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Abstract: In this report, the use of 13C direct detection has been pursued in 2D experiments (13C-13C
COSY, 13C-13C COCAMQ, 13C-13C NOESY) to detect broad lines in nuclear magnetic resonance spectra
of paramagnetic metalloproteins. The sample is a monomeric oxidized copper, zinc superoxide dismutase.
Thanks to direct detection probeheads, cryogenic technology, and implementation of 13C band-selective
homodecoupling, many broadened signals were detected. Proton signals for the same residues escaped
detection in 1H and 1H-15N HSQC experiments because of the broadening. Only the 13C signals which
experience large contact coupling escaped detection, i.e., the 13C nuclei of the metal coordinated histidines.
Otherwise, nuclei as close to copper(II) as 4 Å can be detected. Paramagnetic-based restraints can in
principle be used for solution structure determination of paramagnetic metalloproteins and in copper(II)
proteins in particular. The present study is significant also for the study of large diamagnetic proteins for
which proton relaxation makes proton-based spectroscopy not adequate.

Introduction

Paramagnetic proteins in solution can be conveniently studied
by nuclear magnetic resonance (NMR).1 Solution structures have
been determined for several such systems,2-5 and in most cases
the paramagnetic effects have been exploited to derive structural
information useful to refine the structure.6,7 The magnitude of
the paramagnetic effects on nuclear relaxation rates depends
on the nature of the metal ion and on its electronic relaxation
rate. Depending on the metal-nucleus distance, the electron-
nucleus coupling effects may prevent the observation of proton
signals of the residues close to the metal site due to induced
broadening of the NMR lines.8

This is the case for copper(II)-containing proteins, where
protons close to the paramagnetic copper center are frequently
characterized by relaxation rates that are too large to be studied

by the conventional NMR approach.9 This effect is more
dramatic in the so-called type II copper centers, where the lack
of accessible low-energy excited states does not provide efficient
electronic relaxation mechanisms. This is reflected in a long
correlation time for the electron-nucleus interaction that causes
large contributions to relaxation. Furthermore, if we exclude
signals shifted by the Fermi-contact mechanism, many hyperfine
broadened resonances fall under the ensemble of sharp signals
due to the diamagnetic protons. These effects render signal
detection, assignment, and determination of structural constraints
very challenging, especially in what usually is the most
interesting part of the protein close to the metal active site.

13C direct detection offers advantages for the study of
paramagnetic proteins because the paramagnetic dipolar con-
tributions to nuclear relaxation depend on the square of the
gyromagnetic ratio of the observed nucleus; thus, going from
1H to 13C detection guarantees a decrease in relaxation rates of
a factor of about 16 (γH ) 2.67× 10-8 rad s-1 T-1; γC ) 6.73
× 10-7 rad s-1 T-1). Of course this also implies a reduction in
sensitivity, but this limitation can be overcome with the use of
high field spectrometers as well as hardware specifically
designed for heteronuclear observation.

Detection and assignment of13C resonances is the preliminary
step to obtain13C-based structural constraints. This has been
shown for CopC, a Cu(II)-binding protein involved in copper
homeostasis, where the type II copper ion causes such fast
nuclear relaxation that no1H resonances can be detected in a
sphere of 11 Å from the metal ion.10,11The13C direct detection
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approach allowed us to detect13C resonances as close as 6 Å
from the metal ion and to determine, through longitudinal
relaxation rates, metal-nucleus distance constraints.11

Several applications of13C direct detection to macromolecules
have recently appeared in the literature.11-20 Two-dimensional
13C-13C correlation experiments have been used to detect
resonances in paramagnetic systems of nuclei at distances from
the metal ion where the1H resonances were broadened beyond
detection11,12,15-18 as well as to detect and assign side-chain
correlations in an octameric protein19 that, having a large
molecular mass, suffers from similar problems of fast nuclear
relaxation as paramagnetic systems do.

Here, we determine to what extent13C 2D scalar (CT-COSY,
COCAMQ) and dipolar (NOESY) correlation experiments can
improve detection and assignment of resonances in paramagnetic
systems. To best exploit the potential of this approach, we have
implemented homodecoupling of carbonyl from aliphatic sig-
nals, and vice versa, to simplify the spectra and alleviate the
problem of signal overlap. The experiments can be acquired
on a standard spectrometer configured for triple resonance
experiments but benefit significantly from the use of probeheads
optimized for13C detection.

