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The Zn?**-glutathione system is studied as a model
for metal-peptide systems where some critical fac-
tors must be considered when using voltammetric
techniques for the determination of stability con-
stants. These factors are the presence of side reac-
tions (in this case, both the protonation of glutathi-
one and the hydrolysis of Zn?*), the association-
dissociation rates of the complexes compared with
the time scales of the measurements (which makes
the complexes electrochemically labile or inert), and
the electron transfer kinetics on the electrode sur-
face (which makes the metal ion reduction revers-
ible or irreversible). For the study of these factors,
three data treatment approaches have been applied:
(i) the electrochemical hard-modeling approach
(modelization of both chemical equilibrium and
electrochemical processes), (ii) a chemical hard-
modeling approach (modelization of chemical equi-
libria only, based on the least-squares curve-fitting
program SQUAD), and (iii) a previously developed
model-free soft-modeling approach based on multi-
variate curve resolution with a constrained alter-
nating least-squares optimization. By analyzing dif-
ferential pulse polarographic data obtained under
different experimental conditions, the influence of
the mentioned factors on every approach is dis-
cussed and, if possible, the corresponding stability
constants are computed. The results of this study
showed the potential usefulness of voltammetry in
combination with hard- and soft-modeling data anal-
ysis for the study of peptide complexation equilibria
of metal ions such as Zn which have neither relevant
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spectroscopic properties nor proper isotopes for
NMR measurements. © 2000 Academic Press

The binding of metal ions by peptides and proteins is
of high interest in biological systems. Formation con-
stants of metal complexes are determined by a variety
of methods, both spectroscopic and potentiometric
playing key roles (1). Although these methods are very
well established, they are limited by the relatively high
concentrations required which cannot always be
reached. In these cases, alternative methods are of
highest interest.

Among the electrochemical techniques (2), voltam-
metric have been widely used to study the interactions
between metal ions and a diversity of ligands (3). His-
torically, polarography, i.e., voltammetry at dropping
mercury electrodes, has been the most widely used
technique because of its very high reproducibility and
reliability at low concentrations (4). This is especially
true for the more sophisticated techniques such as
differential pulse polarography (DPP)? (5).

Glutathione (GSH) is considered an essential con-
stituent of all living cells. Indeed, GSH is usually the
most abundant intracellular nonprotein thiol (6). GSH
presents eight binding sites: two carboxylic acid
groups, an amino group, a sulfhydryl group, and two
peptide linkages. Because all sites cannot be simulta-
neously coordinated to a single metal ion, the coordi-
nation chemistry of GSH is characterized by the for-
mation of protonated and polynuclear complexes. Most
metal-GSH complexation studies in solution have

® Abbreviations used: DPP, differential pulse polarography; MCR-
ALS, multivariate curve-resolution method with alternating least-
squares optimization.
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been done through potentiometry. However, those
measurements alone provide little or no information on
the nature of the complexes at the molecular level,
since a macroscopic property is measured. These prob-
lems have been resolved to some extent using informa-
tion at the molecular level provided by spectroscopy.
The acid—base chemistry of the four acidic groups of
GSH, whose knowledge is necessary for quantitative
studies of metal binding, has been characterized at the
molecular level (7, 8).

The binding of Zn*" by GSH has been the subject of
a number of studies, mostly by pH titration techniques.
However, there is a lack of agreement on which Zn*'—
GSH species are formed as well as on the magnitude of
their stability constants (6, 9-11). The use of electro-
analytical techniques is especially important for the
study of Zn complexes because of the lack of (i) relevant
spectroscopic properties of Zn and (ii) a proper Zn iso-
tope for NMR measurements.

The complexation between Zn*" and GSH was re-
cently studied by DPP (12). During the DPP titrations
of Zn** with GSH most voltammograms did not have
the regular shape observed for Zn*" in the absence of
GSH. They seemed to be formed by overlapping of
simpler signals. This means that Zn** ions bound to
the different sites of GSH did not dissociate apprecia-
bly during the voltammetric measurement and, as a
consequence, they were independently reduced at dif-
ferent potentials yielding different DPP signals, which
due to their proximity produce overlapping peaks. The
complexity of the highly overlapping polarograms pre-
vented the use of classical voltammetric hard-modeling
approaches (4) and the direct interpretation of the sig-
nals. Moreover, secondary phenomena like hydrolysis
of Zn*" or losses of electrochemical reversibility of the
Zn*" reduction were detected in some cases, thus mak-
ing even more difficult treatment by electrochemical
hard modeling.

