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The presence of a paramagnetic center may disturb both coher-
ent and incoherent communication between nuclear spins that are
affected, to some extent, by the hyperfine interaction. This is a lim-
iting factor to an extensive use of paramagnetic probes in NMR
spectroscopy to enhance partial alignment and to exploit cross
correlation effects and pseudocontact shifts. We propose here an
HCCH–TOCSY experiment tailored to identify spin systems in-
volving resonances that are partly or completely affected by hyper-
fine interaction. The efficiency of polarization transfer steps when
fast relaxing nuclei are involved is discussed. The sequence is tested
for the protein Calbindin D9k, in which one of the two native Ca2+

ions is replaced by the paramagnetic Ce3+ ion as well as for the
oxidized form of cytochrome b562. C© 2002 Elsevier Science (USA)

Key Words: HCCH–TOCSY; paramagnetic NMR; hyperfine in-
teraction.
INTRODUCTION

Paramagnetic centers in biomolecules induce contributions,
often dominant, to shift and relaxation properties (1) of NMR
signals, cause partial orientation due to their magnetic suscep-
tibility anisotropy (2, 3), and provide cross correlation effects
between Curie spin relaxation and dipole–dipole coupling
(2, 4–8). As the latter are a potential source of additional struc-
tural information with respect to “classical” dipole–dipole and
scalar couplings, the use of paramagnetic centers as probes to
assess structural properties of biomolecules is quite fashionable
in contemporary structural biology (9–13). On the other hand,
the availability of additional information arising from the pres-
ence of a paramagnetic center is counterbalanced by the loss
of information occurring in the proximity of the coordination
sphere (14, 15). Since the detailed knowledge of metal environ-
ment is mandatory to achieve the complete understanding of the
protein function, as well as to the exploitation of long range con-
straints arising from hyperfine interaction (16), it is necessary
to develop experimental methods to assign resonances in the
proximity of the metal ion. We report here a modified version
of HCCH–TOCSY experiment, which has been tailored to this
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purpose. Although modifications discussed here do not substan-
tially alter the coherence transfer pathway with respect to the
scheme originally proposed by Kay and coworkers (17), they
are mandatory in order to successfully exploit HCCH–TOCSY
in the presence of contributions to relaxation arising from the
hyperfine interaction.

Our interest to exploit feasibility of HCCH–TOCSY experi-
ments in paramagnetic systems relies on the following reasons:
(a) HCCH–TOCSY is one of the most widely used experiments
to assign side chains in 13C enriched proteins; (b) side chain as-
signment is particularly important in the case of metalloproteins,
in which side chains of some amino acids bind the prosthetic
group and may also play a crucial role in terms of catalysis and
structure–function relationships (18–20).

When the prosthetic group is a paramagnet, the hyperfine in-
teraction is transmitted, through contact contributions, to the side
chains of metal bound residues. The latter are, within the entire
protein frame, those that are most affected from the paramag-
netic center (13, 21–27). It may therefore happen, as extensively
reported in the literature, that a classical approach toward struc-
ture determination in a paramagnetic metalloprotein does not
provide information in the proximity of the metal center (28),
even when careful and extensive studies are performed using
double and triple labeled samples (29, 30). Indeed, the partial or
missing assignment of metal binding residues provides a lack of
constraints in the region surrounding the prosthetic group (31).
Therefore, a modified version of HCCH–TOCSY, which takes
into account drawback arising from the hyperfine interaction,
would be an excellent tool to identify resonances of side chains
close to the metal center. The latter would provide the basis for
identifying dipole–dipole connectivities and, therefore, to refine
the structure also in the proximity of the paramagnetic center.