The approach is applied to the monomeric analogue of
superoxide dismutase (SOD).21 This copper, zinc-containing
enzyme catalyzes dismutation of superoxide to O2 and H2O.
The copper ion, present as copper(II) in its resting state, switches
to copper(I) during the catalytic cycle. Extensive literature is
available on superoxide dismutase, including the solution
structure of the enzyme22 and of several mutants.23,24However,
all the high-resolution NMR studies either addressed only the
reduced form of the protein or resorted to metal substitution25

for assigning resonances in the proximity of the copper ion.

We would like here to address to what extent13C direct
experiments can allow detection and assignment of broad signals
in paramagnetic proteins. This13C-based methodology could
contribute to the study of metal-containing enzymes when the
metal is paramagnetic as well as of large molecules for which
the rotational correlation time makes1H relaxation unfavorable.

Materials and Methods

Sample Preparation.The13C, 15N-labeled monomeric mutant F50E/
G51E/E133Q of superoxide dismutase was expressed and purified as
previously reported.26,27 The protein concentration in the final NMR
samples was about 1.5 mM. The buffer was 20 mM phosphate at pH
5.0. Two samples were necessary: one with the oxidized and one with
the reduced form of the protein. The former was maintained in the
oxidized state by oxygen. The latter was reduced under anaerobic
conditions with sodium ascorbate. 10% D2O was added for the lock
signal. All the spectra detailed below were recorded at 298 K.

NMR Experiments. 13C direct detection experiments were carried
out with three different instruments. Two were 16.4 T Bruker AVANCE
700 spectrometers, operating at 700.13 MHz for1H and 176.08 MHz
for 13C. One was equipped with a TXI1H {13C, 15N} probe and the
other with a TXO13C, 15N {1H} probe. The third instrument was a
11.7 T Bruker AVANCE 500 spectrometer, operating at 500.23 MHz
for 1H and 125.79 MHz for13C and equipped with a DUAL13C {1H}
CryoProbe. The13C, 15N, and1H carriers were set at 98, 120, and 4.7
ppm, respectively, and the recycle delay was 0.9-1.1 s, unless otherwise
specified. At 11.7 T, the experiments were performed without15N
decoupling. Each experiment was run at the different spectrometers
with the same parameters, except for the number of scans and for
machine-related parameters.

Control1H-15N HSQC experiments to check sample integrity were
acquired with standard parameters.28 The 13C-13C CT-COSY experi-
ments29 were acquired with a spectral width of 200 ppm in both
dimensions, with 4096× 200 data points, with a CT delay of 8.3 ms
and with 64 scans per increment. The 90° pulses were hard square
pulses, while the 180° pulse was applied as an adiabatic smoothed
chirp30 (total sweep width of 60 kHz, 0.5 ms length, 10% smoothing).
The phase-roll effect induced by the use of an adiabatic pulse does not
affect the quality of the spectra as they were processed in magnitude
mode. Composite pulse decoupling on1H and15N was applied during
the whole duration of the experiment and during acquisition with a RF
field strength of 3.12 kHz for1H (waltz) and 1.4 kHz for15N (garp),
respectively.15N composite pulse decoupling was not applied when
experiments were acquired on the DUAL13C {1H} CryoProbe.

The 13C-13C COCAMQ experiment was acquired with a similar
approach as the HMQC experiment31 where the1H pulses are substituted
with 13C′ semi-selective pulses and the heteronuclear pulses are
substituted with13CR semi-selective pulses. The 90° pulses were
Gaussian cascades (Q5) of 409 and 333µs at 11.7 and 16.4 T,
respectively. The 180° C′ pulse was a square pulse and was set as short
as possible to have zero inversion on the CR (56 µs at 11.7 T, 40µs
at 16.4 T). The13C carrier was set to 178 ppm to pulse on C′, and
frequency jumped to 50 ppm when pulsing on CR. The sweep width
was 50 ppm in the two dimensions, and 1024× 200 points were
acquired in the direct and indirect dimensions, respectively. The
experiment was acquired once with the coherence transfer delay slightly
shorter than 1/2JCR-C′ (8.3 ms) and a second time with the delay
significantly shorter than 1/2JCR-C′ (5.5 ms) to minimize relaxation
losses during this interval, even if at the expense of the transfer
efficiency. The relaxation delay in the second case was also shortened
to 800 ms. Decoupling of1H and15N was achieved with a 180° hard
pulse during the indirect dimension and with composite pulse decou-
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pling during acquisition with the parameters mentioned for the13C-
13C CT-COSY experiment.