Then, data analysis was done through a soft-model-
ing approach based on factor analysis that had been
previously developed by Tauler et al. for the study of
spectrophotometric data (13) and that was later ap-
plied to voltammetric signals (14, 15). It basically con-
sists of a multivariate curve-resolution method with
alternating least-squares optimization (MCR-ALS)
which does not assume any a priori chemical model.
The MCR-ALS approach was recently proposed as a
very useful tool for the study of the metal-binding
properties of the peptides by voltammetric means (15).

The study of the Zn—-GSH system by MCR-ALS (12)
clearly indicated the presence of three main species
(the free metal ion and two complexes). However, the
above-mentioned secondary phenomena prevented the
use of a closure constraint forcing the total metal con-
centration to be equal to a well-known value (if hydro-
lysis is present, the total metal concentration in solu-
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tion is different from that initially added, since one
part of the metal is precipitated as insoluble hydrox-
ide). The MCR-ALS method provided a set of pure
theoretical voltammograms for each electrochemical
process (forced to have the same height) and a set of
concentration profiles which indicated the relative
changes in the concentration of every species but, as a
consequence of the lack of closure constraint, not the
absolute values of them. Obviously, this may hinder
the calculation of stability constants. Regardless, the
comparison of the shapes of the concentration profiles
obtained in our previous study (12) suggested the 1:1
and 1:2 Zn:GSH stoichiometries for the two main com-
plexes. In fact, some structural considerations, jointly
with the shape of pure signals, suggested that the 1:1
complex could actually be a 2:2 molecule, but this hy-
pothesis is difficult to confirm unless structural infor-
mation can be obtained by complementary techniques.

In the present work, the Zn—-GSH system has been
used as a model to cope with such methodological prob-
lems which can be present in a high variety of metal—
ligand systems, including metal-peptide. Moreover,
three different approaches have been used to deter-
mine the corresponding stability constants. Under the
different experimental conditions studied, this system
has demonstrated to be a valuable model to compare
the advantages and drawbacks of these three different
approaches used for computing stability constants: (i)
the “classical” electrochemical hard modeling (model-
ization of both chemical equilibrium and electrochem-
ical processes); (ii) the already commented MCR-ALS
soft modeling, including a closure constraint in the
ALS optimization; and (iii) a kind of chemical hard
modeling (i.e., the modelization of the chemical equi-
libria only) by using a least-squares curve-fitting pro-
gram (SQUAD) (16) originally designed for spectropho-
tometric data that, to our knowledge, has not been
applied before for the analysis of voltammetric signals.

THEORY
Electrochemical Hard Modeling

The voltammetric signal measured for a metal ion in
the presence of complexing agents is determined by the
phenomena taking place in three different regions of
the measuring device (2).

In the bulk solution (the majority of the sample, not
disturbed by the electrodic processes) there is usually
chemical equilibrium, so that the concentration of ev-
ery species is constant and verifies the full set of sta-
bility constants of the system.

In the diffusion layer (a thin region around the work-
ing electrode) the concentrations of the species are
affected by the electrodic processes and change pro-
gressively as a function of time, applied potential, and
distance to the electrode. This concentration change is
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mainly determined by the rate of consumption of the
electroactive species in the electrode, the rate of trans-
port by diffusion of the species toward the electrode
(the bigger the diffusion coefficient the higher the rate),
and the extension of the reactions that can transform
one species into another as they are transported along
the diffusion layer. The extension of this last phenom-
enon is determined by the relation between the Kinet-
ics of association—dissociation of the complexes and the
time taken by the voltammetric measurement. If the
kinetics is much slower than the measurement, there
is no conversion between species in the diffusion layer
and every species can be independently transported
and reduced (as it happens, for instance, in a mixture
of Zn*" and Cd*" ions). In this situation, the complexes
are termed electrochemically inert. On the contrary, if
kinetics is much faster than the measurement, every
variation in the concentration of a species is immedi-
ately counteracted by association or dissociation of
other species. This means that there is a continuous
interconversion of species that ensures the fulfillment
of all stability constants along the diffusion layer and
produces a single signal which is the average of the
reduction of all the metal species. Then, the complexes
are named electrochemically labile.

