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a b s t r a c t

A new species was formed when protein P23 (one segment of ciliate Euplotes octocarinatus centrin) was
added to a solution of Eu3+. The interaction between P23 and Eu3+ was investigated by cyclic voltammetry,
pulse voltammetry and electrochemical impedance spectroscopy in 10 mM N-2-hydroxyethylpiperazine-
N-2-ethanesulfonic acid (HEPES) buffer (pH 7.4) using a pyrolytic graphite electrode. The formal potential
(Eo ′) of Eu3+ shifted from −0.61 to −0.84 V (versus saturated calomel electrode) after P23 was added to the
Eu3+ solution. The diffusion coefficient (D), the charge-transfer coefficient (˛) and the electron transfer
standard rate constant (ks) were obtained in the absence and the presence of P23. The affinity constant of
Eu3+ and P23 was determined to be (1.89 ± 0.51) × 104 M−1. The electrochemical investigation of europium
bound to the protein provided useful data for the studies of calcium-binding proteins.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Ciliate Euplotes octocarinatus centrin (EoCen) [1], composed of
168 amino acids, is a low molecular mass protein (20 kDa) that
belongs to EF-hand calmodulin (CaM). The protein contains four
helix–loop–helix domains with two high affinity sites for Ca2+ in
the C-terminal and two low affinity sites in N-terminal [2,3].

Unlike some transition metal ions, Ca2+ has a closed electronic
shell and therefore lacks electronic, magnetic and spectroscopic
properties. This spectroscopic silence can be a disadvantage in stud-
ies of the macromolecular environment of calcium. According to
Williams [4], lanthanide ions could serve as probes for calcium
active sites of protein. The trivalent lanthanide ions, by virtue of
the multitude of their spectroscopic and magnetic properties, have
been considered suitable as probes of macromolecular environ-
ment and structure [5,6].

Lanthanides have been applied to different fields of
biomolecules due to their unique luminescent properties [7–9].
Early studies often determined an interdomain distance using
luminescence of bound lanthanide ions [10,11]. The solution struc-
tures of proteins were subsequently solved by nuclear magnetic
resonance (NMR) employing paramagnetic relaxation enhance-
ments and pseudocontact shifts of the Ga3+ [12], Ce3+ [13] and
Tb3+ ions [14]. Furthermore, proteins were crystallized with Ho3+

[15] and Eu3+ [16]. Circularly polarized luminescence from Tb3+,
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used as a probe for the metal ions in calcium-binding proteins, was
studied by Coruh and Riehl [17]. The use of trivalent lanthanide
ions as replaceable metal ion in calcium-binding proteins is well
established [18,19]. Laser-induced luminescence studies of Eu3+

in the EF-hand sites of Ca2+-binding proteins has provided insight
into the binding behavior of metal ions [20–25].

In order to obtain more information of the affinity sites in EoCen
we prepared a truncated ciliate EoCen, P23, including the second
EF-hand domain in the N-terminal and the third EF-hand domain
in C-terminal domains by using biological engineering method [1].
Furthermore, based on the result from coordination of EoCen to
Tb3+ ions [2], we carried out a detailed survey of Eu3+ binding in
the affinity sites of P23 using electrochemistry.

2. Experimental

2.1. Apparatus and reagents

All electrochemical measurements were carried out using a
CHI 660B electrochemistry workstation (Shanghai CH Instruments,
China) and the impedance data were fit by the EvolCRT software.
Circular dichroism (CD) spectra were recorded in the wavelength
range of 200–250 nm in a 0.2-cm path length cuvette on a BioLogic
MOS 450 spectrometer at room temperature.

The electrochemical cell (volume approximately 800–1000 �L)
was a standard two-compartment glass cell with a conven-
tional three-electrode configuration. The side-arm contained the
reference electrode, and a saturated calomel electrode (SCE) was
connected to the working compartment via a Luggin capillary. The
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Fig. 1. Circular dichroism spectra of (a) P23, (b) 2:1 concentration ratio of Ca2+ and
P23, (c) 2:1 concentration ratio of Eu3+ and P23, in 10 mM pH 7.4 HEPES buffer (CP23 :
4.64 × 10−5 M).

edge-plane pyrolytic graphite (PG) working electrodes were con-
structed from pyrolytic graphite (Advanced Ceramics Corp.), cut
perpendicular to the a–b plane and housed in teflon sheaths. Prior to
each experiment, the PG electrodes were cleaned by polishing with
an alumina–water slurry (high-purity Al2O3, particle size 0.3 and
0.05 �m, BDH) and sonicated briefly, followed by thorough rinsing
with water. The surface area of electrodes was calculated accord-
ing to the Randle–Sevcik equation and the diffusion coefficient of
K3Fe(CN)6. The counter-electrode was a piece of platinum gauze.
The working solution was purged with oxygen-free nitrogen for at
least 10 min prior to experiments and a nitrogen environment was
maintained over the solution in the cell.

