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Abstract

To optimize 13C direct detected experiments for the observation of signals close to a paramagnetic center, we have assessed the
sensitivity of different sequences based on CO–Cali coherence transfer. Features of CACO experiments were tested for Calbindin D9k,
in which one of the two native Ca2+ ions is replaced by the paramagnetic Ce3+ ion. We have studied the comparison of single vs
multiple quantum coherence transfer evolution as well as the influence of in-phase vs anti-phase detection of 13CO signals and finally
the comparison of a coherence transfer step based on a CO

y in plane with respect to a Cali
y in plane. The acquisition of the anti-phase

component of the signal, accomplished by the removal of the last refocusing steps, allowed the identification of some signals unob-
served with other pathways. The structural dependency of paramagnetism-induced nuclear relaxation is such that the identification
of the most suitable coherence transfer pathway is not known ‘‘a priori’’ but it is driven by the relative proximity of Cali and CO to
the paramagnetic center.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Formerly considered as an enclave for inorganic
chemists and metalloprotein biochemists, NMR spec-
troscopy of paramagnetic systems is now a versatile tool
for structural biologists [1,2]. Indeed, paramagnetic
probes have been recently exploited for fashionable
applications in NMR spectroscopy. For example, they
have been used to map interaction sites using relaxation
induced selective broadening [3–8], to obtain long-range
constraints or to induce self-orientation in diamagnetic
molecules [9–11], and to refine structure calculations
[12–16]. Within this frame, we are interested in analyzing
features and limitations of coherence transfer based on
13C direct detection [17–20], which can be a unique
source of structural information in the proximity of a
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paramagnet [21,22]. Hyperfine contributions to relaxa-
tion have a c2 dependency which fostered low gamma
nuclei NMR studies [23–28]. Pioneering studies [29–33]
were carried out well before a new generation of high
sensitivity probes became available [20,34,35].

We focused on the protein Calbindin D9k [36,37] in
which the native Ca2+ in site II has been replaced by
Ce3+ [13,37,38]. This molecule has been widely used as
test system to assess novel NMR methodologies in para-
magnetic molecules [14,15,22,39,40]. Because calcium
binding sites are constituted by carboxylate or carbonyl
ligands [41], 13C direct detection has already been shown
to be a very efficient approach to characterize the first
coordination sphere [21]. The metal center at site II is
shown in Fig. 1. Ce3+ is coordinated by the carboxyl
groups of two aspartate residues (Asp 54 and 58), and
by a bidentate glutamate ligand (Glu 65). The coordina-
tion sphere is completed with two carbonyls of amide
groups, one from Asn 56 side chain and the other from
Glu 60 backbone.
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Fig. 1. The metal site II in Calbindin D9k. Residues bound to Ce3+ are
shown.
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The efficiency of coherence transfer between two 13C
nuclei within the first coordination sphere is expected to
be substantially quenched by paramagnetism-induced
relaxation, which under these conditions is the dominant
contribution to nuclear relaxation [22]. Therefore the
intensity of CO–Cali connectivities of the metal coordi-
nating groups can be used as a marker to monitor the
efficiency of different experimental schemes. Because
CO detection seems to be the most promising approach
to exploit 13C direct detection to obtain sequence
specific assignment [42], we focused our study on the
Cali–CO transfer (both backbone Ca–CO and side chain
Cb–Cc, Cc–Cd) with CO detection. The analysis of vari-
ous coherence transfer pathways will constitute the
background to design and implement protonless pulse
sequences, which have been recently proposed to be an
important avenue to open new perspectives in biomolec-
ular NMR. We basically considered three variables: (I)
the use of a single quantum (SQ) vs multiple quantum1

(MQ) coherence transfer, (II) the acquisition of an anti-
phase doublet vs an in-phase doublet, and (III) a coher-
ence transfer step based on an in plane CO

y with respect
to an in plane Cali

y .
2. Experimental

2.1. Sample preparation

Protein expression [43] and purification [44] of the bo-
vine Pro43-Met43 mutant of Calbindin D9k was per-
formed as previously reported [45,46] in M9 minimal
medium containing (15NH4)SO4 and [13C6]glucose as
the sole sources of nitrogen and carbon, respectively.
The replacement of Ca2+ with Ce3+ at site II was per-
1 Abbreviations used: MQ, multiple quantum; SQ, single quantum;
IP, in-phase; AP, anti-phase; Cali, aliphatic carbon; CO, carbonyl;
TPPI, time proportional phase incrementation.
formed as already described [38]. Samples for NMR
experiments were about 600 ll volume, 1 mM concen-
tration at pH 6.0, in unbuffered water solutions.

