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Abstract

Cross correlation rates between Curie spin relaxation and H-N dipole-dipole coupling (�CS,DD
HM,HN) have been de-

termined for a calcium binding protein, Calbindin D9k, in which one of the two calcium ions is substituted with
cerium(III). �CS,DD

HM,HN values depend on both the metal-to-proton distances and the M-H-N angles and can be used as
an additional constraint in order to refine the solution structure of paramagnetic metalloproteins. For this purpose,
we have implemented a new module (CCR-DYANA) in a version of the program DYANA (PARAMAGNETIC-
DYANA), which can be used together with other paramagnetism-based constraints such as pseudocontact shifts,
residual dipolar couplings and hyperfine based Karplus relationships. This integrated structure calculation protocol
has the advantage that different paramagnetic-based constraints are treated by the same algorithm in a way that the
efficiency of each class of constraints can be analyzed and compared.

Abbreviations: CaCeCb, Cerium substituted Calbindin D9k; CaLaCb, Lanthanum substituted Calbindin D9k, CSA,
chemical shift anisotropy; DD, dipole-dipole interaction; CS, Curie Spin; �CS,DD, cross correlation between Curie
spin and dipole-dipole relaxation; �CSA,DD, cross correlation between chemical shift anisotropy and dipole-dipole
relaxation; CCR, cross correlated relaxation rates; PCS, pseudocontact shift; RACT, relaxation allowed coherence
transfer; RDC, residual dipolar coupling.

Introduction

Cross correlation effects arising from the interfer-
ence of relaxation mechanisms due to the presence
of unpaired electron spin density were first observed
in paramagnetic molecules in 1993 (Bertini et al.,
1993) as relaxation allowed coherence transfer peaks
(RACT) (Wimperis and Bodenhausen, 1987, 1989) in
COSY spectra. RACT cross peaks are due to cross cor-
relation between homonuclear dipole-dipole couplings
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and Curie spin relaxation (Qin et al., 1993; Bertini
et al., 1993, 1994). Cross correlation rates involving
1H-15N dipolar couplings and Curie spin relaxation
were also measured (Boisbouvier et al., 1999).

Diamagnetic cross correlation effects have been
largely investigated over the last years. Experiments
to investigate these effects were developed using two
main approaches. One is based on the separation of
cross correlation effects on the (strong) multiplet com-
ponents (J-resolved � experiments) (Pervushin et al.,
1997; Reif et al., 1997; Riek et al., 1999; Salzmann
et al., 1999; Boisbouvier et al., 1999; Pellecchia et al.,
1999; Kloiber et al., 2001; Mandal et al., 2001). The
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Scheme 1.

other is based on the selection of the (weak) signal
arising from the relaxation-allowed coherence transfer
(quantitative � experiments) (Goldman, 1984; Wim-
peris and Bodenhausen, 1987, 1989; Dalvit, 1992;
Tjandra et al., 1996; Tessari et al., 1997; Yang et al.,
1997, 1998; Felli et al., 1999; Chiarparin et al., 1999;
Chiarparin et al., 2000; Tessari and Vuister, 2000).

Cross correlation rates between Curie spin relax-
ation (Guéron, 1975; Vega and Fiat, 1976) and H-N
dipole-dipole coupling (�CS,DD

HM,HN hereafter) depend on
the metal-to-proton distances and on the M-H-N an-
gle as shown in Scheme 1. Therefore they constitute
a type of constraint which is different with respect
to other paramagnetism-based structural constraints
(Bertini et al., 2001d). The potential role of this type
of cross correlation as a constraint in structure calcu-
lation has been underlined several years ago (Bertini
et al., 1994). Although several studies have been re-
cently carried on from both experimental (Boisbouvier
et al., 1999) and theoretical (Ghose and Prestegard,
1997; Desvaux and Gochin, 1999; Bertini et al.,
2001a) points of view and although cross correlation
rates have been used once for structural refinement
(Hus et al., 2000), they have not yet been included
within the most established protocols for structure
calculation.

We present here the implementation of cross cor-
relation rates as additional constraints within the pro-
gram DYANA (Güntert et al., 1997).

To date, most of the available NMR structures of
paramagnetic proteins have been solved using various
versions of the above program (Banci et al., 1998b;
Turner et al., 1998). Our version of DYANA, under the
present collective name PARAMAGNETIC-DYANA
(Barbieri et al., 2002), has been progressively imple-
mented by us by the insertion of new modules permit-
ting the use of pseudocontact shifts (PSEUDYANA)
(Banci et al., 1998b), residual dipolar couplings
(RDCDYANA-ORIENT) (Banci et al., 1998a), resid-
ual dipolar couplings derived angles (RDCDYANA-
ANGLES) (Barbieri et al., 2002), or hyperfine derived

dihedral angles (HYPERDYANA) (Banci et al., 2002)
as structural constraints. The development of the cross
correlation module in the same program has the ob-
vious advantage that different paramagnetism-based
constraints are treated by the same algorithm and in
a way that the efficiency of each class of constraints
can be analyzed and compared.