The 13C-13C NOESY experiments32 were acquired at 11.7 T using
a DUAL 13C{1H} CryoProbe with a spectral width of 200 ppm in both
dimensions. Three experiments were acquired with different experi-
mental conditions to enhance fast-relaxing signals. The mixing times
used were 200, 50, and 25 ms with relaxation delays of 580, 280, and
220 ms, respectively. In all the experiments, 4096 data points for
acquisition were acquired, while the number of increments were set to
256, 128, and 96, with 576, 6144, and 8192 transients per increment,
respectively.1H decoupling was applied during evolution and during
acquisition with an RF field strength of 3.12 kHz.

Band-selective homodecoupling of13C′ from 13CR and vice versa
was first set up on 1D experiments and then implemented in the13C-
13C COCAMQ and13C-13C CT-COSY experiments. Adiabatic chirp
pulses30 with 10-ms pulse length, 25% smoothing, and sweep from low
to high field were used. The sweep width was chosen 20% larger than
the bandwidth to be covered by decoupling. The RF field strength was
calculated according to the sweep width and the homodecoupling duty-
cycle (hdduty hereafter) in every experiment. A p5m433,34 supercycle
was chosen for composite pulse decoupling. The hdduty was set to ca.
20% as a compromise between giving up signal-to-noise (sampling
points) and using not too high RF power (probe ringdown, sidebands;
cf. infra). This generated a “DANTE-like” pulse train with irradiation
sidebands occurring at multiples of the reciprocal of the interpulse delay.
Setting the sweep width and placing the carrier frequency therefore
needed some care to avoid irradiation of the signals of interest by
sidebands of the band-selective homodecoupling. Besides the Bloch-
Siegert shift, band-selective homodecoupling using composite pulse
decoupling with cyclic schemes induced decoupling sidebands around
the signals of interest. The intensity of the induced sidebands increased
with the strength of the decoupling RF field and, therefore, not using
too much decoupling power was desirable (i.e., using higher hdduty).
Changing the phase of the sidebands in a controlled manner by starting
the decoupling sequence at different times prior to acquisition permitted
canceling them to a good extent.35-37 Removing the coupling of two
coupled spins with (band-selective) homodecoupling allowed an
increase in the signal-to-noise ratio (S/N). For a complete decoupling,
one would expect a factor of 2 gain. However, during switching from
observe to transmit and irradiation for decoupling no sampling
points can be taken. Therefore the S/N gain depends on the hdduty:

S/N(HD) ) 2S/N‚x1 - hdduty
100

, e.g., a factor of 1.79 using a hdduty

of 20% is expected. In practice, this factor is smaller.

In the decoupled spectra, the13C carrier for acquisition was set
between the spectral part of interest and the decoupling offset. Strip
transformation was then used for processing only the spectral region
of interest at high resolution.

All the 13C 2D sequences used and the details for their implementa-
tion are reported in the Supporting Information.

Relaxation Equations.Nuclear longitudinal (R1) and transverse (R2)
relaxation rates due to the dipolar coupling with a paramagnetic center
are strongly dependent on the electronic relaxation time according to
the following equations:38-41

where the first term of each equation describes the contribution from
the electron spin-nuclear spin dipolar interaction and the second term
describes the Curie contribution, both dependent on the electron-
nucleus distance.γI is the nuclear gyromagnetic ratio,ge is the free
electron g factor,S is the quantum number associated to the electron
spin, r is the electron-nucleus distance,ωI and ωS are the Larmor
frequencies of the nucleus and of the electron, respectively,τr is the
rotational correlation time,τs is the electronic correlation time,τc is
the effective correlation time (1/τc ) 1/τs + 1/τr), and the remaining
symbols have their usual meaning. The contact contribution to relaxation
induced by the paramagnetic center is not included in the above
equations because it is not further discussed in the text.