RESULTS AND DISCUSSION

The tailored version of the HCCH–TOCSY is reported in
Fig. 1. The modifications that have been introduced with re-
spect to the latest proposed version (17) of the experiment can
be summarized as follows: (a) the transfer functions delays are
suitably shortened; (b) the DIPSI sequence has been modified
in order to be able to shorten the spin-lock time; (c) the flip back
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FIG. 1. Pulse scheme of the tailored HCCH–TOCSY sequence. All narrow (wide) pulses have flip angles of 90◦ (180◦). The two C′ pulses are 180◦ pulses
with a phase modulated shape profile. All the pulses of the DIPSI-2 sequence are applied along ±y. The 13C carrier is positioned at 39.8 ppm. The C′ 180◦ pulses
are applied as phase-modulated pulses. Carbon decoupling during acquisition is achieved using the GARP decoupling sequence with a 3.5 kHz RF field. The values
of τa, τb, and τc are 700, 475, and 500 µs, respectively. Mixing time and recycle delays of 2 and 100 ms, respectively, are employed. The duration and strengths of
the gradients are g1 = g2 = (300 µs, 8 G/cm); g3 = (475 µs, 15 G/cm); g4 = g5 = g6 = g7 = (300 µs, 4.8 G/cm); g8 = g9 = g10 = g11 = (300 µs, 8 G/cm). Tailored

experiments were collected using a 1024×100 complex time domain matrix with acquisition times of 7.1 ms (t1) and 28.5 ms (t2). No water presaturation was used.

sed is: φ1 = x, −x ; φ2 = 2(x), 2(−x); φ3 = 4(x); rec = x, −x, −x, x . Quadrature
All gradients are applied along the z axis and are rectangular. The phase cycle u
detection in t1 is obtained by States-TPPI (47) of φ2.

pulses are eliminated, in order not to loose too much of informa-
tion; (d) gradients are shortened; (e) recycle delay is shortened.

In principle, heteronuclear NMR is an excellent tool in para-
magnetic systems (14, 32), because of the γ 2 dependency of
hyperfine contribution to relaxation rates. The latter is much
less effective when low γ nuclei are investigated (26, 33–38).
Therefore, a critical step in HCCH–TOCSY, as well as in the
other heterocorrelated experiments, is the polarization transfer
between the high sensitivity 1H nuclei and the low sensitivity
13C nuclei. If we assume, as a rough approximation, that the
antiphase magnetization Hx Cz relaxes as a function of 1H T2

and 13C T1, considering a CH pair in which proton and carbon
are at the same distance from the metal ion, we observe that the
relaxation is essentially dominated by the 1H T2 and hyperfine
contributions effective on 13C T1 are almost negligible. This is
shown in Fig. 2A, in which hyperfine contributions to longitu-
dinal 1H relaxation rates (R1p) and to transverse 13C relaxation
rates (R2p) are shown together with the relaxation-independent
1H–13C INEPT transfer function.

At increasing 1H R2 rates, the use of shorter INEPT transfer
delays becomes mandatory in order to optimize the polarization
transfer step. Figure 2B shows the need to optimize the INEPT
transfer delay as a function of 1H R2 rates and sets the limit
for the opportunity of polarization transfer based experiments

vs direct excitation of the insensitive nucleus. When relaxation
rates R2 are larger than 1000 s−1, the optimal delay for polar-
ization transfer is 0.71 ms and it allows the transfer of 26% of
the initial magnetization. This compensates for the sensitivity
enhancements provided by polarization transfer, which depends
on γH/γI ratio (39). Therefore, when lines larger than 400 Hz
are involved, the use of polarization transfer as a first event in
indirect detected experiment is not anymore recommended. In-
deed, a direct excitation of the insensitive nuclei gives a stronger
signal than what can be obtained by polarization transfer meth-
ods. In the case of NMR lines sharper than 400 Hz and affected
by the hyperfine interaction, the INEPT transfer delay must be
tuned to achieve the maximum of the relaxation-weighted trans-
fer function.