All sequences that measure diamagnetic �
CSA,DD
H,HN

can be used to measure �
CS,DD
HM,HN in paramagnetic sys-

tems. Being �
CS,DD
HM,HN a function of r−3

MH, the build-up
of this cross correlation competes with Curie self-
relaxation. The detection of �

CS,DD
HM,HN may be therefore

not trivial. We discuss here two sequences (Tessari
et al., 1997; Boisbouvier et al., 1999) based on the two
main approaches discussed above. As a test case, we
present the results of an NMR investigation performed
over the di-calcium binding protein Calbindin D9k se-
lectively substituted with Ce3+ at the C-terminal site
(CaCeCb hereafter) (Allegrozzi et al., 2000).

Calbindin D9k is implicated in intracellular Ca2+
transport (Linse et al., 1987). Addition of Ln3+ salts
to the holo-protein causes the selective replacement
of Ca2+ in site II to obtain a CaLnCb derivative (Al-
legrozzi et al., 2000). No substantial differences in
terms of structures (Bertini et al., 2001e) and dynamics
(Bertini et al., 2002) were found between the native
CaCaCb protein and the various CaLnCb derivatives
nor among the various lanthanide substituted deriva-
tives (Bertini et al., 2001c; Allegrozzi et al., 2000).
The charge effect induced by the replacement of di-
valent calcium ion with trivalent metal ions affects
only a few chemical shift values in the immediate
proximity of the metal center, especially for the 15N
shifts (Biekofsky et al., 1998; Allegrozzi et al., 2000;
Bertini et al., 2001d). Still, as extensively shown by
NMR, no structural difference occurs besides the im-
mediate proximity of the metal center (Bertini et al.,
2001b). Therefore we focus here on the paramag-
netic CaCeCb derivative (one unpaired electron), and
we used the CaLaCb derivative as a safe diamagnetic
analog of CaCeCb, as already extensively discussed
(Bertini et al., 2001c, e, 2002).

Cross correlation rates were measured for the Ce3+
substituted derivative as well as for the analog dia-
magnetic derivative CaLaCb. The comparison with a
diamagnetic analog has allowed us to separate, from
the overall cross correlation rates due to 1H chemical
shift anisotropy (CSA), the contribution due to Curie
spin relaxation.
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Materials and methods

Sample preparation

The expression system was a generous gift of Prof.
S. Forsén. Protein expression (Brodin et al., 1986)
and purification (Johansson et al., 1990) of Bovine
Pro43 → Met43 (P43M) mutant Calbindin D9k were
performed as reported (Malmendal et al., 1998;
Chazin et al., 1989). Uniformly 15N-labeled P43M
was obtained from M9 minimal medium containing
15NH4Cl as the sole nitrogen source. NMR samples
were prepared by dissolving the lyophilized protein
in 550 µL of 10% D2O/90% H2O to finally obtain
2.0 mM protein solutions. The pH was adjusted to 6.0
by means of 0.1 M NaOH or 0.1 M HCl. Lanthanide-
containing Calbindin D9k samples were obtained by
titrating the Ca2+ form of P43M with 0.1 M solutions
of analytical grade CeCl3 or LaCl3. Titrations were
followed by 1D 1H NMR and by 2D 1H-15N HSQC
spectroscopy. The samples were kept at 4 ◦C between
measurements.

NMR spectroscopy

The experiments have been carried out at 300 K on a
Bruker AVANCE spectrometer operating at 800 MHz
1H resonance frequency. Quantitative measurements
of cross-correlation rates between 1HN CSA and 1H-
15N dipole-dipole relaxation were performed using a
slightly modified version of a pulse sequence previ-
ously proposed (Tessari et al., 1997). The sequence
is shown in supplementary material. In order to keep
the water magnetization along the +z axis rather than
the −z axis after the evolution of cross correlation,
the phase of the first 90◦ proton pulse (φ1) has been
changed from the originally proposed (−x −x x x)
to (x x −x −x ). For the same purpose in the ref-
erence experiment phase φ4 has been kept constant
(−x) instead of (−x −x x x). This prevents radiation
damping effects during t1 and results in a significant
reduction of the residual water signal that leads to an
increased dynamic range. Possible radiation damping
effects during the constant time period 4T are expected
to equally affect both cross correlation and reference
experiment, and therefore they should not give rise to
systematic errors. Water signal suppression has been
achieved by gradient coherence selection. Spectral
widths were 11161 and 2432 Hz in the 1H and 15N
dimensions, respectively. Acquisitions and recycle de-
lays were 0.092 s and 1.3 s respectively. Spectra have
been acquired using 128 repetitions with 2048 points

