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Abstract

A study of the complexing properties of tlemetallothionein domain with cadmium and/or zinc was performed at
pH 8, using differential pulse polarography. The applied method allows one to distinguish between the chemical form of
the compound, free metal ions and complexes withdhgomain as well as providing evidence that different forms of
complexation exist. This technique was used to monitor changes of different species as a function of different parameters.
Polarographic results have been compared with those obtained by electrospray ionisation mass spectrometry providing the
molecular mass of compounds at different proportions of metal ions t@-tt@main, under similar experimental conditions.
Thea-domain is capable of complexing cadmium and/or zinc, separately or after simultaneous additions of metal ions. In the
case of binary mixtures, Cda or Zn+ o pure complexes are formed, whereas in the case of tertiary mixturd€d + Zn]
mixed cadmium and zinc complexes prevail. When one of the two ions is added to a solution contairindatimain
complexed with the other cation, it is incorporated into the molecule resulting in a reorganisation, which is illustrated by
changes in the polarographic responses. Two different conditions can be clearly distinguished: an excess of ligand and when
the metal ions are in excess. For these two conditions two different and characteristic features of polarograms were obtained.
So, several stable forms of cadmium and zinc complexation witlxttlemain exist, depending on the composition of the
solution.

The combination of results obtained using two different techniques was very useful for the assignment of different cadmium
and zinc electrochemical responses. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction with nine cysteinic residues. The structure is con-
trolled by the formation of metal-thiolate bonds in
The fundamental structure accepted for mam- which all 20 cysteines participate. The characteristics
malian metallothioneins (MT) is the organisation of and properties of MT have been studied using a great
metal complexes in two different metal clusters. The variety of analytical methods and described in dif-
a-cluster corresponds to the carboxyl terminal do- ferent monographs [1-7]. However, there have been
main containing eleven cysteinic residues and the relatively few studies with the- and-domains sep-
B-cluster corresponds to the amino terminal domain arately probably due to the difficulties associated with
their separation and purification. In fact, these two

"+ Corresponding author. Teks32-14-571-200; isolated domains can be.obtamed by the _sohd—phase
fax: +32-14-589-273 and fragment condensation methods or isolated af-
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Nevertheless detailed knowledge of the behaviour
of well-characterised isolated- and B-domain and
particularly of their complexation properties with
metal ions should contribute significantly to a better
understanding of the entire MT.

The aim of this research is the systematic study
of complexing properties of the-MT domain with
cadmium and/or zinc using electroanalytical meth-
ods. These methods, particularly differential pulse po-
larography (DPP) have been widely applied by our
team to the characterisation of Cd, Zn MT [8-17]

and related molecules such as the peptidic fragment

Lys-Cys-Thr-Cys-Cys-Ala (56-61) MT 1 (FT) being

part of the MT structure, alone and in the presence
of cadmium and/or zinc [19-26]. These studies have
been very useful for the identification and assignment
of voltammetric peaks; in fact, in the case of Cd, Zn
MT and of Cd, Zn and FT mixtures at least three well
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simultaneously or sequentially, have been investi-
gated. The use o&-MT domain has the advantage
over the Cd, Zn MT that it permits one to study the
behaviour of the cadmium and zinc complexes in the
a-cluster separately as well as the influence of one
metal ion on the complexing properties of the other.
The polarographic results with the-domain are
compared with those obtained with tBedomain un-
der identical experimental conditions [34] and also
with those obtained recently by our team [33] on dif-
ferent mixturesy, cadmium and/or zinc using ESI-MS.

2. Experimental

2.1. Apparatus

All measurements were performed using a poten-

defined responses were obtained using the mercurytiostat BAS Model 100B/W electrochemical analyser,
electrode, one of them is due to the amino acid part connected to a BAS Controlled Growth Mercury Elec-

of the molecule because of the electroactivity of thiol trode polarographic stand equipped with a HDME as

groups and the two other peaks due to the reduction the working electrode, a Ag/AgCl reference electrode

of cadmium and zinc which is electrochemically re- and a platinum wire as an auxiliary electrode. This

versible at the mercury electrode. In addition the elec- equipment was introduced into a glove box, PLAS

trochemical response peak potential and peak inten-LABS, Inc. 830-ABC Series Chambers, connected to

sity allows the distinction of the chemical forms of the @ diaphragm pump VACUUBRAND GMBH- CO

element between free and complexed metal ions and model ME-4, so as to avoid oxidation of the MT thiol

also allows one, on the one hand, to identify different groups by the @present in the air during sample ma-

species and, on the other hand, to follow the evolution hipulation. The purging gas used was 99.999% N

of these species as a function of different parameters. A pH meter, Orion Model 920A, equipped with a
The obtention of the-domain and the investigation ~ glass electrode combined with an Ag/AgCl reference

of its characteristics have been reported [3,7,27-31]. €lectrode, was employed for the pH measurements.