N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES)
was purchased from Sigma and used without further purification.
All other chemicals were of analytical grade. All solutions were
prepared in doubly distilled water. The Eu3+ stock solution was pre-
pared by dissolving the appropriate mass of Eu2O3 in hydrochloric
acid, which was then standardized with EDTA using xylenol orange
as indicator in 0.1 M HAc–NaAc buffer at pH 5.5

2.2. Protein expression and purification

A truncated ciliate EoCen, P23, including the second and the
third EF-hand domain, was obtained using biological engineering
methods. Recombinant P23 was expressed and purified as described
by He et al. [1] and Wang et al. [26]. The protein concentra-
tion was measured spectrophotometrically at 280 nm using molar
extinction coefficients of 2800 M−1 cm−1 for P23. The extinction
coefficient of P23 was estimated from the Tyr and Trp content as
described by Pace et al. [27].

3. Results and discussion

3.1. Analysis of conformational changes of P23 in the presence of
Eu3+ from circular dichroism spectroscopy

The circular dichroism spectrum of P23 is shown in Fig. 1a. Two
minima at 208 and 222 nm are observed, which are typical of a
protein rich in �-helix domains. An increase in molar ellipticity
(222 nm) is observed in the presence of Ca2+ (Fig. 1b) and Eu3+

(Fig. 1c). Binding of either Ca2+ or Eu3+ induces secondary structure
changes characterized by an increase in �-helix content. Mini-
mal differences in the spectra between the two metal complexes

indicate the structural similarity between the two complexes
[28].

3.2. Voltammetric behavior of Eu3+ in the absence and presence
of P23 at PG electrodes

Fig. 2 shows the cyclic voltammogram of Eu3+ in 0.01 M HEPES
buffer (pH 7.4) containing 0.1 M KCl supporting electrolyte at a bare
PG electrode (curve a). A pair of well-defined redox peaks appeared
at −0.57 V(Epa) and −0.65 V(Epc). The peak separation (�Ep), 84 mV,
indicated a quasireversible single-electron redox process. The for-
mal potential, Eo′

b
(or voltammetric E1/2) of −0.61 V was estimated

from the average of Epc and Epa. In addition, a linear relationship
between the peak current and the square root of the scan rate
(not shown here) was observed and suggested that the electrode
reaction of Eu3+ was a diffused-controlled electrode process.

Next, the cyclic voltammograms of Eu3+ in the presence of P23
in pH 7.4 HEPES buffer are shown as curves b–e in Fig. 2. The addi-
tion of P23 made the original peak currents decrease gradually and
a new pair of redox peaks appeared. Finally, when the concentra-
tion of P23 was added to half concentration of Eu3+, the original
peak current disappeared completely and a pair of well-defined
redox peaks appeared at −0.81 V(Epa) and −0.87 V(Epc) (Fig. 2e),
with a peak potential separation (�Ep) of 66 mV. The formal poten-
tial (Eo′

b
) was −0.84 V and the negative shift of potential was

0.23 V.
There are some similarities between the differential pulse

voltammetry (DPV) and cyclic voltammetry. As shown in Fig. 3, as
the concentration of P23 was increased from 0 to 9.1 × 10−5 M (half
concentration of Eu3+), the original peak current of Eu3+ at −0.59 V
gradually decreased in magnitude, while a new peak at −0.80 V
gradually increased. After the concentration of P23 was increased
up to above 9.1 × 10−5 M, the former peak disappeared completely
and the latter peak no longer increased. A negative potential shift of
0.21 V was observed, which was consistent with the potential shift
shown in Fig. 2. The current peak at −0.84 V in the CV and −0.80 V
in DPV most likely arose when Eu3+ enters the Ca2+-binding sites
of P23 to form a new complex.

