 direct detection NMR is becoming a widely usable
spectroscopy that can fruitfully complement 1H NMR spectros-
copy in the investigation of biomolecules. With the increase in
sensitivity nowadays obtained with modern spectrometers, 13C
direct detection NMR can further benefit by the implementation
of the so-called fast methods to reduce the experimental time.
We have shown that with a standard 0.5 mM sample of a
protein, it is possible to record the basic 2D experiments in a
few minutes, while 3D experiments can be recorded in a few
hours, a result unconceivable until a few years ago. As the

technology progresses, it can be expected that experiments will
become less and less demanding in terms of experimental effort.
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