The synthesised peptide used in this work has been

purchased from the Biochemistry Institute of Zurich 2.2. Chemicals

University. The purity of this molecule was checked

by both, Dr. Klauser's team from the Zurich Univer- a-domain sample, of which the amino acidic se-

sity and our team, using electrospray ionisation mass quence corresponds to a human MT, was synthesised

spectrometry (ESI-MS) [32,33]. and purified by the Biochemistry Institute of Zurich
Different types of additions of metal ions to the University, by peptide synthesis, following the proce-

a-domain and the inverted additions of thRedomain dure described in [32].

to metal ions have been performed and changes in

the composition of the dissolution have been mon- 2.3. HUMT« (31 residues)

itored using DPP with the aim of investigating the

binding and metal exchange properties. Firstly, bi-  H-Lys-Ser-Cys-Cys-Ser-Cys-Cys-Pro-Val-Gly-Ala-

nary mixtures, obtained by the gradual addition of Lys-Cys-Ala-GIn-Gly-Cys-lle-Cys-Lys-Gly-Ala-Ser-

metal ions separately has been studied and secondlyAsp-Lys-Cys-Ser-Cys-Cys-Ala-OH.

tertiary mixtures ofa, cadmium and zinc obtained No impurities or metal cations are detected.

by gradual addition of cadmium and zinc, either domain was provided in powder form, and stored
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at —30°C without any further purification. Samples a smoothed data stream, was employed to measure the
were freshly prepared before measurements under anpolarographic peaks, minimisation being performed
inert atmosphere. by Least Squares. Thesymmetric logistic peakinc-

The supporting electrolyte was prepared from tion produced the best results for the adjustment of
equimolar amounts of phosphoric acid and 2-[4-(2- peaks generated to the original polarograms:
hidroxyethyl)-1-piperazinyl] ethanesulphonic acid e
(HEPES) and was used as a buffer, adjusting topH 8 | _ | [l—i— exp(—x +azlnaz — al)j| : 4o
by addition of NaOH. 0 a2 3

Cadmium and zinc solutions used in the study of el x+azlnas —ay
metal additions were prepared from Tritisol standard x (a3 + 1) exp(—T)
solutions of 1000 mg1! purchased from Merck.

All solutions were prepared using deionised water Whereag is the amplitudea; the centrea; the width
obtained from an ultra-pure water system, MilliQ, plus andag is the shape of the peak.

Model 185 (Millipore SA, Molsheim, France), and The aim of this experiment is to monitor the evo-
deoxygenated before use, by purging with Wil the lution of a solution containing either thedomain or
reagents employed were ahalytical grade one of the metal ions selected for this work, Cd or Zn,

Hexadistilled mercury, grade 9N, used by the po- When gradual additions of the rest of the components
larographic stand was purchased from Rhone-Alpes are performed following a pre-established order. The
Mercure. Purging was carried out with 99.999%. N experiments programmed are

e addition of Cd to thea-domain, and subsequent

2.4. Electrochemical procedure addition of Zn;
e addition of Zn to thex-domain, and subsequent ad-
The supporting electrolyte was purged with nitro-  dition of Cd;
gen for 10 min before the start of the experiments. The e addition of thea-domain to Cd, and subsequent
samples were purged continuously between each mea- addition of Zn;
surement and, during the experiment, nitrogen was e addition of thex-domain to Zn, and subsequent ad-
passed over the cell. All of the studies were carried  dition of Cd;
out in an inert atmosphere inside a glove box at room e addition of an equimolar solution of Cd and Zn to

temperature. the a-domain;
Each sample was measured by DPP over a largee addition of thea-domain to an equimolar solution
cathodic scan range of potentials, from200 to of Cd and Zn.

—1350 mV, with the aim of obtaining a good devel-
opment of the voltammetric peaks.

Experimental parameters used had been optimised3. Results and discussion
in previous works [11]. In all cases, the drop size is the
same and depends on the number of pulsgs<(5) 3.1. Polarographic behaviour of the-MT domain
and the pulse widthy, = 10ms). DPP was carried during sequential additions of cadmium and zinc,
out using a scan rate of 4mv$with a drop time of separately
1s and the pulse amplitude fixed at 10 mV.

All peak potential and peak current data presented Sequential additions of cadmium and zinc sepa-
in this paper were obtained by means of PeakFit V.4.1, rately to a solution containing thedomain have been
a calculation programme form Jandel Scientific Soft- carried out at pH 8, at which the complete formation
ware for Windows. After importing the files containing  of a-complexes with Cd and Zn is reached. The in-
the raw data, the polarograms were smoothed using averted additions of the-domain to separate solutions
Loesalgorithm, followed by a manual baseline sub- of cadmium and zinc have also been performed at
traction choosing déinear option from the 2ndDeriv. the same pH. With the aim of identifying the polaro-
Zeroalgorithm. TheAutoFit Peaks | residualeption, graphic peaks, various selected polarogrammes are
which identifies peaks by identifying local maxima in shown in Fig. 1, corresponding to the additions of
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Fig. 1. DPP polarograms corresponding to the sequential ad-
dition of Cd or Zn (mol/mok) to a a-MT 5.5 x 10°8M in
HEPES-phosphate buffer 18M at pH 8.0. (A) Additions of Cd:

(a) 0.0; (b) 0.3; (c) 0.9; (d) 1.4; (e) 2.7; (f) 3.6; and (B) additions
of Zn (a) 0.0; (b) 0.3; (c) 0.9; (d) 1.8; (e) 2.7 and (f) 3.6.

cadmium (Fig. 1a) and zinc (Fig. 1b) to thedomain.