2.2. NMR spectroscopy

All the experiments presented in this work have been
tailored for the acquisition of fast relaxing signals. The
spectra were recorded at 300 K on a Bruker Avance
700 (16.4 T) equipped with a triple resonance probe,
with z-axis gradients, which inner coil has been tuned
and optimized to 13C direct detection (TXO probe, here-
after). Carbon Larmor Frequency was 176.1 MHz.

All CACO experiments were collected using the same
set of acquisition parameters. We used Q5 Gaussian cas-
cade [47] of 333 ls length for 90� pulses, and Q3 Gaus-
sians cascades of 220 ls for 180� pulses. Each pulse was
defined by 1000 points. They provide a bandwidth exci-
tation over 20980 Hz (119.18 ppm) and 25740 Hz
(146.22 ppm) respectively. A 50 ls rectangular pulse
was used for CO refocusing during Cali evolution period.
All pulses were applied at frequencies of 189 and 40 ppm
for CO and Cali, respectively. Spectral windows of 200
and 80 ppm were used for the CO and Cali dimensions.
13CO, 13Cali, 15N, and 1H carriers were set at 108, 40,
120, and 3.5 ppm, respectively. For each experiment
2048 · 128 real data points matrices were acquired using
t1max (Cali) and t2max (CO) of 8.9 and 29.1 ms, respec-
tively. The coherence transfer for 13CO–13Cali coupling
(typically 1/2J = 9.1 ms) was shortened to 5.5 ms to
avoid the loss of paramagnetic signals by relaxation.
TPPI [48] was used to obtain quadrature detection in
the indirect dimension. Typically 512 scans each fid were
collected, using a recycle delay of 300 ms. The total
length of each experiment was 6 h and 40 min. 15N
and 1H were decoupled using garp4 [49] and waltz16
[50] schemes, respectively. All experiments were pro-
cessed with the Bruker XWINNMR software package.
3. Results

In paramagnetic systems, paramagnetism-induced
relaxation quenches signal intensities during coherence
transfer and chemical shift evolutions steps [22,51]. In
homonuclear cases, provided that cross correlation ef-
fects are not playing a major role [52,53], COSY is the
best approach to detect scalar couplings involving broad
resonances, because relaxation is active only during t1
and t2. An appropriate choice of t1max and t2max during
processing may reach the best compromise between
coherence transfer evolution and relaxation losses
[54,55]. Fig. 2 shows the results of a magnitude COSY
in which signals belonging to residues directly coordi-
nated to the metal center are pointed out, as well as
some other signals arising from the immediate proximity



Fig. 2. 13C–13C COSY experiment, on CaCeCb, collected at 176 MHz, 300 K. Only the spectral region involving connectivities between quaternary
carbon resonances (F1) and carbon resonances of aliphatic carbons (F2) is shown. Assignment of signals close to the paramagnetic center are
reported.
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of the paramagnetic center. They have been previously
assigned [21] via an analogous 13C COSY experiment
collected on a conventional probe with an inner broad-
band coil (BBO). The use of a customized probe for tri-
ple resonance, with inner 13C coil for direct detection
reduces the experimental time for a COSY experiment
tailored to paramagnetic systems to about 6 h.

INEPT-like or multiple quantum coherence experi-
ments would be the obvious alternative approach with
respect to a simple COSY experiment. Their advantage
is that coherence transfer is selectively directed vs a spe-
cific transfer pathway. The insertion of a constant delay
for coherence transfer optimizes the transfer function
but also contributes to relaxation. In longer pulse se-
quences the loss of signal intensity due to relaxation
plays a critical role. Therefore, optimization of the basic
building blocks is mandatory for successful implementa-
tion of the sophisticated pulse sequences used in struc-
tural biology [56].