These equations were used to calculate the paramagnetic contribution
to longitudinal and transverse relaxation rates, taking the value for the
different correlation times from previous estimates.26,42

Results and Discussion

Assignment of the Diamagnetic Signals.The general
strategy here is that of assigning the13C nuclei through the
classic approach applicable to the diamagnetic reduced protein.
This step is not necessary in general, but it may represent a
shortcut, especially when the assignment is already available.27

The rationale is that copper(II) magnetic anisotropy is small;
thus, the pseudocontact contributions to the chemical shift are
small, and they have a minor affect only on the residues very
close to the metal center. Therefore, a large proportion of the
assigned13C lines can be recognized in the paramagnetic sample
spectra. The available assignment of reduced SOD comprises
88% H, 95% amide NH, 98% C′, and 98% CR.23,27 With a
minimal set of double and triple resonance experiments on the
oxidized paramagnetic sample, we were able to transfer a large
proportion of the assignments available for reduced SOD to
oxidized SOD. With this approach, we could identify most of
the13C nuclei at distances of more than 11 Å from the copper-
(II) ion. The 13C nuclei at a distance shorter than 11 Å could
not be detected at this stage. In some cases, signal overlap
prevented a safe transfer of the assignment from the reduced to
the oxidized form of SOD, and we omitted these resonances in
the subsequent analysis.

Because we were interested in the assignment of the residues
that could not be assigned by using the standard procedure, we
identified all the residues within the 11 Å threshold (Figure 1)
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in the available solution structure family of the reduced form.23

Without considering those residues for which the NH was
assigned in the oxidized form and those for which the assign-
ment was not available from the reduced maps, we systemati-
cally searched for the hyperfine broadened signals in13C-13C
spectra.

Detection of Paramagnetic Signals.The 2D 13C direct
detection experiments selected for extending the assignment
of oxidized SOD were 2D13C-13C CT-COSY, 13C-13C
COCAMQ, and13C-13C NOESY.

13C-13C CT-COSY has been shown to be a valuable
experiment to detect correlations between fast-relaxing spins.11,17

The experiment allowed us to detect one-bond scalar correlations
with good sensitivity. To achieve a compromise between
detecting fast-relaxing signals and still obtaining good quality
spectra, it was necessary to keep the delays during which
magnetization is transverse as short as possible but still
compatible with achieving coherence transfer. We chose to
optimize detection of all one-bond correlations; thus, we set
the CT delay at 8.3 ms. This experiment allowed us to obtain
information over large spectral widths. However, severe prob-
lems of signal overlap occurred in crowded spectral regions.
Therefore, the13C-13C CT COSY experiment proved particu-
larly useful for identifying correlations in regions of the spectra
that are not too crowded. In this respect, a very clean and
interesting region of the spectra is the one containing Câ-Cγ
correlations of aromatic residues, which are often involved in
metal binding or are relevant for defining hydrophobic interac-
tions; thus, information on their spin systems may be crucial
for defining important structural details. In the reduced form
of the protein, the Câ-Cγ correlation of the 12 aromatic
residues present in the protein are well-resolved and readily
assigned (data not shown). In the oxidized form of the protein,
the Câ-Cγ of all the aromatic residues in SOD>7 Å from the
paramagnetic center can be detected (Figure 2A). The Cu(II)
ligand spin systems (Cu-Cγ distance of 3.0-4.1 Å) as well as
the correlation for Câ-Cγ of Phe 45 (Cu-Cγ distance of
6.8 Å) are missing.

The 13C-13C NOESY experiment can be used to detect
correlations between nuclei that are close in space.43 The transfer

efficiency of this experiment, at least in the case of monomeric
SOD (16 kDa), is definitely lower than that of the13C-13C CT
COSY experiment, but it is enough to be able to detect at least
one-bond correlations. For this reason, the experiment can turn
out very advantageous to detect correlations between fast-
relaxing nuclei, especially when transverse contributions to
relaxation are the dominant ones. In fact, NOESY experiments
depend on longitudinal relaxation, which is much smaller than
transverse relaxation in copper(II) systems at high magnetic
fields. Several13C-13C NOESY experiments were acquired at

(43) Fisher, M. W. F.; Zeng, L.; Zuiderweg, E. R. P.J. Am. Chem. Soc.1996,
118, 12457-12458.

Figure 1. Display of the solution structure of monomeric SOD (PDB id
1BA9).23 The 11 Å radius sphere represents the region for which1H NMR
signals are not detectable due to Cu(II)-induced paramagnetic broadening.