In Fig. 1 the potentials corresponding to free cations,
Cd* and zrft, in the same electrolyte support, are
indicated by vertical lines. The polarographic peaks
have been assigned in agreement with our own re-
sults obtained in previous works with Cd, Zn MT of
different origin [8-17] and with mixtures of FT, cad-
mium and/or zinc [18-26] using DPP, square wave
voltammetry (SWV) and cyclic voltammetry (CV).
In each of the initial polarogrammes (Fig. 1A and
B, curve a) thex-peak due to the.-domain alone is
observed; thist-peak is better defined than that corre-
sponding to the3-domain previously described [34].
The a-peak potential has the same value using both
DPP and SWV techniques; however, using the latter

M. Dabrio, A.R. Rodguez/Analytica Chimica Acta 424 (2000) 77-90

technique thex-peak is very well defined exhibiting a
high intensity due to the adsorption phenomenon. The
a-peak is attributed to the oxidation of the mercury
electrode in the presence of free thiol groups of the
molecule not complexed by the metal ions giving rise
to the mercury thiolate complex, probably adsorbed
at the electrode surface. Peaks labeltlg€d) and
«(Zn) are due to the oxidation of the mercury elec-
trode in the presence of thiol groups complexed with
cadmium and zinc, respectively. €dZna and Zr'
correspond to the reduction of metal ions complexed
with the a-domain in given complexation forms. The
electrochemical reactions describing the oxidation
and reduction processes are reported elsewhere [8,14].

It is observed in Fig. 1 that the reduction potentials
of free and complexed cadmium are well defined and
separated and hence the different chemical forms of
this element can be clearly distinguished. On the con-
trary, several polarographic signals with very close
peak potentials are obtained for the reduction of free
and complexed zinc and, consequently in this case,
the attribution of different responses to several chemi-
cal forms of zinc is arduous. For this reason, a special
software was applied in order to improve the resolu-
tion of all polarographic peaks, particularly those cor-
responding to Zn(ll) reduction. Throughout this paper
all values of peak potentials and peak current are those
obtained with the calculation programme PeakFit
V.4.1, as is mentioned in the Section 2. However, it
is necessary to point out that whereas in the case of
cadmium both, electrochemical and mathematical ap-
proaches, the peak potentials are identical, in the case
of zinc reduction, for which three different peaks are
detected, the experimental potential value and that
obtained after treatment could be slightly different.
It is illustrated by the difference of potential for the
same peak~30 mV) obtained from one experiment
to another. Nevertheless the application of a math-
ematical program is the only solution at present for
resolving the Zn(ll) peaks.

Fig. 2 shows the variation of peak current and hence
the evolution of species in dissolution as a function of
the added compounds, i.e. the metal ions (Fig. 2a and
b) and thea-domain (Fig. 2c and d). Standard addi-
tions have been carried out until either the appearance
of a signal corresponding to free cations or the disap-
pearance of this response, which is easy to detect in
the case of cadmium but not in the case of zinc.
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Fig. 2. Peak current evolution vs. the amount of Cd (a) or Zn (b) addedatdd 5.5 x 10~6 M in HEPES-phosphate buffer 18M at
pH 8.0; and vs. the amount of added to both solutions $ 10~ M of Cd (c) and Zn (d) in the same media.

In spite of the bad definition of the-peak, it is gradually increase until they reach an unchanged
observed that the signal corresponding to the free value. These plateaux are better definedxf@d) and
a-domain disappears at the proportion of added Zna' peaks in the case af additions to the cations
cation [Mlag > 3molM/mola. The detection of  (Fig. 2c and d) that in the case of inverted additions
free Cd* and Zrf* starts to be observed for this (Fig. 2a and b).
same proportion. In the case aef-domain addi- Moreover a-peak is not detected when this com-
tions to metal ions, the corresponding responses of pound is added in excess]kq > 0.3 (Fig. 2c and d)
free Cd* and Zrf* disappear at the proportion of although it is detected during the inverted additions
[@]ag = 0.25-0.3mok/mol M. It is necessary to  (Fig. 2a and b). Likewise the peak current for the re-
point out that the peak potential due to?Znshifts duction of complexed Zn(ll) is smaller than that of the
to more negative potential for the third additionf  reduction of free ZA* in the initial solution (Ig,2+ ~
(=0.1 mola/mol Zn); this behaviour has already been 4lp,,./) (Fig. 2c) indicating either that the access to
observed during studies of standard addition of metal the electrode surface seems to depend on the position
ions to MT [13-16] and to mixtures of FT with cad- occupied by the Zn(ll) in the complexed molecule and
mium and/or zinc [24,25]. The polarographic peaks it is less easy than in the case of free?Zror that a
due to the oxidationp(Cd) anda(Zn) and the re-  change in the reversibility of the Zn(ll) system could
duction, Ca, Zna’ and Zrw, of the metal complexes  occur. This difference in the peak current has already
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been observed in the study of the complexation of zinc
with the B-domain of MT [34].

What can be derived from this data is that the ad-
dition of Cd or Zn to thea-domain or the inverted
additions produce the complete complexation in a
proportion Mo &~ 3—4:1, which is in full agreement
with the structure generally accepted for theluster
of MT, which is able to bind four bivalent metal ions
through its eleven cysteine residues.

In the case of Cd complex(es) the only peak
detected for the reduction of Cd(ll) is @dvhich cor-
responds to the only complexation form of cadmium
in binary mixturesa + Cd (Fig. 2a and c). In the

o
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afcd) a+[Cd:Zn]
r o C

zn

d2+:

case of zinc, when this cation is added to an excessFig. 3. Polarograms obtained by sequential additions of an

of a-domain, both Za and Zr' are simultaneously
present (Fig. 2b), but not in the case of inverted addi-
tions, a to excess of Zn, for which the only complex-
ation form corresponds to that namedoZifFig. 2d).