in the f2 dimension (1H) and 200 points in the f1 di-
mension (15N). For a complete set of experiments two
reference spectra were recorded and five cross corre-
lation experiments were performed varying the cross
correlation evolution period (�) from 4 ms to 20 ms.
Raw data were processed with the Bruker XWINNMR
software. A 90◦ shifted squared sine-bell apodiza-
tion function was applied in both dimensions prior
to Fourier transformation to obtain a final matrix of
2048 × 1024 real data points. A polynomial baseline
correction has been performed in both dimensions.

For comparison purposes, experiments were also
performed with the sequence proposed by Boisbouvier
et al. (1999). The decay of each of the two components
of the HN doublet was monitored by 6 experiments, at
2.9, 10, 15, 20, 25, 30 ms of decay time. All other
parameters were the same as previously described.

Spectra analysis

Volume integration within the Bruker XWINNMR
software was used for the analysis of the 2D spec-
tra. For the reference experiments the mean value
of two independent experiments has been calcu-
lated. The build-up curve of the ratios (cross-
correlation/reference experiment) was fitted with a
linear function (Tessari et al., 1997) using a least
square method, according to Equation 1

I cc

I ref
= −2�H,HN�π, (1)

where � is the delay for the evolution of cross corre-
lation, ranging from 4 ms to 20 ms, as described in
supplementary material and (Tessari et al., 1997) and
�H,HN is the observed cross correlation rate between
1H CSA and 1H-15N dipole-dipole coupling.

Development of CCR-DYANA, the
PARAMAGNETIC-DYANA module for cross
correlation rates

In the case of isotropic molecular motions and
isotropic magnetic susceptibility tensors, the cross
correlation rate, expressed in Hertz, due to the in-
terference of Curie spin relaxation and dipole-dipole
1H-15N coupling is given by (Bertini et al., 1993,
2001d; Ghose and Prestegard, 1997):

�
CS,DD
HM,HN= 2

15π

(µ0

4π

)2 B◦γ2
HγNh̄g2

J µ2
BJ (J + 1)

(3kT )r3
NHr3

MH(
4τc + 3τc

1 + ω2
0τ

2
c

)(
3 cos2 θ − 1

)
, (2)
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where θ is the angle between the M-H and HN vectors,
rMH represents the distance between the amide proton
and the electronic spin which is assumed to be local-
ized on the metal, τc is the rotational correlation time
of the molecule assumed rigid and all other symbols
have their usual meanings. Note that, Equation 2 is
the correct form of the cross correlation equation for
lanthanide ions, where both electron spin S and ge

are replaced by the total angular momentum quantum
number J and gJ .

The experimental value �
CS,DD
HM,HN can be expressed

as

�
CS,DD
HM,HN = K

r3
MH

(
3 cos2 θ − 1

)
, (3)

where the numerical constant K depends on the nu-
cleus investigated, on the coupling involved, on the
electron spin quantum number originating the Curie
spin relaxation, and obviously on temperature, mag-
netic field and molecular tumbling.

The program DYANA calculates three-dimensional
protein structures through molecular dynamics in tor-
sion angle space (TAD), using a fast recursive algo-
rithm to integrate the equations of motion (Güntert
et al., 1997). The degrees of freedom are exclusively
torsion angles, since the covalent structure parameters
(bond lengths, bond angles, chiralities and planari-
ties) are kept fixed at their optimal values during the
calculation. The role of potential energy in TAD is
carried out by the target function, which measures the
violations of the experimental constraints in the cal-
culated structure. A new pseudopotential term, Uccr,
has been added to PARAMAGNETIC-DYANA target
function. When different data sets involving differ-
ent paramagnetic metals are available, Uccr has the
following general form:

Uccr = W�m�iwim(�calc
im − �obs

im )2, (4)

where �calc
im is the ith calculated � value for the mth

metal, �obs
im and wim are the corresponding observed

value and the relative weight, respectively, and W is a
global weighting factor. Any �calc

im is expressed as in
Equation 3, with K depending on the metal. K values
are provided as an input by the user, together with the
weighting factors and the observed � values.