Figure 2. Part of 2D13C-13C spectra containing Câ-Cγ correlations of
aromatic residues acquired at 11.7 T on oxidized SOD. The13C-13C CT-
COSY (A) and the13C-13C NOESY (B) are shown. The correlation of
Phe 45 can be detected only through the13C-13C NOESY experiments. In
panel C, an expansion of panel B is shown with a lower threshold to detect
the Phe 45 Câ-Cγ correlation. In panels D and E, the results obtained by
pushing the experimental conditions to enhance fast-relaxing signals are
shown. The mixing times of the NOESY experiments reported in panels
B, C, and D are 200, 50, and 25 ms, respectively. Residues that were not
detected have the residue number in brackets.
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11.7 T, using a DUAL13C{1H} CryoProbe, in which the mixing
and relaxation delays were gradually optimized for13C signals
that are fast-relaxing to pick up some of the correlations that
were lost in the scalar experiments. As an example, Figure 2
reports the region containing Câ-Cγ correlations of aromatic
residues, including that of Phe 45 (Figure 2B). In the insets
2C-E, the same portion of the spectra recorded with three
different experimental conditions to progressively enhance fast-
relaxing signal detection are shown. This shows that the NOESY
experiment can prove very useful when transverse relaxation
rates are affected more dramatically than longitudinal ones by
the paramagnetic interactions, as is this case.

For the assignment of the C′-CR connectivities in paramag-
netic systems,13C-13C multiple quantum (MQ) experiments
were recently proposed.18 In the present case, we decided to
acquire C′ and have CR in the indirect dimension to minimize
evolution of the additional CR-Câ couplings (the13C-13C
COCAMQ experiments). The 180° pulse in the middle of the
evolution time was applied as a short frequency-matched square
pulse to avoid additional delays and to minimize phase cor-
rections. One-bond correlations between carbonyl and aliphatic
carbons are identified through this experiment and include
backbone C′-CR correlations as well as side chain CO-Câ/γ

peaks of Asp, Asn, Glu, and Gln residues. The resulting
spectrum is reported in Figure 3A. The pure absorption
lineshape of the peaks in this experiment makes it the preferred
choice for detection of correlations between carbonyl and
aliphatic carbons compared to the13C-13C CT-COSY experi-
ment.

As a result of the analysis of the13C-13C CT-COSY and
COCAMQ maps, we were able to identify a number of C′-CR
cross-peaks (Table 1) for which the NH could not be detected
in 1H-15N correlation spectra. The correlations that could only
be identified either by the use of13C direct detection probes
(TXO and DUAL 13C{1H} CryoProbe) and/or by tailoring the
experiment for paramagnetic signals are indicated.

However, a severe problem of signal overlap is evident in
the 13C-13C COCAMQ and can be removed by13C band-

selective homodecoupling. Figure 3 compares two13C-13C
COCAMQ spectra acquired without (Figure 3A) and with
(Figure 3B) homodecoupling but otherwise using the same
parameters. The spectra show that the C′-CR coupling has been
removed. Therefore, a much better resolution is achieved, and
121 backbone correlations as well as 25 side-chain correlations
are now resolved and easily identified, compared to 65 backbone
and 19 side-chain correlations resolved in the coupled spectrum.

Discussion

Cu(II) is a d9 metal ion with one unpaired electron. The
magnetic electron-nucleus coupling (hyperfine interaction)
causes dramatic effects on chemical shifts and relaxation
properties of the nuclei nearby. For copper(II) in particular, the

Figure 3. 13C-13C COCAMQ spectra recorded at 16.4 T on oxidized SOD. Comparison of the13C-13C COCAMQ spectrum acquired with a TXO probehead
without (A) and with (B) band-selective homodecoupling of CR signals during acquisition.

Table 1. Residues for Which the C′-CR Connectivity Was
Identified in the 13C Observed 2D Experimentsa

residue
no.

C′−Cu(II)
(Å)

CR−Cu(II)
(Å)

residue
no.