The pulse sequences we developed are reported in
Fig. 3. Sequences A and B correspond to ‘‘classical’’
multiple quantum and single quantum coherence trans-
fer steps, according to the out and back scheme of con-
ventional HMQC [57] and HSQC [58] experiments. To
rationalize the various possible pathways for coherence
transfer, we will name the sequences accordingly [59].
Sequence A is therefore called (CO)CACO-MQ and se-
quence B is (CO)CACO-SQ. Magnetization is trans-
ferred out and back from the CO spins, Cali is evolved
in the indirect dimension while 15N and 1H are decou-
pled throughout the entire sequence. (CO)CACO-MQ
sequence has been already used with and without
homodecoupling of Cali spins during 13CO acquisition
[25,26]. In the case of fast relaxing signals, homonuclear
decoupling accomplished via adiabatic broad band
decoupling [60,61] resulted in up to 50% signal loss.
More recently, the IPAP approach [62,63] has been pro-
posed to remove strong CO–Cali coupling during CO

acquisition [64]. When dealing with diamagnetic signals,
this scheme is far more efficient than adiabatic decou-
pling and provides much better quality spectra. Still,
IPAP cannot be used for detection of fast relaxing sig-
nals, because of the additional refocusing period re-
quired for the IPAP scheme.

Sequences 3C and 3D correspond to (CO)CACO-
MQ and (CO)CACO-SQ but without the refocusing
period at the end of t1 evolution. Signals are therefore
acquired as anti-phase doublets. The (CO)CACO-MQ-
AP sequence has some additional modifications with re-
spect to (CO)CACO-MQ. Two 180� pulses are required
to refocus chemical shift evolution during the outward
transfer [57]. A z-filter with a crush gradient is also
added at the end of the sequence, to remove possible
artifacts. The (CO)CACO-SQ-AP corresponds directly
to the CRINEPT sequence [65] with an additional
180� pulse on the Cali to avoid Bloch–Siegert effects
[66]. Finally, sequence 3E is a single quantum experi-
ment which is based on a Cali fi CO coherence transfer
step. At variance with sequence D, carbonyl spins are
maintained along the z axis during the build-up of trans-



Fig. 3. Different sequences for CACO experiments: (A) (CO)CACO-
MQ; (B) (CO)CACO-SQ; (C) (CO)CACO-MQ-AP; (D) (CO)CACO-
SQ-AP; and (E) CACO-SQ-AP. Narrow and wide bars represent 90�
and 180� pulses. All pulses are selective but the 180� CO during Cali

evolution. 90� pulses are Q5 Gaussian cascade, 180� pulses are Q3
Gaussian cascade, defined as in the experimental part. Delay d has
been set at 2.7 ms to optimize detection of paramagnetic signals. Phase
cycle is x unless otherwise indicated, and /1 = y; /2 = x,�x; /3 = x, x,
�x, �x; /4 = x, x, x, x, y, y, y, y; /rec = x, �x, �x, x; /rec2 = x, �x,
�x, x, �x, x, x, �x. Pulse field gradients are sine shaped with duration
of 1 ms and strength G1z = 7 G/cm, G2z = 12 G/cm, G3z = 10.5 G/cm.
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fer function. Scalar coupling evolves via the
Cali

y ! Cali
x CO

z rather than using the path CO
y ! CO

x C
ali
z

and acquisition is concatenated to J-coupling evolution
in a constant time fashion. Like the (CO)CACO se-
quences, different acquisition schemes are possible in
CACO. We can acquire the anti-phase doublet immedi-
ately after the two 90� mixing pulses, or after an IPAP
block. Data from the previous experiments outline that
anti-phase acquisition is by far more efficient in para-
magnetic systems, we therefore discuss here only the
CACO-SQ-AP sequence, reported in Fig. 3E.

We focus our attention on those signals, already iden-
tified, which arise from the first coordination sphere. In
particular, we select signals arising from the Asp 54 and
Asp 58 Cc–Cb coherence transfer, as well as CO–Ca aris-
ing from Gly 59. They are all observable in the COSY
experiment reported in Fig. 2. Both Asp 54 and Asp
58 Cc belongs to carboxyl groups which are covalently
bound to Ce3+. They experience hyperfine shifts of
about +20 ppm for Asp 54 Cc and �10 ppm for Asp
58 Cc. Relaxation rates are 4.3 and 1.4 s�1 for R1 and
120 and 70 s�1 for R2, respectively. Gly 59 backbone
connectivity has been selected as a sample case of back-
bone Ca–CO which is close to the paramagnetic center
although not directly bound to metal (5.7 and 5.3 Å
away for Ca and CO, respectively).