Once Hx Cz coherence has been converted into HzCx , the
lower gyromagnetic ratio of the 13C nucleus protects coherence
from paramagnetic relaxation. As shown in Fig. 2C, the effect
of both 1H R1p and 13C R2p during the inverse INEPT step is
almost negligible. On this basis, the shortening of the refocusing
INEPT period is unlikely to significantly contribute to increase
the observable signal. In the test case that we consider here, an
hypothetical HC pair with both atoms at 4.0 Å from the metal
ion would provide hyperfine contributions to relaxation of about
30 s−1 for both 13C R2 and 1H R1. This provides a decrease in
the maximum of the transfer function smaller than 20% and a
optimal transfer delay of 1.5 ms rather than 1.66 ms.
On the other hand, if longer delays are involved, also the hy-
perfine contribution to 13C R2 may become nonnegligible. This
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FIG. 2. (A) Hyperfine contributions to relaxation during a 1H–13C INEPT
step as a function of the INEPT transfer delay, assuming that the antiphase
magnetization Hx Cz relaxes as a sum of 1H R2 and 13C R1. The case of a CH
pair in which proton and carbon are at the same distance from the metal ion is
considered. The relaxation rates have been calculated considering contributions
arising from electron nuclear dipole–dipole coupling and on the basis of the
Solomon equation (48) and contributions arising from Curie spin relaxation (49,
50), assuming a system with τr = 4×10−9 s, τr = 4×10−13 s, an electronic spin
S = 5/2, a magnetic field of 16.45 T (700 MHz proton Larmor frequency). The
transfer function in the absence of relaxation is also reported. (B) Normalized
magnetization transfer in a 1H–13C INEPT step as a function of the INEPT
transfer delay at different 1H R2 rates. (C) Hyperfine contributions to relaxation

rates in a 1H–13C inverse INEPT step as a function of relaxation rates assuming
that the magnetization relaxes as a function of 1H R2 and 13C R1. Hyperfine
relaxation rates have been calculated using the same parameters as for Fig. 2A.
D POGGI

is the case of the efficiency of the 13C–13C TOCSY transfer.
The standard experimental conditions for a 13C–13C spin locked
transfer imply 12–18 ms transfer time, typically corresponding
to two or three loops of a DIPSI-3 scheme (40). Considering the
same parameters used for the simulations in Fig. 2, the loss of
signal intensity in the case of two 13C signals occurring at 4 Å
from a paramagnetic metal is more than 50%. Under these condi-
tions, the spin locking sequence may become, in critical cases, a
limiting factor. Indeed, if the standard DIPSI-3 sequence is used,
the spin lock cannot be shortened below about 5 ms. Therefore,
the replacement of DIPSI-3 with a DIPSI-2 sequence allows
to easily achieve spin lock times as short as 2 ms. The use of
short spin-lock times is often important to prevent complete
signal loss during TOCSY transfer, in strict analogy with the
homonuclear 1H–1H case (41).

The use of PFG within a pulse sequence to detect para-
magnetic signals may be critical. Essentially, their use to clean
observable magnetization from spurious peaks has no draw-
backs, provided that PFG do not provide additional delays (42).
Indeed, optimization of experimental delays, as in the case of
INEPT transfer, may require gradients that are much shorter than
“usual” gradient duration. On the other hand, the use of PFG for
coherence selection, such as in echo-antiecho sequences or in
some building blocks such as flip back or watergate schemes,
lengthens the sequence thus decreasing the observable signal.
Of course this effect depends on the duration of the inserted de-
lays and on the relaxation mechanism that is operative during
PFG. Use of PFG is critical when 1H R2 is involed. This is the
case of echo–antiecho quadrature detection and, most impor-
tantly (even if this is not the case of this sequence), of watergate
or water sculpting building blocks which therefore are not
recommended in paramagnetic systems. Assuming that water-
gate sequence can be shortened down to 1.0 ms, a signal charac-
terized by a linewidth of 200 Hz would loose half of its magne-
tization during the watergate scheme. If the same conditions of
Fig. 2 are considered, this corresponds to a proton signal 3.6 Å
away from the metal ion.