C′−Cu(II)
(Å)

CR−Cu(II)
(Å)

b 44 5.3-6.0 6.0-6.6 121 9.8-10.2 9.5-9.8
b 45 4.6-5.7 4.9-6.4 123 8.7-9.7 9.5-10.5
b 46 4.3-5.1 4.0-4.7 124 9.1-10.2 7.7-8.8
b 47 5.6-6.1 5.9-6.6 133 9.6-11.4 10.3-12.3
b 48c 7.3-7.6 5.8-6.1 134 9.5-11.3 9.9-11.6

62 5.7-7.0 6.0-7.8 b 136 6.4-8.4 7.9-9.9
64 8.8-10.0 8.2-9.2 b 137 5.2-6.8 5.2-6.9
72 10.2-11.5 10.5-11.9 139c 8.8-10.0 9.1-10.2
80 10.2-11.9 9.8-11.4 b 141 7.8-8.6 8.5-9.5

b 83 8.2-8.9 7.4-8.2 b 142 7.4-8.4 8.2-9.3
85 8.0-8.8 8.6-9.5 b 143 7.9-9.1 6.6-7.8

b 86 10.0-11.0 8.9-9.8 144 9.7-11.2 9.5-10.8
116 7.6-9.0 8.9-10.2 145c 8.2-9.9 9.2-10.9

b 118 4.2-5.9 4.7-6.0 146c 9.6-11.2 8.4-10.0
b 119 5.2-6.8 5.2-7.2 147 10.6-12.4 10.6-12.3
b 120 7.4-7.8 5.9-6.4

a The corresponding NH cross-peak in the1H-15N HSQC spectra could
not be detected because it was within 11 Å from the copper(II) ion.b Those
cases for which either a probehead optimized for13C detection and/or
tailoring of the experiment were necessary to clearly detect the signal. The
distances are the minimum and maximum nucleus-Cu(II) distances
determined in the family of 35 structures representing the solution structure
of monomeric SOD.23 c Not firmly assigned for partial overlap.
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effect on nuclear relaxation rates is dramatic while the effect
on the chemical shift is small, except for nuclei experiencing
contact contribution.

In the case of copper(II) SOD, the electronic correlation time
has been measured through NMRD and is 2.2 ns.8 Using this
value, together with the overall rotational correlation time
measured through15N relaxation in the diamagnetic reduced
form (9.2 ns),26 we can calculate the paramagnetic contributions
to relaxation rates that are reported in Table 2, calculated with
eqs 1 and 2 (see Materials and Methods section). The table
clearly shows that significant contributions to1H relaxation
(>20 Hz), adding to the diamagnetic linewidths, already occur
at 10 Å from the paramagnetic center, whereas a comparable
contribution to13C and15N nuclei arises only at 6 and 5 Å from
the paramagnetic center, respectively. Therefore, heteronuclear
spectroscopy is much more promising than proton spectroscopy
to detect fast-relaxing signals, despite the lower sensitivity.

Proton signals with very large linewidths can be detected
when they are shifted out of the crowded diamagnetic region
and fall in clean regions of the spectra.44-51 The small shifts
and the very large relaxation rates, characteristic of Cu(II)-
containing systems, should be used as guidelines for the choice
and optimization of the experiments. In the present case, the
signals experiencing contact contribution are broad beyond
detectable limits, while a significant number of residues that
experience large dipolar effects on relaxation fall in the
diamagnetic spectral region. As already shown for CopC,11

another type II Cu(II) protein, shifting from1H to 13C detection
allowed us to narrow the blind sphere from 11 to 6 Å, despite
the use of a standard triple resonance spectrometer optimized
for 1H sensitivity. The detection limit can be further pushed by
the use of probes optimized for13C detection as well as by
optimization of experiments. On copper(II) SOD, we have
extended the set of experiments used in the CopC case to include
also 13C-13C COCAMQ and13C-13C NOESY, and we have

optimized them also on a TXO and on a DUAL13C{1H}
CryoProbe.13C signals as close as 4 Å from the copper(II) can
be detected if they do not experience Fermi contact contribution.
Apparently, the latter contribution broadens the lines beyond
detectable limits.

The results show that the13C-13C CT-COSY experiment is
very useful to detect one-bond correlations over a large spectral
window (carbonyl, aromatic, and aliphatic carbons) in a single
experiment. The intrinsic problem of COSY lineshapes, how-
ever, prevents good resolution in crowded regions.13C-13C
COCAMQ, still in the class of scalar experiments, allows us to
get better quality spectra in the C′-CR region thanks to the
better lineshape, without significant losses in relaxation. This
experiment is thus preferred over the13C-13C CT-COSY to
detect C′-CR correlations.