Finally, on the electrode surface, for each applied
potential a current is measured which is proportional
to the flux of species being reduced there. This flux is
determined by both the electrochemical equilibrium
(according to Nernst’'s law) and the rate of the electron
transfer on the electrode surface and also by the above-
mentioned rate of transport of the electroactive species
in the vicinity of the electrode. The fulfillment of
Nernst’'s law combined with the transport by diffusion
is responsible for the sigmoidal or peak shape of most
voltammetric signals. Concerning the electron trans-
fer, if the process is fast and can be easily produced in
the opposite direction, such process is called reversible
and, on the contrary cases, irreversible.

Then, it is clear that the resulting voltammetric sig-
nal is related to the concentrations in the bulk solution,
but also that in many cases the existing relationship is
not as straightforward as, for instance, in spectropho-
tometric measurements. To find this relationship, elec-
trochemical hard modeling postulates theoretical mod-
els considering both the complexation in the bulk
solution and the set of processes taking place in the
diffusion layer and on the electrode surface. The math-
ematical resolution of every model produces equations
containing a set of parameters, stability constants
among them that can be fitted to experimental data.

The simplest case that can be studied by electro-
chemical hard modeling is that of a metal, which can be
reversibly reduced, forming electroinactive inert com-
plexes. Then, the signal of the free metal always ap-
pears at a fixed half-wave or peak potential with a peak
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or limiting current directly proportional to the concen-
tration of the free metal ion, and this makes calcula-
tions very easy. If the complexes are electroactive, new
signals appear at fixed half-wave or peak potentials
(usually more negative than that of the free metal
signal) with peak or limiting currents also being di-
rectly proportional to the concentrations of the respec-
tive complexes. In such a case, calculations are still
easy as far as the signals can be measured individu-
ally, i.e., they do not overlap with each other or with
the free metal signal. The presence of overlapping sig-
nals makes necessary the use of deconvolution tech-
niques or, much better, soft-modeling approaches for
multivariate curve resolution.

When the system includes a reversibly reduced
metal ion and a set of successive labile complexes, a
single reduction signal is observed which is shifted to
more negative potentials as the ligand concentration
increases and whose limiting or peak current can also
be decreased if the diffusion coefficients of the com-
plexes are considerably lower than that of the free
metal ion. In the presence of a sufficient excess of the
ligand, the method by De Ford and Hume (4) allows the
calculation of the corresponding stability constants
from the ratio between the limiting or peak current
obtained for the metal in the presence (1) and in the
absence of the ligand (l,) and the shift in the half-wave
or peak potential (AE) caused by the addition of the
ligand:

nF I )
Fo= exp(—RTAE — In |O> =1+ E Bi(c)', [1]

where nF/RT equals 77,88 V' for n = 2 and at 25°C,
F, is the Leden function of order zero, c, is the bulk
concentration of the ligand, and B; is the overall sta-
bility constant of the ML; complex. Although this
method was initially developed for small-size ligands,
the model by de Jong et al. (17-19) showed the validity
of Eq. [1] for the systems including labile macromolec-
ular complexes, excess ligand, and absence of adsorp-
tion phenomena. A further extension of the model (20—
22) also proved the validity of the equation for
mixtures of labile and inert complexes, including all
the possible overall stability constants in the sum.
An interesting consequence of these facts is the pos-
sibility of taking into account the side reactions of both
metal and ligand in the medium considered (as metal
hydrolysis, ligand protonation, or metal complexation
by the components of the buffer). In this case, Eq. [1] is
still valid (21), but now B; are conditional stability
constants that must be corrected by the corresponding
side-reaction coefficients of both metal and ligand (ay
and «, respectively). Moreover, it is possible to esti-
mate voltammetrically the value of «,, by comparison
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between the currents and potentials obtained for a
metal solution in the absence of side reactions (I, E,)
and those measured for the same concentration of
metal in the medium under study (I,', E,’) (21):

m%» [2]

o

nF
ay = exp _ﬁ(Eo — Eo) —

The side-reaction coefficient for the protonation of the
ligand cannot be determined voltammetrically, but it
can be estimated from the protonation constants in the
literature. For the particular case of GSH, this is given
by the equation

o =1+ Kyu[HT+ Ky Ky, [H 1?
+ Kpl Kp2 Kp3 [H +]3 + Kpl Kp2 Kp3 Kp4 [H +]4 [3]

with the literature values of log K,; = 9.53, log K, =
8.64, log K,; = 3.48, and log K,, = 2.08, measured at
25°C and at ionic strength of 0.15 mol liter * (11).