It should be noted that there are two binding sites in each P23
that each allow for binding of an Eu3+ ion. When Eu3+ complexes
with P23, however, only a pair of redox peaks was observed in the
CV and DPV. We assume an equal binding affinity between Eu3+

and each of the two binding sites of P23. In this work, P@
23 was used

Fig. 2. Cyclic voltammograms of the different concentration ratios of Eu3+ and P23

(a) 10:0; (b) 10:1; (c) 10:2; (d) 10:3; (e) 10:5; after mixed 30 min at scan rate of
100 mV/s, in 10 mM pH 7.4 HEPES buffer (CEu3+ : 1.82 × 10−4 M).
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Fig. 3. DPV of the different concentration ratios of Eu3+ and P23 (a) 10:0; (b) 10:1;
(c) 10:2; (d) 10:3; (e) 10:5; after mixed 30 min at scan rate of 100 mV/s, in 10 mM
pH 7.4 HEPES buffer (CEu3+ : 1.82 × 10−4 M).

to express a half-P23 with only one binding site. Therefore, with a
2:1 concentration ratio between Eu3+ and P23 a 1:1 concentration
ratio between Eu3+ and P@

23 was expected.
When the concentration ratio of Eu3+ and P@

23 was 1:1, CVs were
performed in 10 mM HEPES buffer (pH 7.4) at various scan rates as
shown in Fig. 4A. The scan rate dependence experiments revealed
that the peak current increase linearly with the square root of the
potential scan rate at scan rates from 0.10 to 0.72 V s−1 (Fig. 4B),
indicating a diffused-controlled electrode process. Fig. 4C is the plot
of Ep versus ln v, which is used later for the calculation.

3.3. Comparison of the electrochemical parameters in the absence
and the presence of P23

3.3.1. EIS response
In electrochemical impedance spectroscopy (EIS), the semicircle

feature at higher frequencies corresponds to an electron trans-
fer limited process. As shown in Fig. 5, the semicircle is changed

Fig. 5. EIS of the different concentration ratios of Eu3+ and P@
23 (a) 1:0; the frequency

range is in 0.1–105 Hz at 0.61 V; (b) 1:1; the frequency range is in 0.1–105 Hz at
0.84 V; in 10 mM pH 7.4 HEPES buffer containing 0.1 M KCl, (CEu3+ : 1.90 × 10−4 M).
The inset shows the equivalent circuit used to model impedance data.

Table 1
Values of each element in the equivalent circuit for different concentration ratios of
Eu3+ (CEu3+ : 1.90 × 10−4 M) and P@

23.

Concentration ratio
of Eu3+ and P@

23

Rs/� cm2 Ret/� cm2 Cdl/�F cm2

1:0 2.81 24.37 0.197
1:1 0.423 117.7 0.0419

when Eu3+ complexes with P23. The equivalent circuit for an
electrode–solution interface undergoing heterogeneous electron
transfer is usually modeled by Randle’s equivalent circuit as shown
in the inset of Fig. 5.

Electrolyte resistance (Rs), double layer capacitance (Cdl) and
electron transfer resistance (Ret) were calculated based on an equiv-
alent circuit to fit the experimental impedance result in Fig. 5.
Impedance data are shown in Table 1.

Fig. 4. (A) Cyclic voltammograms of Eu3+ and P@
23 (1:1 concentration ratio, CEu3+ : 1.82 × 10−4 M) in 10 mM pH 7.4 HEPES buffer at various scan rates 30, 70, 130, 190, 270,

350 and 430 mV/s, respectively. (B) The dependence of cathodic and anodic peak current on the square root of scan rate. (C) Plot of cathodic and anodic peak potential versus
ln v.



Author's personal copy

B. Zhou et al. / Electrochimica Acta 55 (2010) 4124–4129 4127

As expected, the calculated results show that Ret of the solution
increased after the complex of Eu3+ and P23 formed. The macro-
molecular compound introduced a barrier to the interfacial electron
transfer.

3.3.2. The diffusion coefficient (D), electron transfer coefficient
(˛) and electron transfer rate constant (ks)

The kinetic parameters of Eu3+ and the complex of Eu3+ and P23
at the PG electrode could be obtained. First, the diffusion coefficient
(D) can be calculated according to the Rardles–Sevcik equation [29]:

ip = 2.69 × 105An3/2D1/2Cv1/2

where A denotes the area of the electrode, n denotes the num-
ber of electrons transferred and C is the concentration. Based on
known values of A, n and C, the slope of ip versus v1/2 plot will
yield an estimate for D. In this work, by constructing an ip versus
v1/2 plot based on the current peak, we obtained diffusion con-
stants of 6.26 × 10−6 cm2 s−1 for Eu3+ and 1.27 × 10−6 cm2 s−1 for
the complex of Eu3+ with P23.