In both cases the prevalent form is &nfor which
the intensity increases similarly to that @{zn), in

agreement with the proposed electrochemical reac-

equimolar solution of Cd and Zn te-MT 5.5 x 10°M in
HEPES-phosphate buffer 1M at pH 8.0 (a) 0.0mol Cd or
Zn/mol «; (b) 0.8; (c) 2.0; (d) 2.8; (e) 7.2 and (f) 11.4.

were carried out until an excess of the added com-
pounds was obtained. An example of several signif-
icant polarogrammes is depicted in Fig. 3. In Fig. 3

tions, because the same compounds, i.e. the complexthe peak labelled Gd can be seen; this peak is at-

Zna is directly involved in the oxidation and reduction
reactions. However, fo + Cd additions (Fig. 2a) at
[Cd]ag < 2, Cdx peak current linearly increases with
a slope double that of the(Cd) peak in a similar man-
ner to the behaviour ai+ Cd binary mixtures. This is
difficult to explain if the electrochemical mechanism
previously proposed is assumed; in fact, for the oxi-
dation process, the Hg(ll) coming from the electrode

tributed to the reduction of Cd(ll) contained in the
a-cluster in a different complexation form to the &d
one, by analogy with peaks labelled CATdFT and
Cdp’ identified in previous works [9-26,34]. This
peak is detected and sometimes becomes prevalent
under given experimental conditions, particularly in
the presence of zinc.

The evolution of the peak intensities of all species

has to occupy the same complexation positions as as a function of the concentration of the added com-

those initially occupied by the cadmium. In previous
studies performed with the peptidic fragment FT in
the presence of cadmium at a proportion FT:€d:1
the similarity of slopes if Iptcqy and Ipcgrt versus
the total concentration has been verified [23].

3.2. Polarographic behaviour of the-MT domain
during sequential additions of cadmium and zinc
simultaneously

With the aim of obtaining more information
about complexing properties of the-domain with
both cations, cadmium and zinc, are simultaneously
present, the gradual additions of an equimolar mix-
ture of Cd and Zn to the-domain and the inverted
additions of a-domain to an equimolar mixture of
cadmium and zinc were performed. These additions

pound is represented in Fig. 4, for the additions of
cations to thex-domain or for the inverted additions.
In Fig. 4 the evolution of peak intensities correspond-
ing to binary mixtures (see Fig. 2) is also represented
with the aim of comparing the behaviour of binary and
tertiary mixtures. Vertical lines indicate the proportion
either of cations or of the-domain at which complete
complexation is reached. In this Figure, different pro-
portionsa:M can be distinguished at which different
species can be detected or prevalent. At (1) 2
corresponding to an excess ®f the a-response cor-
responding to the-domain electrochemical reactions
is very well detected with a polarographic peak well
defined (Fig. 3a). The peak intensity decreases until
its complete disappearance at fM]> 4 (Fig. 4a).
Peaks corresponding to the oxidation of the mercury
electroden(Cd) andx(Zn), increase with very similar
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Fig. 4. Peak currents obtained for all peaks when: @J,(Zn (A), or an equimolar solution of Cd and Zn{j for Cd(ll) peaks and
(A\) for Zn(ll) peaks) were added to a solution @fMT 5.5 x 108 M (a—d); and whemx-MT is added to Cd @), Zn (A), or an
equimolar solution of Cd and Zn@@) for Cd(ll) peaks, andA\) for Zn(ll) peaks), being the initial concentration of all cations in solution
5x 10°%M (e-h). Electrolyte: HEPES-phosphate buffer 201 at pH 8.0.



84

values (Fig. 4b). Ipg, grows with a slope value twice
the Ipycq) one, like in the case of binary mixtures (see
Fig. 2a) and reaches a maximum value at {M}

2 corresponding to a proportion:Cd:Zn ~ 1:1:1
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[a]ag > 0.7 exhibiting a(Cd), a(Zn), Cdx and Znv'
peaks corresponding to an excess of dh@domain.

The detection of different peaks and hence the pre-
dominance of different species depend on the relative

and then sharply decreases until its disappearance aconcentration between the-domain and the metal

[M] ag > 3 (Fig. 4d). The prevalent peak of Zn(ll) re-
duction is Zmx" which increases with a similar slope to
the (@)Cd and {&)Zn peaks (Fig. 4c¢). (2) 2 [M] aq <

4, Cd@) increases with the same slope as in {dd%n)
decreases and it is not observed at{M} 4 (Fig. 4b).
Cdo/, the only peak due to the reduction of Cd(ll),
increases with a similar slope to the &Znone and
reaches an unchanged intensity at M} 5. a-peak
disappears at [M}j ~ 4 as mentioned above indicat-
ing the compete complexation of with metal ions
(Fig. 4a). (3) [Mhg > 4. C* and Zrf* peaks corre-

ions and also on the simultaneous presence of both
cations in the tertiary mixtures or if the cations are
added alone in the case of binary mixtures. The disap-
pearance of free cations (Fig. 4e) and of fsd&ig. 4a)
coincides at the same proportion between total cations
and thea-domain,a:M = 1:4 in agreement with re-
sults ofa-domain studies previously published [3,7].
This proportion is the same for binary mixtures and
when metal ions are present together (Fig. 4e) the re-
sponse due to free €4 disappears at:Cd:Zn 1:3:3,

at which the ZAt peak is yet detected, indicating the

sponding to free cadmium and zinc start to be detected higher stability of the Cd complex. Concerning an-

at [M]ag > 4. In an excess of cations the following
peaks are detected(Cd), Cdv’ and Zn/, with inten-
sities almost unchanged.