Coherence transfer mechanisms become less effective as the
linewidths of the signals approach the value of the scalar
coupling constant used for the transfer. In case of one-bond
carbon-carbon couplings, the1JCC is fairly large (35-55 Hz),
but the inspection of Table 2 shows that the paramagneticR2

contributions do approach and overcome this range. This means
that to detect such broad signals alternative approaches should
be used. Inspection of Table 2 also shows that the paramagnetic
contribution to relaxation is much less effective on longitudinal
rates (compared to transverse rates). Therefore, experiments in
which magnetization is stored along thezaxis should be affected
to a minor extent by paramagnetic relaxation. This is the case
of 13C-13C NOESY experiments. We would like to point out
here that with the availability of more sensitive probes for13C
detection the use of13C-13C NOESY can become of strategic
importance in all cases in which transverse relaxation is
prohibitively fast while longitudinal relaxation is still acceptable.
This is actually a common behavior typical of both large systems
and paramagnetic systems.

The other pressing problem of 2D13C-13C direct detection
experiments is the large amount of carbon-carbon coupling
constants that complicate the spectra. They are very useful to
achieve coherence transfer and also potentially useful, provided
they can be resolved, for detection of residual dipolar couplings
induced by high magnetic fields or by external media. However,
they significantly reduce the sensitivity of numerous experiments
and prohibit spectral interpretation due to increased signal
overlap. Band-selective homodecoupling can, in part, solve the
problem. As shown above, it is possible to decouple C′ from
CR (and Câ eventually) and vice versa, decoupling the aliphatic
carbons from carbonyls. This is sufficient to quench all the
relevant carbon-carbon couplings in the acquisition dimension
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Table 2. Relaxation Rates (s-1) Calculated for 1H, 13C, and 15N Nuclei (N) at Various Distances from a Copper(II) Ion at 16.4 T According
to Eqs 1 and 2, Assuming a τS Value of 2.2 × 10-9 s42 and a τr Value of 9.2 × 10-9 s26

1H 13C 15N
Cu(II)−N

(Å) R1 R2 ∆ν R1 R2 ∆ν R1 R2 ∆ν

3 2910.0 122517.4 38998.5 2348.7 8832.0 2811.3 1138.8 1811.7 576.7
4 517.9 21805.5 6940.9 418.0 1571.9 500.4 202.7 322.4 102.6
5 135.8 5716.2 1819.5 109.6 412.1 131.2 53.1 84.5 26.9
6 45.5 1914.3 609.3 36.7 138.0 44.9 17.8 28.3 9.0
7 18.0 759.1 241.6 14.6 54.7 17.4 7.0 11.2 3.6
8 8.1 340.7 108.4 6.5 24.6 7.8 3.2 5.0 1.6
9 4.0 168.1 53.5 3.2 12.1 3.8 1.5 2.5 0.8
10 2.1 89.3 28.4 1.7 6.4 2.0 0.8 1.3 0.4
11 1.2 50.4 16.0 1.0 3.6 1.2 0.5 0.7 0.2
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of 13C-13C COCAMQ spectrum and contributes a significant
simplification of the spectra in the aliphatic region. This is a
valid alternative to other available tools to quench such
coupling.20,52Once the signals are detected, paramagnetic-based
restraints7 can be used for structural purposes.

In conclusion, the set of 2D NMR experiments (CT-COSY,
COCAMQ, NOESY) based exclusively on13C detection and
the implementation of band-selective homodecoupling to sim-
plify multiplet structures in 2D spectra allow the detection of
fast-relaxing signals in crowded regions of the spectra when
the attached protons are broadened beyond detectable limits.
Such experiments are feasible with the standard hardware
optimized for 1H detection conventionally used for triple
resonance experiments. We have shown that going from1H to
13C direct detection, with a conventional spectrometer set up,
already allows us to significantly reduce the blind sphere around
the paramagnetic center (for example, from 11 to 6 Å in case
of type II Cu(II)). Of course, the use of probes optimized for
13C sensitivity such as TXO and13C DUAL 13C{1H} CryoProbe
contributes to further reduction of the blind sphere so that it is

now limited to only the Cu(II) ligand imidazoles. Moreover,
higher sensitivity implies a shorter experimental time for the
same experiment; that is the key to permit higher dimensionality
experiments. We believe that the technological advances neces-
sary to fully exploit 13C-13C{15N} NMR spectroscopy will
represent a breakthrough for the application of NMR spectros-
copy to paramagnetic proteins and, most importantly, to all the
systems that suffer from fast transverse relaxation. They will
therefore open new avenues for the application of NMR to
systems with large molecular mass.
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