In order to integrate the equations of motion in
PARAMAGNETIC-DYANA, explicit expressions for
the torques about the rotatable bonds, i.e., the gra-
dients of the potential energy with respect to torsion
angles, are required. The derivative of the pseudopo-
tential Uccr with respect to the kth torsion angle αk has

the following form:

∂Uccr/∂αk=2W�mKm�iwim(�calc
im − �obs

im )

[(aiAi + biCi) · ek + (aiBi + biDi)

·(ek × r3k)], (5)

where ek is the unit vector directed along the kth rotat-
able bond, r3k is the position vector of the third atom
defining the kth torsion angle, and:

a = [6 cos θrMHr−1
NH + 3(1 − 5 cos2 θ)]/r5

MH,

b = −6 cos θ/r4
MHrNH,

A = rM × rH,

B = rM − rH,

C = rM × rN,

D = rM − rN, (6)

rM, rH and rN being the position vectors of M, H and
N atoms, respectively.

Several test calculations performed using a data set
of simulated cross correlation values have shown that
the choice of the weighting factors (wim) is critical for
a fruitful use of these constraints, since they dramat-
ically influence the convergence of the calculations.
The rationale for this behaviour is that a notable range
of M-H distances is generally found in a single data
set of observed � values, i.e., � values are available
for residues near to the metal, as well as for residues
far from the metal. As a consequence of the depen-
dence of � on the reciprocal of the third power of M-H
distance (see Equation 3), comparable deviations from
the ideal conformation for N-H vectors with notably
different distances from the metal center correspond
to potential energies and torques of different orders
of magnitude. Therefore, if similar weighting factors
were used for all observed �’s, structure annealing
would be driven only by the constraints applied to
residues with the shortest M-H distances. In all the cal-
culations here performed, we have adopted a protocol
which we believe to be general and applicable to any
other systems, provided that a preliminary structure is
available. In particular, we have chosen to set each wim
proportional to r3

MH, obtained from the preliminary
structure (Bertini et al., 2001e). In the present case,
w values span from about 80 to about 9.8 × 103. The
overall weighting factor W has been empirically set to
10−4 to properly scale Uccr with respect to the other
pseudopotentials. Such an empirical scaling is needed
whenever constraints of different nature are used to-
gether in structure calculations (Bertini et al., 2001e;
Banci et al., 1998b). The search of the scaling factor
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is targeted at finding the smallest value which makes
the single class of constraints effective in structure
calculations when it is used together with the whole
body of available constraints without an unreasonable
increase of the target function for the other constraints.
On the other hand, the value of W must be such that
the precision of the resulting structure is not greater
than the intrinsic precision of the experimental data.
In the present case, the value of W = 10−4 has been
determined through test calculations performed using
a set of simulated data.

Structure determination

Torsion Angle Dynamics (TAD) combined with a
simulated annealing algorithm was performed with
the newly implemented PARAMAGNETIC-DYANA
to calculate families of 200 structures starting from
randomly generated conformers in 10 000 annealing
steps. The program PROCHECK was used to analyze
the calculated structures (Laskowski et al., 1996).

Results and discussion

Measurement of cross correlation rates between
Curie spin and dipole-dipole H-N relaxation

In the case of a paramagnetic molecule, experiments
designed to observe cross correlation rates (CCR here-
after) between 1H CSA and dipole-dipole 1H-15N cou-
pling (Tessari et al., 1997; Boisbouvier et al., 1999),
measure the sum of the CSA arising from diamag-
netic 1H CSA and the component of 1H CSA induced
by Curie spin relaxation. The latter is quantified by
Equation 2. The electronic properties of lanthanide
ions are peculiar. Spin orbit interactions are larger than
ligand field effects and therefore, both the quantum
number J and the gJ factor replace the electron spin
number S and ge in all equations describing the para-
magnetic relaxation. In the case of Ce3+, J = 5/2
and gJ = 6/7. To separate these effects, the CaLaCb
derivative, a diamagnetic analog of CaCeCb, has also
been studied. CaLaCb has been preferred to the native
Ca2Cb derivative because of the conservation of the
metal ion charge (Bertini et al., 2001e). Neglecting the
occurrence of possible differences between the ‘dia-
magnetic’ 1H CSA operative in CaLaCb and CaCeCb,
the contribution to cross correlation rates arising from
the presence of the unpaired electron spin is given by

�
CS,DD
HM,HN = �

CSA,DD
H,HN CaCeCb − �

CSA,DD
H,HN CaLaCb. (7)