During the sequential additions afdomain to an
equimolar mixture of both cations, several relations

odic responses, differences between binary and ter-
tiary mixtures exist; so, in excess@fdomain,a/M >
0.25, a(Cd) anda(Zn) behave in a similar manner for
binary and tertiary mixtures (Fig. 4b and f); however
a(Zn) is not detected when the cations are in excess

to M can also be distinguished to assess the predomi-a/M < 0.25 and the only anodic peak corresponds to

nance of different species (1)Jad < 0.15, the Cd+
peak disappears at]ag ~ 0.15mol/mol MT corre-
sponding to a proportion:Cd:Zn ~ 1:3:3. The dis-

«(Cd). This seems to indicate that cadmium and zinc
are occupying different positions in the molecule and
zinc can be replaced by Hg(ll) only in some of them.

appearance of free cadmium before free zinc (Fig. 4e) Likewise, the Cd’ peak which is observed in the pres-
is in complete agreement with the values of apparent ence of zinc (Fig. 4c and g) is the prevalent one in an

complexation constants of with cadmium and zinc,
K&go > Kzn, (vide infra). At this proportion, both
«(Cd) the only anodic peak corresponding to the oxi-
dation of mercury and Gd, the only peak due to the
reduction of Cd(ll), increase in intensity with a similar
slope until reaching a maximum (Fig. 4f and g); then
at [a]ag > 0.15, o(Cd) current remains unchanged
and Cd peak intensity decreases and is not ob-
served at¢]ag > 0.35. Zmd' peak increases, reaches
a maximum atg]ag ~ 0.2 and then remains constant
(Fig. 49). (2) 015 < [a]ag < 0.35-0.4. The free
Zn?t peak disappears ai]ag ~ 0.25 corresponding
to a proportiona:Cd:Zn, 1:2:2; at higher proportions
freea is detected (Fig. 4e). The Gdoeak starts to be
detected atd]ag > 0.3 which coincides with the dis-
appearance of @d, indicating that, with an excess of
ligand, the only complexation form of cadmium is the
Cda one (Fig. 4h)a(Zn) is detected atf]5q > 0.2, in-
creases up taflag ~ 0.35 and then remains constant

excess of cations, while the @geak is the only one
due to the reduction of Cd(ll) in the binary mixtures
and in an excess of-domain (Fig. 4d and h). Gd and
Zno' are interrelated and are the prevalent peaks of the
metal ions reduction when they are in excess in relation
to o (Fig. 4c and g). Both electrochemical responses
are probably due to the same compound, a mixed com-
plex of cadmium and zinc witk (vide infra).

According to our proposed electrochemical reac-
tions [8,14] the intensities due to, on the one hand,
a(Cd) and Cd or Cd’ systems and, on the other
hand, toa(Zn) and Zmx or Zna' systems should be
similar because the same compounds, the complexes
Cda and Znx are involved in the oxidation and reduc-
tion reactions; however lgcq) in an excess of cations
(Fig. 4b) has the same value as the addition of the in-
tensities of the cathodic peaksclp + Ipzn. (Fig. 4c)
which can be explained if it is assumed that cadmium
and zinc are occupying different complexation posi-

(Fig. 4f). The polarogram'’s features are unchanged at tions, for which the reduction of metal ions is possible
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(Fig. 4c¢) but the oxidation of the mercury electrodes in until [a]ag > 0.25 corresponding te:M = 1:4, the
the presence of thiol groups saturated with cadmium response of complexed zinc is the half of free zinc,
and zinc is only possible in the form corresponding to Ipz,,, ~ 1/2 Ip,2+. On the contrary, the total re-
the o(Cd) reaction (Fig. 4b). The same behaviour is sponse of Cd(Il) decreases unil][< 0.25 at which

observed when the-domain is in excess; so dfn) point the Cd(ll) is complexed in the @d form, at
(Fig. 4f) has an analogous value tolp (Fig. 49) [a] > 0.25 the complete transformation of the &d
whereas Ipd. (Fig. 4h) has twice the value of dfq) species into the Gdone occurs and, in the latter form,
(Fig. 4f), a similar ratio to that found during the study the complexed Cd(ll) gives a similar response to the
of binary mixturesp. 4+ Cd in an excess af (Fig. 2a). free Cd. It is necessary to point out that the com-

Summiarising all results (Fig. 4) it can be concluded plete complexation of the-domain with metal ions
that in an excess ef and in the simultaneous presence coincides with the minimum intensity of the Cd(ll)
of both cations the polarographic response(€d), reduction, indicating an access to the electrode which
Cda and Znx or Zna' probably corresponding to the is probably impeded by the structure of the molecule
pure complexation forms af with cadmium and zinc  itself with all thiol groups binding cadmium and zinc
and, in an excess of metal ions, when the limiting con- simultaneously. In addition, the maximum intensity
centration is thex one, a reorganisation of the form values for Cd’ and Zr' peaks are the same, support-
of complexation into the cluster is produced, proba- ing the hypothesis that both responses come from the
bly leading to the form of cadmium and zinc mixed same compound. Once more the different behaviour
complexes; in this case the polarographic response isof complexes Cd and Znx is revealed.
a(Cd), Cdv’ and Zny'. This transition of one form
into another form implying the reorganisation of the 3.3. Polarographic behaviour of the-MT domain
molecule is clearly illustrated in Fig. 5 in which the during sequential additions of Cd or Zn followed by

total intensities of Cd(ll), i.e. g+ + IPcgy + IPCdas additions of Zn or Cd
and zZn(ll), i.e. Ig2+ + Ipzny, reduction is repre-
sented as a function of the proportioncoadded for a After having added one of the metal ions to the

given total concentration of cadmium and zinc equal a-domain and the inverted additions (vide supra
to the initial one. It can be seen in Fig. 5 that whereas Figs. 1 and 2), the addition of the other cation was
the total intensity due to the Zn(ll) remains constant carried out with the aim of better understanding the