The electron transfer coefficient (˛) and electron transfer rate
constant (ks) can be obtained according to the following equations
[30]:

Ep = E0 + RT

−˛nF
[0.780 + ln(Db)1/2 − ln ks], b = ˛nFv

RT

ip = 0.227nFAC0ks × exp
[−˛nF

RT
(Ep − E0)

]

From the slope of Ep versus ln v (Fig. 4C) and the intercepts of ln ip
versus ln v, ˛ and ks of Eu3+ are 0.62 and 3.41 × 10−2 s−1, and ˛ and
ks of the complex of Eu3+ with P23 are 0.47 and 1.13 × 10−2 s−1,
respectively.

The facts mentioned above, the obtained electron transfer resis-
tance (Ret) in EIS experiments, the calculated electron transfer
coefficient (˛) and the electron transfer rate constant (ks) imply that
the kinetic process of electron transfer was slow for the Eu3+–P23
system. Usually, rare earth ions can bind to the oxygen of an amide
group in the peptide chain of the protein and enzyme to form a com-
plex of the rare earth ion and the protein or enzyme molecule [31].
When Eu3+ interacts with P23, it may form a complex. The resul-
tant complex is a large molecule and its electron transfer must be
more difficult than that of Eu3+. Thus, the electron transfer coeffi-
cient and the electron transfer rate constant of the complex should
be smaller than that of Eu3+. The current density of the complex
is smaller than that of Eu3+. In addition, the electrochemical reac-
tion of Eu3+ would relate to the microenvironment. After forming
the complex, the microenvironment of Eu3+ is changed. Thus, the
redox potential is changed.

3.4. Analyses of the binding between Eu3+ and P23

Based on a conventional square mechanism [32] the net shift in
E1/2 can be used to estimate the ratio of equilibrium constants for
P23 binding to Eu3+ or Eu2+ ions.

Here, Eo′
f

and Eo′
b

are the formal potentials of the Eu3+/Eu2+ couple

and Eu3+–P@
23/Eu2+–P@

23 couple, respectively. Based on the Nernst
equations for reversible redox reactions of each species and the cor-

Fig. 6. The variety of the DPV curves with the reaction time when the concentration
ratio of Eu3+ and P@

23 is 8:1, (CEu3+ : 3.24 × 10−4 M). Inset: plot of peak current versus
reaction time.

responding equilibrium constants of P@
23 binding to each oxidation

state, the single-electron redox process is:

Eo′
b − Eo′

f = 0.059 log
(

K2+
K3+

)

Thus, for a limiting shift of −0.23 V, K2+/K3+ is 1.31 × 10−4, mean-
ing that Eu2+–P@

23 is less stable than Eu3+–P@
23. In other words, the

Eu3+ ion is bound more strongly than the Eu2+ ion. Some complexes
of the Eu2+ reported by Merbach [33] were more easily oxidized
than the octaaqua ion [Eu(H2O)8]2+. This may be explained by the
greater number carboxylate groups that bind Eu3+ and stabilize the
Eu3+ complexes. As reported in the literature [34–37], all known
EF-hand crystal structures display a pentagonal bipyramidyl coor-
dination geometry in which the Ca2+ ion is coordinated to seven
oxygen ligands from the side chains of residues 1, 3, 5, and 12,
the main chain carbonyl of position 7, as well as a bridged water
at position 9 [38]. Horrocks used a luminescence spectroscopy to
determine the number of water molecules coordinated to Eu3+ and
Tb3+ in proteins [23,39] and suggested that lanthanide ions gener-
ally had one more coordination number than Ca2+ in well-formed
protein sites. Therefore, lanthanide ions are often ligated by an
additional water molecule [39]. The coordination number of the
lanthanide ion is possibly higher than that of Ca2+ in the same site.
Ca2+ ions may be replaced by Eu3+ ions due to the nearly identi-
cal ionic radii of these ions (7-coordinate Ca2+ 1.20 Å; 8-coordinate
Eu3+ 1.21 Å) [24]. In addition to the 7 oxygen ligands including car-
boxylate groups in P23, another oxygen atom of water molecule
may coordinate to Eu3+.