Cross correlation rates between 1HN CSA and 1H-
15N dipole relaxation were recorded, at 800 MHz,
according to the approach proposed by Tessari et al.
(1997), on both CaLaCb and CaCeCb as well as with
the TROSY-based pulse sequence proposed by Bois-
bouvier et al. (1999). While the former sequence se-
lects the signal arising from a Relaxation Allowed Co-
herence Transfer (RACT hereafter) pathway (Bertini
et al., 1994) and a reference experiment is needed to
account for auto-relaxation effects, the latter selects
the two multiplet components through a TROSY (Per-
vushin et al., 1997) sequence and then measures T2
relaxation rates through a spin echo block, in order to
extract the differential relaxation rate. In principle, we
expect the TROSY based pulse sequence to be more
suitable for the study of fast relaxing signals, because
the timing of the sequence, which has been specifi-
cally designed to work with paramagnetic molecules,
is much shorter with respect to a sequence in which a
constant time period is needed to build up the RACT
signal and to account for auto relaxation.

However, in the presently investigated system,
none of the peaks observed in the TROSY based ap-
proach was lost in the RACT based experiment. The
sequence by Tessari et al. (1997) (reported in supple-
mentary material for the reader’s convenience) gave
experimental data which, on average, provided a sat-
isfactory linear fit as shown in Figure 1. In the case
of the J-resolved � experiment (Boisbouvier et al.,
1999), the scattering of the data with respect to their
expected exponential decay made the analysis less
reliable.

The �
CS,DD
HM,HN value obtained using the RACT based

experiment range from −15.9 to 3.1 hz. For ten HN
signals (residues 23, 24, 53, 54, 61, 63, 64, 65, 66, 68),
�

CS,DD
HM,HN is large and is measured with a small relative

error. For the remaining 42 residues, observed rates are
small and their absolute values are of the same mag-
nitude or even smaller than the experimental errors.
Nevertheless, all of these values have been included
in CCR-DYANA, because even small values represent
a meaningful structural constraint in terms of metal-
to-proton distance and/or HN vector orientation. The
error has been taken into consideration as a specific
tolerance (see later).

Of course, �
CS,DD
HM,HN is also affected by internal mo-

bility. Such a contribution can be taken into account
by monitoring internal motions through the measure-
ment of �

CSA,DD
N,HN in the CaLaCb derivative (Bertini
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Figure 1. Representative build-up curves of −Icc/Iref for selected residues. The intensity ratio between the relaxation allowed coherence
transfer experiments (Icc) and the reference INEPT transfer experiment (Iref) is reported as a function of the cross correlation evolution time
(4�, see supplementary material). Experiments have been recorded at 800 MHz, 300 K. The V61 data refer to the NH group closest to the
metal that gives rise to observable an HSQC peak. Its slope is the largest observed.

et al., 2002). These measurements, which confirm the
results previously obtained from model free analysis
of several Calbindin D9k mutants (Akke et al., 1991,
1993; Kordel et al., 1993), show that the region span-
ning residues 42–45 undergoes internal mobility. For
these residues, �

CSA,DD
N,HN values were found in the

range 4.7–6.9 s−1. They are substantially lower than
the average values observed in this protein which is
9.2 ± 0.7 s−1. The same considerations hold for the
C-terminal residue 75. In principle, Equation 2 could
be multiplied by an order parameter S2. However, for
most residues S2 is ∼= 0.9 and the correction would
be well within the experimental error, while for the
residues experiencing substantial mobility it is well
known that correcting by S2 may be a dangerous ap-
proximation (de Alba et al., 1999). Therefore �

CS,DD
HM,HN

values of these residues were excluded from calcula-
tions, and only 47 out of 52 experimental values have
been used for structure calculations (Table 1).

Refinement using CCR-DYANA

Forty-seven CCR were used as input for CCR-
DYANA where the numeric constant K in Equation 3

was given a value of −1360 Hz Å3. This value is
critical for the use of CCR as structural constraints.
In the present case a τr value of 4.3 ns could be
estimated from the ModelFree analysis (Akke et al.,
1993). The use of such CCR values over a structure
calculated with more than 1700 NOEs provides a de-
crease in the RMSD of about 10%, accomplished with
a small increase of the overall target function. Given
the small amount of additional constraints (about 3%
of the overall number of constraints) the obtained re-
sults, which are shown in Table 2, indicate that CCR
are quite effective on the refinement of the family of
structures. This is also accompanied by a small im-
provement of the Ramachandran plot statistics. As
expected, the number and magnitude of deviations be-
tween experimental CCR values and those calculated
from the various families are smaller in the structures
obtained using the above data as constraints. This is
evident in Figure 2, which shows a comparison of cal-
culated and experimental CCR values before (A) and
after (B) refinement. As observed in Table 2, exper-
imental CCR would give a contribution to the Target
Function of about 1.5 Å2 when calculated on the NOE
only structure. The inclusion of CCR constraints de-
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Table 1. Cross correlation rates (Hz) measured at 800 MHz