Fig. 4 shows the rows of the various CACO spectra
for the three peaks mentioned above. Comparison of
intensities among (CO)CACO and (CO)CACO-AP, for
both MQ and SQ experiments, provides an estimate of
the dramatic relaxation effects which take place during
refocusing. The price to pay for the obtainment of in-
phase signals (Figs. 4A and B) is the loss of, on average,
40–50% of observable magnetization for all residues in
the first coordination sphere. In the case of CaCeCb,
these effects are observed within a 9 Å sphere from the
metal. Indeed, for the Ca–CO connectivity of Glu 64,
which are at 8.9 and 8.3 Å from Ce3+, about 10% de-
crease in intensity is observed when passing from the
anti-phase to the in-phase acquisition (data not shown).
This demonstrates that detection of the anti-phase dou-
blet is preferable to detection of the in-phase compo-
nent, when the aim is to collect fast relaxing signals.
The limited signal resolution and the paramagnetic in-
duced broadening is such that, when signals are ac-
quired as in-phase doublets, this can be completely
unresolved, as in the case of Asp 54 Cc and Gly 59 CO

in Figs. 4A and B. For anti-phase acquisition, partial
cancellation between the two cross peak components
may occur wherever paramagnetism-induced line broad-
ening is larger than J-coupling splitting [55]. The values
of CO–Ca coupling constant and the c2 dependency of
paramagnetic relaxation are such that mutual cancella-
tion of anti-phase components is less crucial than in
1H COSY spectra [54,55]. However, like the homonu-
clear 1H case, a dispersion mode phase correction pro-
vides the maximum of signal intensity [54]. Fig. 4F
reports the same 1D rows shown in Fig. 4E with an
additional 90� zero order phase correction. For Asp 54
Cc, which is a well isolated signal of a metal bound car-
boxylate, an about 20% increase in signal intensity is ob-
served when the spectrum is phased in the dispersion
mode. Such gain is not observed for signals far from
the paramagnetic center or being in a more crowded re-
gion of the spectrum.

The same considerations are likely to hold in diamag-
netic systems of large molecular mass. Indeed, fast trans-
verse relaxation induced by slow molecular tumbling
may provide a substantial loss of signal intensity and
would eventually cause the loss of observable signals.
The acquisition of in-phase doublets provide a spectrum
easier to process than anti-phase doublets (either in
absorption or in dispersion mode), especially in the
frame of quantitative analysis of peak intensities
[67,68]. Unfortunately, the refocusing delay of the MQ
or SQ backward transfer can be sufficient to quench sig-
nal intensities.

Very similar intensities are observed when comparing
SQ vs MQ experiments, in both refocused and non refo-
cused versions. On average, slightly lower signals are ob-



Fig. 4. Selected rows for three paramagnetic signals: Asp 54 Cc–Cb, Gly59 CO–Ca, and Asp 58 Cc–Cb. Rows are extracted from experiments collected
using the sequences described in Fig. 3: (A) (CO)CACO-MQ; (B) (CO)CACO-SQ; (C) (CO)CACO-MQ-AP; (D) (CO)CACO-SQ-AP; (E) CACO-
SQ-AP; and (F) same as (E) but plotted with a 90� zero order phase shift. In all experiments digital resolution during acquisition is 34 Hz/Pt.
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served in SQ pathways when comparing the in-phase se-
quences, i.e. (CO)CACO-MQ and (CO)CACO-SQ. The
trend observed for Asp 54 in Fig. 4, which has a larger
intensity in the (CO)CACO-SQ, is an exception with re-
spect to the behavior of most of the signals affected by
the paramagnetic center. The slightly higher sensitivity
of (CO)CACO-MQ vs (CO)CACO-SQ is most likely
due to some loss of magnetization that occurs during
the INEPT step because the additional 180� pulses
(two on Cali and one on CO) which are not present dur-
ing the MQ step. Indeed, the two (CO)CACO-AP se-
quences, which basically have the same number of
pulses, provide the same results also from a quantitative
point of view (Figs. 4C and D). It is however clear that
the type of coherence transfer is not the critical step of
these sequences. To identify fast relaxing signals t1max

evolution must be kept very short. Under the above con-
ditions, i.e., t1max lower than 10 ms, the different relaxa-
tion features of SQ vs MQ will not substantially affect
signal intensity, even for those signals which are at the
limit of detectability.