In the classical HCCH–TOCSY experiment (17), after the
spin lock delay, the signal is converted into Cz magnetiza-
tion and all magnetization left on the xy plane is then cleaned
by a combination of gradients and trim pulses. Such efficient
scheme may last for a few milliseconds and therefore result
in an additional loss of observable magnetization. Therefore in
the sequence tailored to paramagnetic signals we eliminated
the flip back part. This results in a lower quality of water
suppression which is, to a large extent, compensated by the
use of fast recycle delays ensuring a progressive saturation of
slow relaxing signals. Indeed, the adjustment of recycle de-
lay is of paramount role: besides the effects of partial water
suppression, the use of short recycle delays, which is made
possible by the fast relaxation of the coherences of interests,
may easily result in an increase in number of scans up to a

factor of five. This contributes to increase the S/N ratio of
fast relaxing signals that are usualy barely detectable from the
noise.
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FIG. 3. Selected row HCCH–TOCSY experiment (47.1 ppm 13C dimension) of the region corresponding to the Hγ signal of residue E65 (10.68 ppm). Spectra
are acquired using different experimental conditions: (A) Tailored experiment, collected using parameters described in caption to Fig. 1; (B) Spectrum acquired
using the standard sequence with diamagnetic delay for transfer functions, but with a recycle delay of 100 ms; (C) same as (A) but using a 5 ms spin-lock time,
i.e., twice as long as in the tailored sequence; (D) same delays as in (A) and the flip-back pulses reintroduced in the tailored sequence; (E) same as (A) with a

15
recycle delay of 600 ms instead of 100 ms. (F) Spectrum acquired using the standard pulse sequence. All experiments were collected on a 1.5 mM sample of N,
13C-labeled CaCe Calbindin D9k, 90 : 10 H2O/D2O, pH 6.0, T = 300 K. Experiments were performed on a Bruker Avance 700 MHz spectrometer equipped with
a TXI gradient probe and a gradient amplifier unit.
To quantify the effect of the proposed modifications on the
signal-to-noise ratio of paramagnetic signals, we considered as
a test sample the Calcium bindin protein Calbindin D9k. The
latter is a small (75 amino acids) protein containing two binding
sites for Calcium in a classical EF hand type motif (43). As
the two metal sites have different affinity for Ce(III) ions (and
lanthanides in general), it is possible to selectively replace Ca(II)
at Site II with paramagnetic Ce(III) (44, 45). This gives rise to
a Ca–Ce derivative, in which all resonances in the environment
of Ce(III) are affected by hyperfine interaction (14).

We recorded six spectra using different experimental condi-
tions and we focused our attention on the most down-field shifted
proton signal in the spectrum, corresponding to the Cγ /Hγ of

E65 (10.68/47.1 ppm) (14). The carboxylate group of E65 side
chain coordinates the Ce(III) ion and the Hγ proton signal at
10.68 ppm shows a linewidth of about 120 Hz.
Figure 3 shows the row corresponding to the E65 Cγ /Hγ peak
under various experimental conditions. All of them are com-
pared with the experiment fully tailored to detect paramagnetic
signals, shown in Fig. 3A. First of all, we have acquired a spec-
trum using—in the modified version of the sequence shown in
Fig. 1—the classic diamagnetic delays for coherence transfer,
(τa, τb, τc of 1.6, 0.475, and 1.1 ms, respectively) but with a
recycle delay of 100 ms (Fig. 3B), as used in the paramag-
netic spectrum (Fig. 3A). The intensity of the signal of interest
is scaled down by a factor of 4 with respect to the full para-
magnetic version of the sequence. When the experiment is per-
formed using a 5 ms spin-lock time, i.e., twice as long as the
time shown in Fig. 3A, signal intensity is reduced by a factor
of two (Fig. 3C). When the flip-back pulses are reintroduced

in the tailored sequence, an approximately 30% decrease of
the signal at 10.68 ppm is observed (Fig. 3D). The intensity
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FIG. 4. (A) Expansion of the HCCH–TOCSY maps observed with the standard sequence. Only one clear connection between the Hα of D54 at −7.49 ppm
and the Cβ at 36.6 ppm is observed. (B) Expansion of the HCCH–TOCSY maps observed with the sequence and the parameters reported in Fig. 1. In this case, a