AA CaCeCb CaLaCb (Ce-La)

�a �a �a

1 0.9 +/− 0.3 1.1 +/− 0.3 −0.2 +/− 0.4

2 1.6 +/− 0.3 1.8 +/− 0.3 −0.2 +/− 0.4

4 1.1 +/− 0.2 1.1 +/− 0.2 −0.1 +/− 0.3

5 2.0 +/− 0.4 1.7 +/− 0.4 0.3 +/− 0.6

6 1.8 +/− 0.4 1.6 +/− 0.3 0.1 +/− 0.5

7 1.4 +/− 0.3 1.7 +/− 0.3 −0.2 +/− 0.4

8 2.2 +/− 0.1 2.5 +/− 0.3 −0.3 +/− 0.3

9 1.4 +/− 0.3 1.4 +/− 0.3 −0.1 +/− 0.4

10 1.9 +/− 0.4 1.6 +/− 0.3 0.3 +/− 0.5

11 1.7 +/− 0.3 1.8 +/− 0.2 0.0 +/− 0.3

12 2.0 +/− 0.4 1.5 +/− 0.3 0.6 +/− 0.5

15 1.6 +/− 0.2 1.3 +/− 0.3 0.3 +/− 0.3

16 1.6 +/− 0.3 1.2 +/− 0.2 0.4 +/− 0.4

17 3.2 +/− 0.3 2.7 +/− 0.3 0.5 +/− 0.5

18 2.9 +/− 1.0 3.1 +/− 1.1 −0.2 +/− 1.5

19 1.9 +/− 0.6 2.1 +/− 0.6 −0.2 +/− 0.8

21 2.8 +/− 0.1 2.3 +/− 0.2 0.5 +/− 0.3

22 1.8 +/− 0.3 1.5 +/− 0.2 0.3 +/− 0.3

23 1.6 +/− 0.2 2.8 +/− 0.6 −1.2 +/− 0.6

24 1.2 +/− 0.1 2.8 +/− 0.2 −1.6 +/− 0.3

27 1.9 +/− 0.3 1.7 +/− 0.3 0.2 +/− 0.4

28 2.0 +/− 0.4 1.9 +/− 0.4 0.0 +/− 0.6

31 1.2 +/− 0.1 1.6 +/− 0.1 −0.4 +/− 0.1

33 2.0 +/− 0.3 2.1 +/− 0.2 −0.2 +/− 0.4

34 1.3 +/− 0.2 1.6 +/− 0.2 −0.3 +/− 0.2

35 1.7 +/− 0.2 2.0 +/− 0.2 −0.3 +/− 0.3

36 2.5 +/− 0.4 2.2 +/− 0.4 0.3 +/− 0.6

38 1.9 +/− 0.7 1.7 +/− 0.6 0.2 +/− 0.9

39 1.9 +/− 0.4 1.5 +/− 0.3 0.4 +/− 0.5

40 1.5 +/− 0.2 1.7 +/− 0.3 −0.2 +/− 0.4

41 0.9 +/− 0.2 0.9 +/− 0.2 0.0 +/− 0.3

46 2.6 +/− 0.6 2.2 +/− 0.6 0.4 +/− 0.8

48 1.2 +/− 0.1 1.6 +/− 0.3 −0.4 +/− 0.3

49 1.6 +/− 0.4 1.5 +/− 0.2 0.2 +/− 0.5

52 1.5 +/− 0.3 1.5 +/− 0.2 0.0 +/− 0.4

53 2.8 +/− 0.6 1.6 +/− 0.3 1.2 +/− 0.7

54 −1.4 +/− 0.1 1.9 +/− 0.4 −3.3 +/− 0.4

61 −12.6 +/− 1.3 3.3 +/− 0.2 −15.9 +/− 1.3

63 6.1 +/− 0.5 3.0 +/− 0.2 3.1 +/− 0.5

64 2.6 +/− 0.2 1.0 +/− 0.2 1.6 +/− 0.3

65 2.9 +/− 0.4 1.6 +/− 0.3 1.3 +/− 0.5

66 2.6 +/− 0.3 1.4 +/− 0.6 1.2 +/− 0.7

68 −0.8 +/− 0.1 1.2 +/− 0.2 −2.0 +/− 0.3

69 1.5 +/− 0.3 1.8 +/− 0.4 −0.4 +/− 0.5

71 1.0 +/− 0.2 1.4 +/− 0.2 −0.4 +/− 0.3

72 1.1 +/− 0.2 1.3 +/− 0.2 −0.2 +/− 0.3

74 1.0 +/− 0.3 1.1 +/− 0.3 −0.1 +/− 0.4

a � = 2η/π.