The scenario is different when CACO-SQ-AP experi-
ment is observed compared to the (CO)CACO-SQ-AP.
At high field, even in the case of a small protein like Cal-
bindin D9k, Chemical Shift Anisotropy (hereafter CSA)
will make RCO

2 larger than RCali

2 [69]. Therefore, CO CSA
may have severe consequences in affecting sensitivity of
most of the experiments which rely on CO in plane
coherence transfer. In the CACO-SQ-AP experiment,
the relaxation of Cali–CO coherence transfer is domi-
nated by the transverse relaxation of Cali

y . Therefore sig-
nal losses due to relaxation are much lower than the
complementary case of (CO)CACO-SQ-AP, in which
relaxation is dominated by the stronger CO

y transverse
relaxation. In CACO-SQ-AP, the CO magnetization is
always on the z axis prior to the t2 evolution. This pro-
vides, in the case of diamagnetic peaks, up to a 70% in-
crease in signal intensity for backbone resonances and
about a factor of 4 for side chain peaks, when compared
to (CO)CACO-SQ-AP. The most significant evidence of
the higher sensitivity of CACO-SQ-AP, is the observa-
tion of the two peaks arising from backbone Glu 60
and from side chain of Glu 65, which are both bound
to Ce3+. These peaks are below the threshold of detect-
ability in (CO)CACO-SQ-AP (Fig. 5B) and could be
quantitatively analyzed in the case of CACO-SQ-AP
(Fig. 5C).

However, in the case of paramagnetic peaks, the higher
sensitivity of CACO-SQ-AP is not a fixed rule, but it is
structure dependent. This is indeed the case of Asp 54 side
chain, for which the observed intensity in the CACO-SQ-
AP experiment is the same as in the (CO)CACO-SQ-AP



Fig. 5. CACO experiments collected on CaCeCb at 300 K, at 176 MHz. CACO-SQ-IPAP sequence optimized for diamagnetic signals (d = 4.5 ms,
ns = 8, 256 points in f2); (CO)CACO-SQ-AP and CACO-SQ-AP sequences tailored for paramagnetic signals. Squares show the paramagnetic signals
which are not detected in the diamagnetic experiment, circles show the signals detected only with the CACO-SQ-AP sequence. All experiments are
phased in absorption mode.
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and in the case of Gly 59 for which, at variance with the
general trend, signal intensity is weaker than that col-
lected with (CO)CACO-SQ-AP (Fig. 4). The rationale
of this behavior arises from the structural dependency
of hyperfine relaxation.Hyperfine relaxation is dependent
on r�6, so for nuclei close to the paramagnetic center, this
is the dominant contribution to relaxation. Thus, which
of CO

y C
ali
z or Cali

y CO
z relaxes faster, is not known ‘‘a priori,’’

but will depend on the relative distances of CO and Cali

from the paramagnetic center.
Overall, Fig. 5 summarizes the differences when pass-

ing from a ‘‘diamagnetic’’ CACO-IPAP experiment to a
tailored (CO)CACO-SQ-AP and then to a CACO-SQ-
AP. At the expense of signal resolution, the removal
of IPAP and the removal of the refocusing of the anti-
phase doublet leads to improve detection of fast relaxing
signals as observed from the appearance in the 2D maps
of six signals previously unobservable (Fig. 5B). Fur-
thermore, the CACO-SQ-AP provides two additional
signals that could not be detected with the (CO)CA-
CO-SQ-AP sequence (Fig. 5C).
4. Conclusions

The use of 13C direct detection in paramagnetic sys-
tems is a very promising technique to reduce the ‘‘blind-
ness sphere’’ around a metal ion. While SQ and MQ
coherence transfer in CACO type experiments do not
show substantial differences in signal intensities close
to the metal center, a sensitivity improvement is pro-
vided by the removal of the last refocusing step [65].
At variance with diamagnetic cases, 13C relaxation of
different spins is structure dependent and is therefore
not predictable ‘‘a priori.’’

The assessment of the various possible pathways for a
CACO transfer will be important to develop experimen-
tal protocols for the identification of signals close to the
paramagnetic center. Furthermore, the optimization of
such a coherence transfer is crucial for the obtainment
of structural constraints arising from relaxation and
cross correlation rates. The latter could be analyzed only
when experiments are optimized to the detection of fast
relaxing signals.
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