complete coupling pattern involving D54 side chain is found. Experiments are performed on 15N, 13C-labeled CaCe Calbindin D9k, same conditions as Fig. 3, on
a Bruker Avance 700 MHz spectrometer.
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FIG. 5. (A) Expansion of the HCCH–TOCSY maps of oxidized Cytochrome b562 observed with the standard sequence. (B) Expansion of the HCCH–TOCSY

maps observed with the sequence and the parameters reported in Fig. 1. Two additional peaks, are observed and indicated with arrows. They are tentatively assigned

r 15 13
as the (a) Hα/Cα and (b) Hδ1/Cδ1 of the axial Histidine 102. Experiments are pe
conditions as Fig. 4, on a Bruker Avance 700 MHz spectrometer.

of the signal is scaled down by a factor of two also when us-
ing the tailored sequence with a recycle delay of 600 ms in-

stead of 100 ms (Fig. 3E). To compare the two experiments
with different recycle delays, we left the total experiment time
unmodified.
formed on N, C-labeled Cytochrome b562 (unlabeled heme), using the same

The total effect of the modifications is therefore an increasing
in the intensity of paramagnetic signals of, roughly, a factor of
25. As a consequence, the peak corresponding to the Cγ /Hγ
correlation of E65 is not found at all in the spectrum acquired
using the standard pulse sequence (Fig. 3F).
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As a result, Fig. 4 shows a comparison of the two HCCH–
TOCSY maps observed with the standard sequence and with
the modified sequence. The region we observe involves signals
in the region 0/−8 ppm in the 1H scale, whose chemical shifts
clearly indicate the occurrence of contributions arising from the
hyperfine interaction. Indeed, the signal at –7.5 ppm (ca. 200 Hz
linewidth) has been already assigned to the Hα proton of D54,
one of the residues which are bound to the Ce(III) ion via side
chain carboxylate groups. While in the diamagnetic experiment
(Fig. 4A) there is only one clear connection between the Hα of
D54 at –7.49 ppm and the Cβ at 36.6 ppm, a complete coupling
pattern involving Asp 54 side chain is found only in the paramag-
netic spectrum (Fig. 4B), which was obtained using the modified
version of the classic HCCH–TOCSY sequence. In this way it
is possible to clearly assign the resonances of Hα , Hβ , Cα , and
Cβ of D54.

In order to provide further evidence of the efficiency of this
pulse sequence, the tailored HCCH–TOCSY was also applied
on cytochrome b562 in the oxidized form. The latter is a para-
magnetic protein extensively characterized by NMR (46).
Figure 5 shows the comparison of two HCCH–TOCSY maps
analogous to the case shown in Fig. 4. Two additional peaks are
clearly observed when the spectrum is acquired using the modi-
fied sequence (Fig. 5B). They correspond to two 1H resonances
unassigned in previous studies. Although their assignment is be-
yond the scope of the present article, the analysis of hyperfine
shifts and the inspections of the assignments already available
(46) suggest that Hα/Cα and Hδ2/Cδ2 of His 102, the axial histi-
dine in the heme pocket, are the most likely candidates for the
observed resonances.

CONCLUSIONS

We have shown that, although the hyperfine interaction dis-
turbs coherent and incoherent communications between nuclei,
the transfer of magnetization to low γ nuclei attenuates the ef-
fects of hyperfine relaxation and allows not only the direct obser-
vation and identification of nuclei at very short distances from the
metal center, but also the detection of coherence transfer path-
ways from such nuclei. The availability of an HCCH–TOCSY
experiment optimized to identify coherence pathways involv-
ing signals affected by hyperfine relaxation is a relevant issue
due to the structural and biological features of metalloproteins.
The knowledge of the structure in solution of the first coordi-
nation sphere and of the active site is often essential to the un-
derstanding of structure–function relationships in such systems.
The tailored HCCH–TOCSY sequence that we presented here
may result in a net gain of signal intensity for signals affected
by hyperfine interaction of about two orders of magnitude with
respect to the standard sequence. The use of HCCH–TOCSY
experiments to assign side chains of metal bound residues will

be an important issue to obtain safer and faster assignments in
the proximity of a paramagnetic center.
D POGGI
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