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Abstract

The kinetics of lanthanide (III) exchange for calcium(II) in the C-terminal EF-hand of the protein calbindin D9k
have been studied by one-dimensional (1D) stopped-flow NMR. By choosing a paramagnetic lanthanide (Ce3+),
kinetics in the sub-second range can be easily measured. This is made possible by the fact that (i) the kinetic
behaviour of hyperfine shifted signals can be monitored in 1D NMR and (ii) fast repetition rates can be employed
because these hyperfine shifted signals relax fast. It is found that the Ce3+-Ca2+ exchange process indeed takes
place on a sub-second timescale and can be easily monitored with this technique. As the rate of calcium-cerium
substitution was found not to depend on the presence of excess calcium in solution, the kinetics of the process were
interpreted in terms of a bimolecular associative mechanism, and the rate constants extracted. Interestingly, the
dissociative mechanism involving the apo form of the protein, which is generally assumed for metal ion exchange
at protein binding sites, was not in agreement with our data.

Introduction

The presence of paramagnetic centres in an NMR
sample, either as free ions or bound to solute mole-
cules, often causes difficulties when recording high
quality NMR spectra. However, there are a number of
cases in which this situation can be turned to advan-
tage. For instance, paramagnetic lanthanide ions have
long been used to enhance the resolution of crowded
NMR spectra through their ability to shift the signals
of nuclear spins close to the metal center (Kurland and
McGarvey, 1970; Bleaney, 1972). To a first approxi-
mation, for nuclei that do not exhibit a Fermi contact
interaction with the electron spin, the size of the chem-
ical shift is proportional to the reciprocal of the third
power of the nucleus-metal distance (Bleaney, 1972;
Bertini and Luchinat, 1996). Recently, these effects
have been used to obtain long-range geometrical infor-
mation on the structure of diamagnetic metalloproteins
in which a diamagnetic metal (e.g., a calcium ion) had
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been substituted with a paramagnetic lanthanide (Ben-
trop et al., 1997; Contreras et al., 1999; Allegrozzi
et al., 2000; Bertini et al., 2001). It has been shown
that careful choice of the lanthanide ion allows dif-
ferent regions of a protein to be monitored, even by
means of simple one-dimensional (1D) NMR experi-
ments (Allegrozzi et al., 2000; Bertini et al., 2001).
We show here that these ‘paramagnetic peaks’ can be
conveniently used as a probe to monitor the kinetics of
metal-ion exchange.

The use of NMR to study reactions of proteins in
real time started nearly 30 years ago, with the aim of
understanding enzyme mechanisms (Grimaldi et al.,
1972; Grimaldi and Sykes, 1975). Since that time a
variety of (mostly spectroscopic) real-time techniques
have been developed to investigate the thermodynam-
ics and kinetics of protein folding and unfolding (Van
Nuland et al., 1998; Kaptein et al., 1978; Kaptein,
1978). Procedures involving rapid mixing within the
NMR sample tube are now being devised (Balbach
et al., 1995; Baum and Brodsky, 1997; Hore et al.,
1997; Hoeltzli and Frieden, 1998; Hamang et al.,
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2000; Kuhn and Schwalbe, 2000; Wirmer et al., 2001)
that are beginning to transform NMR into a general
and powerful technique for studying a wide range of
fundamental events in folding-unfolding processes on
the 100 ms – 1 s timescale, at the level of individual
amino acid residues. Even though the field is under-
going continuous development, mainly with the aim
of both retaining the wealth of structural information
usually afforded by high-resolution protein NMR and
improving the time resolution of the measurements, a
trade-off between the two is often unavoidable.