1e-8 1e-8

8e-9

/A
/A

4e-9 I 4e-9

2e-9 + I 2e-9

0.0 0.2 0.4 0.6 08 0.0 0.2 0.4 0.6 0.8
moles o/ mole MT moles a/ mole Mt

Fig. 5. Peak current measured for the reduction peaks produced avdlemain is added to a solution containing Cd (right) or Zn (left)
5x 10-%M in HEPES-phosphate buffer 18M at pH 8.0. The total current corresponding to the sum of the reduction peaks for either
Cd(ll) or Zn(ll) are represented in the figure by the sym®al
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Fig. 6. Polarograms corresponding to the sequential addition of
Zn or Cd (mol/mol Cd or Zn), to a solution containing the
other cation, Cd or Zn 5 x 10°6M, and an excess of-MT,

in HEPES-phosphate buffer 1M at pH 8.0. (A) Addition of

Zn to a solution containing Cd and 0.35 nadinol Cd; (e) 0 mol
Zn/mol Cd; (h) 0.99; (B) addition of Cd to a solution containing
Zn and 0.4 mok/mol Zn, (c) 0 mol Cd/mol Zn; (d) 0.45; (e) 0.99;

(f) 0.27, (g) 0.45.

influence of one cation on the complexing properties
of the other and of comparing this behaviour with
results obtained with binary and tertiary mixtures.
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The addition of zinc to the last obtained polarogram
of o addition to a C&" solution, exhibitinga(Cd)
and Cdv peaks (Fig. 6A(e)), provokes the gradual
transformation of the Ga peak into the Cd’ peak
(Fig. 6A(h)). Peaks of Zn(ll) reduction are detected,
probably in the Zn’ peak and the Z# or Zn peak,
the latter at a potential slightly more negative than that
of free Zrtt. This Zn peak has already been detected
during the study of some MTs [12,13,15,16] and of
several mixtures FT:Cd:Zn [21,25]. ThgCd) peak
is not affected by the zinc additions.

The effect of cadmium additions to a mixture con-
taining Zn+ « is illustrated in Fig. 6B. The initial po-
larogram exhibitsx(Zn) and Zm' peaks (Fig. 6B(c)).
The addition of cadmium produces the diminishing
and then the disappearanceod?n) and the increase
of «(Cd) and of the reduction of Cd(ll) in the form
Cdo’. In addition the response due to the Zn(ll) re-
duction increases, even the total zinc concentration
remains unchanged, and the splitting of the initial
peaks into Zn’ and, probably, Zn occurs.

The variation of peak currents of all species as a
function of metal concentration added is represented
in Fig. 7 with the aim of comparing obtained results.
It is observed that the addition of Zn (Fig. 7a and c)
does not affect the(Cd) intensity which remains con-
stant; however, Gd linearly decreases and then dis-
appears at a proportion @f:Cd:Zn, 1:3:1 (Fig. 7a)
and 1:3:0.5 (Fig. 7c) and responses due te/Cahd
Zno’ increase with similar intensity until reaching the
same value ofy(Cd) current. The detection of 2h
or Zn occurs at a [Zn}; less than that required for ob-
taining the stability of polarographic responses. The
final feature, when metal ions are in excess is the
same:a(Cd), Cdx’ and Znx' as that obtained when
both cations are added together and are in excess
(Fig. 4).

In the case of cadmium additions the most signifi-
cant transformation occurs at different concentrations
of cadmium in the two experiments (Fig. 7b and d).
The final feature for binary mixtures + Zn is the
same with peaka(Zn), Zno’ and Zny, the latter, with

Several examples of the evolution of polarograms are a small intensity is only found in the case of addi-

given in Fig. 6A and B, corresponding to the addi-
tion of zinc to a mixture containing Cd:at 1:0.35
(Fig. 6A), and the addition of cadmium to a mixture
Zn:a 1:0.4 (Fig. 6B). In both cases a slight excess of
« is present in the initial dissolution.

tion of Zr*t to the a-domain (Fig. 7b)a(Cd) peak
increases until a concentration of [Gglleither > 6
(Fig. 7b) or >1 (Fig. 6d)a(Zn) decreases and disap-
pears at [Cd]y > 4 in the case of mixturea + Zn
(Fig. 7b), but for Zn+ « the needed concentration
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Fig. 7. Peak currents for all species obtained when Zn or Cd were added gradually to a solution containing/lBof5 x 10 M and
an excess of the other cation, Cd or Zn (a and b, respectively) or one cation, Cd or Zn, and an excéssantl d, respectively), in
HEPES-phosphate buffer 1M at pH 8.0.

of [Cd]aq is smaller, leading to a different proportion 3.4. Comparison between the polarographic

of cations at the end of additioneCd:Zn ~ 1:4:3 results and those obtained using electrospray mass
and 1:2.5:1, respectively. @lpeak, the only peak de-  spectrometry