creases their contribution from 1.50 Å2 to 0.11 Å2,
while the increase of the other constraints is only from
0.10 Å2 to 0.74 Å2 without consistent violation. This
suggests (Bax et al., 2001; Tjandra et al., 2000; Clore
and Garrett, 1999; Banci et al., 1998a) that the ac-
curacy of the structure is actually improved by the
introduction of the CCR constraints, which are shown
to be consistent with the others.

To compare the effects induced by the insertion
of CCR with the effect provided by the introduction
of pseudocontact shifts (PCS) and of residual dipolar
couplings (RDC), we performed analogous calcula-
tions using NOEs only plus RDC or PCS (Table 2).
The addition of 64 RDC produces a very small de-
crease in RMSD, while the addition of 135 pseudocon-
tact shifts arising from backbone assignment of NH
groups provides almost the same effects as CCR in
terms of RMSD decrease. All the different types of
paramagnetic constraints provide an improvement of
the Ramachandran plot. The improvement is larger in
the case of RDC and less pronounced for CCR and
PCS.

Overall, CCR have a sort of intermediate behav-
ior in comparison with PCS and RDC. Indeed, CCR
are almost independent on any external tensor and
they act as three center (M-H-N) distance constraints.
Therefore we expect them to be more efficient in
terms of RMSD decrease and relatively inefficient in
terms of improvement of Ramachandran plot. They
are complementary with respect to RDC (Bertini et al.,
2001g). Starting from the NOE only based structure,
we may expect two different types of refinement aris-
ing from these two classes of constraints, RDC and
CCR. While RDC provide a backbone rearrangement
which improves the statistics of the Ramachandran
plot, CCR provide an increase in the precision of the
calculated structures which essentially involves those
regions of the protein which are relatively disordered
because of the quenching of the NOE information due
to the presence of the unpaired electron spin (Bertini
et al., 2001e). In the present case, an improvement is
observed in the region 50–66, with a substantial im-
provement on residues 54–62, that encompasses the
loop II (Ce3+ binding site). This is shown in Figure 3.
For both RDC and CCR the constraints act as a stress
imposed to the NOE only structures and result in an
increase of the target function which is however fully
acceptable (Table 2).

PCS have a nucleus-to-metal distance dependent
component and an orientation dependent component,
where the orientation is defined with respect to the
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Figure 2. Comparison of observed versus calculated cross correlation rates before (A) and after (B) structure refinement with the CCR
constraints. Data relative to all twenty conformers of the family are shown. The diagonal is also shown.
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Table 2. The effect of the various type of constraints into structure calculation

Restraints used Global Ramachandran

bb RMSD TF TF Core All. Gen. Not All.

pw (2–75) Total CCR (%) (%) (%) (%)

NOEs only 1.00 ± 0.17 0.10 ± 0.01 (1.50 ± 0.33)a 69.2 27.7 1.5 1.5

NOEs and CCR 0.89 ± 0.17 0.74 ± 0.07 0.11 ± 0.07 76.9 21.5 1.5 0

NOEs and PCS 0.86 ± 0.14 0.14 ± 0.01 (1.52 ± 0.39)a 72.3 26.2 0 1.5

NOEs and RDC 0.96 ± 0.17 0.36 ± 0.03 (1.71 ± 0.42)a 80.0 16.9 3.1 0

NOEs, CCR and PCS 0.82 ± 0.15 0.88 ± 0.09 0.14 ± 0.09 76.9 21.5 1.5 0

NOEs, CCR and RDC 0.90 ± 0.17 1.18 ± 0.07 0.14 ± 0.07 73.8 21.5 4.6 0

NOEs, CCR, PCS and RDC 0.76 ± 0.11 1.44 ± 0.08 0.16 ± 0.08 80.0 16.9 3.1 0

aValues in parenthesis show the violations of the CCR values when they are not included as constraints in the structure
refinement.

Figure 3. RMSD values per residue before (filled diamonds) and after (empty circles) structure refinement with the CCR constraints.

magnetic anisotropy tensor originated by the electron
spin. In turn, the magnetic anisotropy components
as well as the orientation of the tensor were recal-
culated as the refinement of the structure improves,
until convergence. The recalculated tensor after each
refinement step was obtained using the program FAN-
TASIA (Banci et al., 1997). This allows the distance
dependent part of PCS to be as effective in terms of
RMSD refinement as for CCR, but, at variance with
them, the contribution to the target function is much
smaller because the magnetic susceptibility tensor is
also calculated with this same procedure.