Metal binding or metal exchange processes are
usually fast and thus need measurements in the range
of stopped-flow techniques (Van Nuland et al., 1998).
The requirement for rapid acquisition of NMR data
usually compromises the spectral resolution and so
can restrict the possibility of monitoring events at
the level of single residues and analysing their time-
dependence. The task can however still be tackled if
nuclei in the region of the protein where exchange
takes place give rise to signals that are well resolved in
the NMR spectrum. In addition, the paramagnetic con-
tribution to nuclear spin relaxation rates, which can be
extremely large, makes it possible to acquire free in-
duction decays at high repetition rates. As mentioned
above, this is the case when lanthanides are the ex-
changing metals because of the paramagnetic-induced
shifts of resonances to otherwise empty spectral re-
gions.

Ion binding to metalloproteins is a complicated
process involving a number of phenomena. For in-
stance, in calcium-binding proteins made up of EF-
hand domains (usually two EF-hands per domain), the
following factors all influence the overall rate con-
stant: the rate at which a calcium ion (or another
cation, such as a lanthanide) loses one water molecule
from its hydration shell, its interactions with charged
residues on the protein surface (even at positions re-
mote from the actual binding site), the hydrophobic
packing of the domain, the occupancy state of the
other EF-hand in the domain, and the strength of hy-
drogen bonds from the protein to the bound Ca2+
coordinating water (Corson et al., 1983a; Vogel et al.,
1985; Martin et al., 1990; Kragelund et al., 1998;
Fast et al., 2001). However, despite this complexity,
a simple first-order kinetic mechanism is found to be
valid for ion release in presence of a (fast) competitive
chelator. The same mechanism (i.e., dissociative) is
usually assumed when one metal ion is exchanged for
another, i.e., metal exchange takes place in a two-step
process involving the protein in its apo form (Corson

et al., 1983b; Breen et al., 1985; Buccigross et al.,
1986). However, not all the experimental data seem
to be in agreement with this assumption and, at least
in one case, an additional, bimolecular, associative
mechanism, involving a rapid equilibrium between the
competing metal ion and a ‘subsidiary’ binding site on
the protein, has been invoked (Breen et al., 1985).

In order to check whether the associative mech-
anism is a reasonable alternative to the dissociative
one, we have measured the rates of lanthanide-calcium
substitution in the calcium binding protein calbindin
D9k (also known as ICaBP, Intestinal Calcium Bind-
ing Protein) using 1D stopped-flow NMR. This pro-
tein, in the presence of stoichiometric amounts of
calcium, readily binds two metal ions through EF-
hand motifs (although under physiologically relevant
conditions a magnesium ion may replace one of the
calcium ions (Andersson et al., 1997)). The C-terminal
calcium-binding site has a much higher relative lan-
thanide/calcium affinity than the N-terminal site (Vo-
gel et al., 1985; Linse et al., 1987; Akke et al.,
1991); thus a complete and selective metal substi-
tution is readily achieved by titration of the Ca2+-
loaded form of the protein with one equivalent of
lanthanide, the relative affinity of this binding site
being about 2 orders of magnitude higher than that
of the N-terminal pseudo EF-hand (Shelling et al.,
1985; Hofmann et al., 1988). Though lanthanide ions
have a higher charge and different geometrical require-
ments for coordination with respect to calcium, the
substitution into the C-terminal EF-hand causes no
major change in the three-dimensional structure (Dor-
rington et al., 1978; Shelling et al., 1985). Both the
fully calcium-loaded (CaCaCb) and the cerium mono-
substituted (CaCeCb) forms of the protein have been
extensively characterized (Allegrozzi et al., 2000). We
demonstrate here that the process takes place on a
sub-second timescale that is easily accessible with
the experimental approach presented. Our results shed
light on the rate-limiting step of the reaction, indi-
cating that a concerted process is more likely than a
sequence of reactions involving an apo form of the
protein that rapidly binds cerium. Aside from the in-
trinsic interest in metal ion exchange processes, the
ability to follow the growth of ‘paramagnetic peaks’
upon calcium-lanthanide substitution makes it feasible
to study other dynamic processes involving structural
changes of proteins which could not be otherwise be
observed because of poor spectral resolution.
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Materials and methods