tected for the Cd(ll) reduction, increases with a sim-

ilar slope to that ofa(Cd) and reaches a plateau at Several determinations of the stoichiometry of com-
[Cd]ag > 2 (Fig. 7b) or [Cd}q > 1 (Fig. 7d). At great pounds in different binary mixtureg:Cd anda:Zn
excess of [Cd]y > 5, Cdx peak starts to be detected and tertiary mixtures:Cd:Zn at different metal ions
and its intensity reaches a constant value at {gd] to thea-domain proportions have been performed by
8.5. The fact that the Za intensity continuously de-  our team using electrospray ionisation mass spectrom-
creases during the Cd additions (Fig. 7b) suggests thatetry (ESI-MS) [33] with the aim of comparing results
the Cd(ll) can replace the Zn(ll) initially bound to obtained using two different methods. The experimen-
the a-domain, in agreement with the values of com- tal conditions using both methods are not identical
plexing constants and, hence, theoGakak attributed because the polarographic measurements were per-
to a pure complex is detected at a great excess offormed in each solution after sequential additions of
cadmium. one compound to another, with a slight variation of the
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chemical composition, whereas in the case of MS mea- In the case of addition of both cations together to
surements, several mixtures of a given composition the a-domain or the inverted additions, two different
have been prepared and immediately measured. Like-conditions can be distinguished (Fig. 4): an excess of
wise, it should be pointed out that the MS signals for ligand with the polarographic peaka{Cd), a(Zn),
Cda complex(es) are better defined than fonZtom- Cdx and Znw’ and an excess of metal ions with po-
plex(es), particularly in the case of tertiary mixtures larographic featuresa(Cd), Cdv' and Zrw'. These
for which both responses are simultaneously obtained; conditions can be compared to mixture€d:Zn 1:1:1
therefore the composition of zinc compounds and even (Fig. 4c and d, Ma < 2 and Fig. 4g and hy/M >
their presence cannot be determined in a precise way.0.5) with an excess of ligand, the MS results corre-
The MS results are summarised as follows in spond to mixed complexes gghnia, ChZna and
order to associate polarographic peaks to different CdiZnza. For mixturesa:Cd:Zn 1:2:2, correspond-

complexes: ing to M/a = 4 anda/M = 0.25 in the Fig. 4, the
«:Cd 1:.0to 1:5 Cdk 3, Cdia
Cd > 4, Cdia > Csa
a:Zn 1:0to 1.5 Zn< 4, Znga < Znja
Zn =5, Zna
a + [Cd + Zn] 1:1:1 CadZnia, ChZnoa, CdiZNoa
1:2:2 Cdio, CdzZnia, ChZnoa, ChZnoa, ZNza
1:3:3 Cdie, CdzZnia, ChZnya
1.4:4 Cdie, CdsZnia
1:5:5 de(, Cngnla

In the case of mixtures+Cd+Zn ando+Zn+Cd complexes identified using MS are £d CdZn«,
all kinds of complexes can be found, particularlysad ChZnya, ChZnza and Zrea, that means pure and
and mixed cadmium and zinc complexes. Depending mixed complexes with polarographic peakseZand
on the order of addition as well as on relative pro- Cda’. When the metal ions are in excess (Fig. 4c and
portions of three compounds, several complex(es) ared, M/a > 4 anda/M < 0.25) with the same polaro-
prevalent in relation to others. graphic peaks the MS results lead to,@dCdZn;a

From MS results the assignment of polarographic and C@Znya. Therefore, from these results the assign-
peaks to possible complexes could be carried out, par- ment of a Cd polarographic peak to a pure compound,
ticularly in the case of binary mixtures because polaro- e.g. Cda is not fully justified; however the attribution
grams and mass spectra are simple and well defined. of Cda’ to mixed cadmium and zinc complexed with

For the binary mixtures.+ Cd and Cdt+ « (Fig. 2a the a-domain is very probable. In addition, similar
and c, Fig. 4) the only peak of the Cd(ll) reduction de- values of Zm’ and Ca’ peak intensities, when metal
tected, Cd, should correspond to a @& complex in ions are in excess (Fig. 4c) confirm the attribution of
an excess of-domain and to a mixture of Ga and these peaks to the same compound containing both
Cdsa when the cation is in excess, with peak poten- cations. Comparing the attribution of polarographic
tials very similar. For thet+Zn and Zr4- o mixtures Cd(ll) and zZn(ll) reduction peaks of complexes with
(Fig. 2b and d, Fig. 4), two polarographic responses the B-domain [34] the study o&-domain complexes

are detected, Zn < Zna' (Fig. 2b) in excess of lig-  is more ambiguous, probably due to the different ki-
and and only one, Zi, in excess of cation (Fig. 2d).  netics of complexation for both andB-domain [3].
Zno' peak could be associated tossncomplex. Like At this stage it is worth clarifying that, in the case

polarographic potentials of Zn(ll) reductions are very of cadmium complexes, both the electrochemical and
close to each other, a discrimination of different com- MS responses are well defined allowing one to clearly
plexes is difficult. distinguish three polarographic signals,?cd Cdo’
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and Cdx as well as between pure and mixed com- of cadmium and zinc complexes simultaneously. Few
plexes using MS results. Concerning Zn compounds analytical techniques can be used for obtaining infor-
the polarographic peaks are very close to each othermation, at the same time, of both complexes with sim-
and the corresponding signals in the MS spectra areilar responses, such as is the case of the reduction of
also poorly defined. Nevertheless, it seems to be clearcadmium and zinc at the mercury electrode based on

that several stable forms of cadmium and zinc com-
plexation with thea-domain co-exist, depending on
the ratio between the-domain and metal ions, the
proportion of cadmium to zinc and the order and mode
of additions of one compound to another.

3.5. Estimation of apparent stability constantsvi

The apparent stability constants of &GdZna and

analogous electrochemical mechanisms.