The number of PCS that can be obtained is more
than double with respect to RDC and CCR. This is
obviously expected because both 1H and 15N PCS

are directly available by simple comparison of HSQC
experiments, while additional experiments must be
collected to measure RDC and CCR, thus resulting in
the loss of information for some of the peaks.

It should also be noted that a relatively large toler-
ance must be applied to CCR experimental data in or-
der to properly account for experimental error. Indeed,
experimental errors in CCR measurements must take
into account that cross correlation rates arising form
the Curie spin relaxation and the HN dipole-dipole
coupling are obtained as a relatively small difference
between two large values independently measured on
the CaCe derivative and on an analog diamagnetic
system.
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This relatively large tolerance accounts also for
the fact that CCR constraints are added as structural
constraints under the hypothesis of isotropic magnetic
susceptibility tensor. Indeed, effects of anisotropic
magnetic susceptibility on CCR are theoretically ex-
pected (Bertini et al., 2001a). Although in principle
these effects are not negligible, they are expected to
be smaller, or of the same order of magnitude, of
the tolerance that have been given to the experimental
data.

Finally, a comment is due on the choice of setting
the weighting factors wim (see Equations 4 and 5) pro-
portional to r3

MH. As �calc
im depends on the reciprocal of

the third power of the distance between the proton and
the paramagnetic center (Equations 2 and 3), a small
motion (e.g., an angular variation) of a NH vector near
the metal ion sizeably alters its �calc

im value, while the
same motion for a NH vector far from the metal ion
produces a much smaller change of the �calc

im value. In
order to avoid that vectors close to the paramagnetic
center drive the whole simulated annealing process, at
the cost of the good convergence of the calculation,
M-H distance must be taken into account in the eval-
uation of the ∂Uccr/∂αk (Equation 5) contribution to
the total gradient of the target function. The choice of
setting the weighting factors wim proportional to r3

MH,
is based on the functional form of �calc

im itself. This
allows to resize the torques acting on NH vectors at
different distances from the metal center to the same
order of magnitude.

One could think of directly implementing into the
source code of the program a protocol that allows
the re-scaling of the wim’s during the calculation ac-
cording to the metal-proton distance. However, if the
starting structure is reliable, the estimate of the wim’s
is consequently good. Of course, they can be back-
calculated on the resulting structure and used for a
further refinement step, in an iterative fashion. In the
present case, no improvement was observed in the sec-
ond step, thus providing a check of the quality of the
initial values for the wim’s.

Conclusions

In summary, we have shown that cross correlation
rates between Curie spin relaxation and dipole-dipole
relaxation can be successfully exploited within classi-
cal structure calculation through an additional module
of the program DYANA. As expected on the basis of
their functional form, cross correlation rates affect the

overall RMSD of the family of structures in a way that
is similar to the effect due to PCS. The occurrence in
the PCS functional form, of a dependence on the mag-
netic susceptibility tensor that is calculated together
with the structure within a self consistent approach
allows PCS to refine the structure with lower contribu-
tion to the target function with respect to CCR. On the
other hand, the property of CCR of being scarcely sen-
sitive to magnetic susceptibility anisotropy is a helpful
feature of CCR constraints. The latter can, in princi-
ple, be exploited under more critical conditions than
PCS. Indeed, when only a relatively small number of
hyperfine shifted signals can be observed, the estimate
of the magnetic susceptibility tensor may be difficult
and therefore even PCS data are less efficiently ex-
ploited. In such cases, CCR may still be a valuable
tool to obtain geometrical and structural information
especially in those protein regions that are in close
proximity to the paramagnetic center. Like PCS, the
sphere of action of CCR can be tuned by the use
of other, more paramagnetic, lanthanide ions such as
Yb3+ and Dy3+, for which measurable CCR effects
can be found at larger distances from the metal, the
closer protons being broadened beyond detection by
Curie relaxation itself (Banci et al., 1991). Note that,
although this is the same approach proposed (Bertini
et al., 2001c) (Biekofsky et al., 1999) (Contreras et al.,
1999) and successfully exploited (Bertini et al., 2001c)
for RDC, the choice of the best lanthanide is not dic-
tated by the magnetic anisotropy tensor but only by
the quantum number J and by the gJ constant, which
in the case of Ln3+ ions replace S and ge in Equa-
tion 2 (Bertini et al., 2001f). Thus, we propose to use
the CCR of various paramagnetic lanthanides to refine
shells at variable distances from the metal ion.
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