Materials

The fully-loaded calcium form of the P43M mutant of
bovine calbindin D9k was used for the experiments.
This mutant was preferred to the wild-type protein to
avoid the cis/trans isomerization affecting the native
protein at position 43. The expression and purification
of this protein has been described elsewhere (Brodin
et al., 1986; Johansson et al., 1990); the expres-
sion system was a generous gift of Prof. S. Forsén.
A 2.75 mM solution of the protein was prepared in
unbuffered D2O and the pH adjusted to 6.4 (uncor-
rected for the isotope effect). Di-ethylenetriamine-
pentaacetic acid (DTPA, Acros Inc.) and CeCl3 were
used as solutions in D2O, at a pH of 6.4.

Equipment

The fast injection device, especially designed to de-
liver small volumes (tens of microliters) of liquids
rapidly into an NMR tube in the spectrometer probe-
head, is described elsewhere (Balbach et al., 1995;
Maeda et al., 2000). The injection was triggered by
voltage-gating pulses (typical duration: 20–40 ms) in
the NMR pulse sequence, which consisted of a stan-
dard pulse-acquisition scheme modified to provide an
array of single-scan experiments as a data set. One
hundred single-scan spectra were acquired prior to the
injection (in order to ensure steady-state conditions),
followed by the trigger pulse to drive the injection,
and the acquisition of a further 800 single-scan spec-
tra. The repetition time was kept constant throughout
the whole experiment and ranged from 38 to 57 ms,
depending on the length of the injection trigger pulse.
The experiments were carried out with either a hard
90◦ pulse or a ‘jump-and-return’ pulse (Hore, 1983)
(to avoid exciting the residual HDO signal) as the
detection pulse, acquiring 1024 data points over a
48 000 Hz spectral width with a 1 bit oversampling of
the acquired data. The injected volume was 70 µl. The
spectrometer used was a Bruker AVANCE 600, with
a resonating frequency of 600.13 MHz for protons,
equipped with a high-power proton-selective probe.

Data analysis

The signal intensities as a function of time were fitted
initially to the expression

I (t) = I0[1 − e−kobs(t−t0)]

and later to

I (t) = I0xx′ e(x̄ ′−x)(kf −kr )(t−t0) − 1

x̄ ′e(x̄ ′−x)(kf −kr )(t−t0) − x̄
,

where x is the concentration of CaCeCb at time t , x̄ is
its equilibrium value, x̄ ′ is given by x̄ ′ = (K − 1)−1 ·
{K([Ce]0+[CaCeCb]0)+[Ca]0+[CaCeCb]0}−x̄, kf,r

are the forward and reverse rate constants for the asso-
ciative mechanism (Equation 2 below), respectively,
and K(= kf /kr ) is the equilibrium constant for the
exchange reaction (Emanuel’ and Knorre, 1973). t0 is
an offset value for the time axis, which was kept fixed
(see below and in Results). The fitting was carried
out by a home-written Matlab routine (The Math-
works Inc.) using a Levenberg–Marquardt non-linear
least-squares fitting algorithm (Marquardt, 1963). The
errors quoted for the rate constants, k, were calculated
by assuming that all the intensities are affected by the
same statistical error, and validated through a Monte
Carlo analysis based upon 500 synthetic datasets. The
time t = 0 corresponds to the rising edge of the
excitation pulse immediately following the mixing,
while t0 was kept fixed at 54 ms (as calculated from
a ‘calibration’ experiment – see Results). Making t0
adjustable gave no statistically significant difference
in the results.