3.5. Kinetic analysis for the affinity of P23 binding to Eu3+

According to the method of Minunni et al. [40] and Hock and He
et al. [41], DPV was employed to calculate the affinity constant of
Eu3+ and P23. Fig. 6 shows the DPV curves obtained after a 30-min
reaction between P23 and Eu3+ at 25 ◦C. The process was carried
out five times using different concentrations of Eu3+ and P23 to
obtain the data in Table 2. Here, the �i of the current at −0.80 V
was directly attributed to the mass of Eu3+–P@

23.
For the kinetic process of the reversible interaction Eu3+ + P@

23 �
Eu3+ − P@

23 the formation rate of the product at time t may be writ-
ten as:

d[Eu3+ − P@
23]

dt
= kass × [Eu3+] × [P@

23] − kdiss × [Eu3+ − P@
23] (1)
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Table 2
Data handing results of d[�i]/dt versus �i and the values of correlation coefficient.

Eu3+

concentration
Linear regression equation r −SL (min−1)

1.62 × 10−4 M −d(�i)/dt = − 1.75 × 10−7 + 0.0371�i 0.9899 0.0371
2.43 × 10−4 M −d(�i)/dt = − 3.76 × 10−7 + 0.0543�i 0.9765 0.0543
3.24 × 10−4 M −d(�i)/dt = − 6.51 × 10−7 + 0.0842�i 0.9865 0.0842
4.04 × 10−4 M −d(�i)/dt = − 7.64 × 10−7 + 0.102�i 0.9884 0.102
4.86 × 10−4 M −d(�i)/dt = − 1.03 × 10−6 + 0.137�i 0.9869 0.137

where kass is the association rate constant and kdiss is the dissocia-
tion rate constant.

Since �i of the current was proportional to the mass of Eu3+–P@
23,

�im was attributed to the complete reaction of P@
23 with Eu3+.

Therefore, the concentration of free P@
23 was directly proportional

to (�im − �i). Eq. (1) can thus be expressed as:

d[�i]
dt

= kass × [Eu3+] × [�im − �i] − kdiss × [�i] (2)

and transformed to:

d[�i]
dt

= −(kass × [Eu3+] + kdiss)�i + kass × �im × [Eu3+] (3)

The slope SL can be obtained as follows:

SL = (kass × [Eu3+] + kdiss) (4)

where [Eu3+] is the concentration of free Eu3+. When CEu3+ is far
more than CP23 [Eu3+] is the initial concentration in a mass of solu-
tion.

Based on Eq. (4) and the experimental data in Table 2 [42], the
SL value was plotted against the concentration of Eu3+, as shown
in Fig. 7. The linear regression equation for the DPV method was
−SL = 3.06 × 102C + 0.0162 (SL: min−1, C: M) with a correlation coef-
ficient of 0.995 at 25 ◦C. Therefore, kass and kdiss could be calculated
from the slope and intercept of the linear fit, and were found to be:

kass = 3.06 × 102 M−1 min−1

kdiss = 0.0162 min−1

The affinity constant K for Eu3+ − P@
23 can be obtained as a ratio:

K = kass

kdiss
= (1.89 ± 0.51) × 104 M−1

In comparison with a spectroscopic method based on fluorescence
titration curves, the conditional affinity constant of the Tb3+–P12

Fig. 7. Dependence of −SL on the concentration of Eu3+ at 25 ◦C.

system was determined to be (2.13 ± 0.10) × 105 M−1 [2]. The dif-
ference in the conditional affinity constant may arise from two
general factors. One factor is the different electrostatic interactions
between Eu3+ and Tb3+. When the electric charge is the same, the
slightly larger ionic radius of Eu3+ may weaken the binding in P23.
The other factor is due to the influence of different experimental
methods. For example, in spectroscopic methods, viscosity does
not have a prominent effect, but in electrochemical methods, it
affects the mass transference and diffusion. Therefore, the data for
interaction between Eu3+ and P23 obtained by electrochemistry is
reliable.

4. Conclusion

In this paper, we studied the electrochemical behavior of the
interaction between Eu3+ and P23. The current peak at −0.84 V in
the CV of the Eu3+–P23 system was different that observed for Eu3+

at −0.61 V. This change indicated that a reaction occurred between
Eu3+ and P23 and suggested that Eu3+ ions entered into the Ca2+-
binding sites of P23 to form a new Eu2

3+–P23 complex.
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