The a-domain of MT is capable of complexing
metal ions, cadmium and zinc, at a proportion of three
five-metal ions and one organic molecule in the case
of binary mixturesx + Cd anda + Zn. Pure cadmium
and zinc complexes, Gd and Cda and Zrya and
Znya, depending on proportions of metal ions to the
a-domain, have been confirmed using MS techniques.
The same ratio of the-domain to metal ions has

Hga complexes have been evaluated using previously been obtained when both cations are simultaneously

described approaches [8,18,19]. In the case ok Cd

and Znx constants the differences between the poten-

present leading to tertiary mixtures + Cd + Zn;
however the formation of mixed cadmium and zinc

tial of free cations and the complexed ions have been complexes prevails for tertiary mixtures which has
taken from polarograms recorded in the case of binary been verified by the use of MS results. In fact the

mixtures. For the evaluation of Hgconstants the
difference of potentials between the oxidation of mer-
cury in the supporting electrolyte (unlimited current
in oxidation) and the oxidation of the mercury in the
presence of the-domain alone was used. The concen-
tration of the ligand, included in the stability constants
value, was taken as being approximately 1®1.

The logK ¢, . log K7, and logk{,,, values are 14,

polarographic features are not the same for binary
mixtures as for tertiary mixtures. Two different elec-
trochemical responses of the reduction of Cd(Il) and
Zn(1l) complexed with thex-domain have been found
and attributed to two different forms of complexation
of cadmium and zinc with the ligand. The obtention
of one of the two responses or both together depends
on the relative proportion of cations. Whereas in the

10 and 31, respectively. These values are comparablecase of cadmium complexes the distinction oP€d

to those obtained for Cd, Zn MT of different origin
[8,9,11] and for M-FT complexes [19-22] as well as
for M—B-domain complexes [34], M being Cd, Zn or
Hg. Even if the assumption on which this estimation is

Cdo’ and Cak polarographic peaks is unambiguous,

for the zinc compounds the resolution of different

signals is reached using a mathematical approach.
When one metal ion, cadmium or zinc, is added to

based can be considered as only approximate, the sta-@a solution of pure complexes #rand Cdy, a reorgan-

bility constants of thex-domain of MT with different

metal ions have been estimated here for the first time.

4. Conclusions

isation in the molecules is produced when the metal
ion is incorporated by successive additions leading to
the transformation of pure complexes into mixed com-
plexes. This is displayed by a gradual transformation
of the Cdx peak into the Cd’ when zinc is added to

a Cd+ o mixture or the appearance and gradual in-

DPP, under experimental conditions which ensure crease of the Gd peak when cadmium is added to a
that the interaction phenomena between the electrodeZn+ o mixture, obtained in the electrochemical study.
and the compounds are avoided, appears to be a good Taking into account the values of the apparent sta-

technique for monitoring changes of different species
in solution and for providing information about com-
plexation properties. It allows one to make a clear
distinction between free cations, €dand zrft, and
these metal ions complexed with thedomain of MT,
and consequently allows one to follow the evolution

bility constants of Cd and Zrx complexes, added
cadmium should remove the zinc initially bound to the
a-domain as was reported in several papers. However,
the pH of experiments used in most of these works are
close to neutral pH and taking into account that the
formation of the Z complex starts at pH- 6, the
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stability constant at a pH close to 6 should be low and [3] M.J. Stillman, C.F. Shawn I, K.T. Suzuki (Eds.), Metallo-
hence zinc could easily be removed by the added cad- thioneins, Synthesis, Structure and Properties of Metallo-
mium. In our work the experiments were performed at thioneins, Phytochelatins and Metal-Thiolate Complexes,
H 8, at which the value of the complexing constant is VCH, New York, 1992

p satw p g [4] J.F. Riordan, B.L. Vallee (Eds.), Methods of Enzymology,

log K zn, ~ 10, the incorporation of cadmium is pro- Vol. 205, Metallobiochemistry, Part B, Metallothioneins and
duced without the displacement of zinc, confirmed by Related Molecules, Academic Press, London, 1991.
both polarographic and MS results [5] K.T. Suzuki, N. Imura, M. Kimura (Eds.), Metallothionein

. I, Biological Roles and Medical Implications, Birkhauser
The electrochemical method does not allow one to Verlag, Basel, 1993.

get information about structural features and hence to [6] G. Bordin, A.R. Rodriguez (Eds.), Metallothioneins (special
know if the incorporation of metal ions to a formed issue), Talanta, Vol. 46, 1998.

complex(es) occurs either with the same kind of [7] C.D. Klaassen (Ed.), Metallothionein IV, Birkhauser Verlag,
S . . N . Basel, 1999.
co-ordination or if another kind of co-ordination is g A Mmufioz, A.R. Rodiguez, Electroanalysis 7 (1995) 674.

induced, but allows one to note important changes in [9] C. Ruiz, J. Mendieta, A.R. Rotljuez, Anal. Chim. Acta 305
the polarographic features for given Cd/Zn ratios as 0] 8935)_ 28A5-R Rod Anal. Chim. Acta 325 (1996) 43
H : H . RUlz, A.R. Rodlguez, Anal. im. Acta .

well as to observe the combination of given responses 111 <" pyiz’ AR Rodiguez. Anal. Chim. Acta 350 (1997) 305.

under different experimental conditions. [12] O. Nieto, G. Bordin, A.R. Rodguez, G. Hellemans, M.
The use of another completely different technique DeLey, Talanta 46 (1998) 315.

from electroanalytical methods such as MS from [13! (D)' LN'e“é’. GI' Btord;]”' A'g.' ROdg”te.z’ fe' (':ggg“jgs' M.

. . . . eLey, bloelectrochem. bloenergetics .

which information of_ th_e molecular weight of com- [14] C. Harlyk, O. Nieto, G. Bordin, AR. Rodyuez, J.

pounds and the stoichiometry of complexes can be Electroanal. Chem. 458 (1998) 199.

derived has been very useful for the assignment of [15] M. Dabrio, A.R. Rodriguez, Anal. Chim. Acta 385 (1999)
ifferent cadmium and zinc electrochemical r n 295.
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