Results

To assess the ability of the technique to observe NMR
intensity changes via single-scan spectra acquired at
a very high repetition rate, we followed the uptake of
Ce3+ by DTPA, a multidentate chelator known to form
soluble, highly stable, chemically inert 1:1 complexes
with lanthanide ions and which shows well resolved
hyperfine shifted resonances in its 1D NMR spectrum
(Jenkins and Lauffer, 1988). A stoichiometric amount
of aqueous CeCl3 (70 µl) was injected into 430 µl of
a 12 mM solution of the ligand in the presence of ex-
cess calcium in the NMR tube at pH 6.4, as described
above. As expected, the formation of the cerium com-
plex was very fast; the new paramagnetically shifted
resonances grew to their full intensity within a few
time points as shown in Figure 1. The rate constant
of the single exponential growth curve is 19 ± 2 s−1.
Since the kinetic constant for the complexation reac-
tion is known to occur on a much shorter timescale
(10 × 108 s−1) (Corson et al., 1983), the measured
value almost certainly reflects the time needed to com-
plete the injection and mixing. The reciprocal of this
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Figure 1. Time course of the metal ion substitution: Ca2+DTPA + Ce3+ → Ce3+DTPA + Ca2+, as monitored by the variation in intensity
of the hyperfine-shifted DTPA resonance at −7.3 ppm. The intensities measured before the injection are omitted.

Table 1. Empirical rate constants calculated by
fitting experimental signal intensities to a single
exponential growth function

Proton kobs/s−1 kobs/s−1

no excess Ca2+ excess Ca2+

HN E60 1.21 ± 0.24 1.42 ± 0.28

HN D58 1.13 ± 0.22 1.28 ± 0.34

HG1 61 1.52 ± 0.42 1.31 ± 0.24

HG2 V61 1.23 ± 0.26 1.14 ± 0.20

NH2 N56 1.15 ± 0.28 1.02 ± 0.22

HA V61 1.08 ± 0.22 0.82 ± 0.22

value (54 ms) was thus chosen as the (fixed) time off-
set, t0, for the subsequent fittings (see Materials and
methods).

We then measured the rate of the metal-exchange
reaction for calbindin D9k. A 2.75 mM sample of
CaCaCb in D2O was rapidly mixed with a stoichio-
metric amount of aqueous CeCl3 (injected into the
NMR tube) and the intensities of the hyperfine-shifted
resonances were monitored. The assigned NMR spec-
trum of the fully substituted CaCeCb is displayed in
Figure 2.

Although the signal-to-noise ratio of the single-
scan spectra acquired at intervals of ∼ 40 ms is rather
poor (see inset in Figure 2), the growth of the paramag-
netic signals can still be recorded even for resonances
close to the diamagnetic region of the NMR spectrum.
In Figure 3, we show, as an example, the build-up
curve for the γ2 methyl group of Val 61 resonating at
−3.7 ppm. The time constants for the growth curves,
assumed to be mono-exponential, of the detectable
resonances are reported in the second column of Ta-
ble 1. Their values, which are affected by rather high
uncertainties, do not differ outside the experimental er-
ror, thus indicating that the protons are affected by the
presence of the lanthanide ion in much the same way.
This, in turn, rules out the presence of an intermedi-
ate species with a lifetime of hundreds of milliseconds
during the exchange reaction.

The experiment was then repeated under identical
conditions except that a 10-fold excess of calcium was
used to check for any influence of the CaCaCb �
Ca + CaECb equilibrium on the rate of Ce3+ uptake
(CaECb stands for calbindin D9k with the C-terminal
EF-hand empty). The relevant rate constants, assum-
ing a mono-exponential growth, are reported in the
third column of Table 1. Within experimental error,
the time constants measured with a ten-fold excess
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Figure 2. 1H NMR spectrum of CaCeCb recorded at 600 MHz. Two portions of a single-scan real-time trace are shown in the inset.

of Ca2+ do not differ from those obtained with a
stoichiometric amount of Ca2+.

Discussion

The two simplest kinetic models for the metal ex-
change reaction are a two-step process, via an apo
form of the protein:

CaCaCb � CaECb + Ca, (1a)

CaECb + Ce → CaCeCb (1b)

and a concerted mechanism:

CaCaCb + Ce � CaCeCb + Ca. (2)

The one-way arrow in Equation 1b is justified
by the high affinity displayed by lanthanides towards
a canonical EF-hand motif (Shelling et al., 1985).
Equation 2, for generality, is considered as an equilib-
rium reaction, despite the ca. two-orders-of magnitude
difference in the affinity of the C-terminal EF-hand
in D9k for Ca2+ and Ce3+ (Shelling et al., 1985;
Hofmann et al., 1988).

The relevant kinetic equations are then:

d[CaCeCb]
dt

= kCa
offk

Ce
on [Ce]t [CaCaCb]t

kCa
on [Ca]t + kCe

on [Ce]t (3)

and
d[CaCeCb]

dt
= kf [Ce]t [CaCaCbt −

,
kr [Ca]t [CaCeCb]t

(4)

respectively, where the steady state approximation for
the intermediate was used in deriving Equation 3.

The observed rate of the ion-exchange process is
independent, within the experimental error, of the ac-
tual concentration of calcium. If the reaction occurs
through an apo state (Equations 1a and 1b), as would
be the case for a typical pre-equilibrium reaction, then
the time constant for the formation of CaCeCb would
be strongly affected by the excess concentration of
Ca2+, unless the relationship kCa

on [Ca]t � kCe
on [Ce]t

in Equation 3 holds. However, this does not seem
to be the case, since kon literature values for metals
bound to EF-hands show that there are no large dif-
ferences between calcium and lanthanides, and that
the differences in affinity constants are principally
determined by koff values (Corson et al., 1983). It
thus appears that the first model is incompatible with
the results presented here. The single-step associative
mechanism (Equation 2) is the only simple alterna-
tive, although other more complicated models may
also be consistent with the experimental data. Hav-
ing ruled out the two-step (dissociative) mechanism
we fitted the signal intensities to the integrated form
of Equation 4 (see Materials and methods). As the
reaction rate is dependent on the equilibrium constant
of the exchange reaction, it was necessary to include
this value in the calculations. From titration experi-
ments of calcium-loaded calbindin D9k with several
lanthanides, as monitored by 1H-15N HSQC spectra, a
K value in the order of 103 was estimated; by using
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Figure 3. Time course of calcium substitution by cerium in the C-terminal EF-hand of protein calbindin D9k, as monitored by change in
intensity of Val 61 γ2-CH3 peak. The intensities measured before the injection are omitted.

this value we obtained kf,r values for each of the six
datasets that do not differ from one another outside
the experimental error. To increase the precision of
the calculated rate constants, the experimental data
for each set were then fitted simultaneously to sin-
gle kf,r values, yielding kf = 945 ± 64 M−1 s−1

and kr = 0.95 ± 0.06 M−1 s−1 in the absence of
excess calcium, and kf = 993 ± 56 M−1 s−1 and
kr = 0.99 ± 0.06 M−1 s−1 when excess calcium
was added to the reagents. The fact that the integrated
form of Equation 4 correctly fits our experimental
data and that the resulting rate constants are the same
within the experimental error (∼ 7%) proves that the
associative mechanism is a realistic model to describe
the kinetics of Ca-lanthanide exchange processes in
EF-hands. Furthermore, the results presented here
convincingly show that paramagnetic probes enable
the use of standard 1D NMR experiments to moni-
tor molecular processes on the timescale of hundred
of milliseconds, such as folding/unfolding, ion bind-
ing, protein-protein interactions, etc. The technique
is thus complementary to, and lies somewhat in be-
tween, already established methodologies, such as
time-resolved photo-CIDNP (Hore et al., 1997; Maeda
et al., 2000; Wirmer et al., 2001) and stopped-flow 2D
NMR (Balbach et al., 1996; Lyon et al., 1999). The
former can monitor processes as fast as 5 s−1, the latter

only below 0.05 s−1. Of course, all these techniques
are expected to experience great benefit from theever-
increasing availability of high-sensitivity cryoprobes,
with the advantage that the same signal-to-noise ra-
tio could be achieved at lower protein concentrations,
thus lowering reaction rates and thereby making more
dynamic processes experimentally accessible.
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