A more problematic situation is found when the as-
sociation—dissociation kinetics of the complexes is of
the same order of the measurement rate. Then, from an
electrochemical point of view, the complexes are nei-
ther inert nor labile. This still produces separate re-
duction signals for every species, but with half-wave or
peak potentials which are not constant and limiting or
peak currents not proportional to the bulk concentra-
tions. Thus, the signal of the free metal is higher and
moves to more negative potentials, compared to the
inert situation, since it is produced not only by the
reduction of the originally free metal ions but also by
the metal ions coming from complex dissociation. In
this particular case, there are no rigorous simple ex-
pressions to compute stability constants, but it has
been shown that in some cases Eq. [1] can still produce
reasonable results (23).

An additional important complication that can be
encountered is the irreversible reduction of the metal
and/or the complexes. This is caused by a slow electron
transfer on the electrode surface, and it produces both
a broadening and a shift (to more negative potentials)
of the sigmoidal signals that preserve the same limit-
ing currents that would have been observed in the
reversible case. For peak-shaped signals, the irrevers-
ibility produces a shift of the peak toward more nega-
tive potentials, a decrease of the peak current, and an
increase of the peak width (5). From the point of view
of electrochemical hard modeling, the (usual) irrevers-
ible type of the inert complex signals is not a serious
problem, but the irreversibility of the metal ion signal
has dramatic consequences, since there are no simple
methods to separate the irreversibility contribution
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from that of complexation on the observed potential
shift and current decrease, so Eq. [1] is no longer valid.

Soft Modeling (MCR-ALS)

In contrast with electrochemical hard modeling, the
soft-modeling MCR-ALS method does not impose any
model for the metal complexation nor for the electro-
chemical processes involved in voltammetric measure-
ments. Instead, it determines concentrations and pure
signals for every electroactive species just by analysis
of signal variation at different metal-to-ligand ratios.
This method has been described in previous woks (13—
15). The only hypothesis assumed is the linearity of the
signals with respect to the concentration of the electro-
active species. This means that the overall signal
should be the sum of the signals that would be obtained
for every species alone (pure signals) multiplied by the
corresponding species concentration. As discussed be-
fore, this linearity is only warranted in electrochemi-
cally inert systems, but for some labile systems the
signal is also close to linear (14).

For carrying out MCR-ALS, the individual voltam-
mograms recorded at different metal-to-ligand ratios
are arranged in a data matrix of currents I, with as
many rows as recorded voltammograms at each metal-
to-ligand ratio and as many columns as potentials
scanned during the current measurements. First, a
singular value decomposition (SVD) of matrix | is ap-
plied to determine the number of linearly independent
contributions, i.e., the number of independent electro-
active species linearly contributing to the current.
Then, the data matrix | is decomposed as a product of
a matrix C (containing the concentrations of every
electroactive species) and a matrix V (containing the
corresponding pure voltammograms) plus an error ma-
trix X (13):

I =CV + X. [4]

This matrix decomposition is carried out using an ALS
optimization which imposes several restrictions (con-
straints) during the iterative process. The more impor-
tant constraints are selectivity (only one component is
present in a potential region or at a given metal-to-
ligand ratio), nonnegativity (of concentrations and/or
signals), unimodality (unimodal shape of concentration
profiles and/or pure voltammograms), signal shape (fit-
ting of pure voltammograms to a parametric equation
which imposes a predetermined shape), and closure
(the sum of the metal or ligand concentrations in some
or all species is equal to a well-known value or a series
of values). The relative error of the matrix decomposi-
tion is expressed as a percentage of lack of fit (lof),
according to the equation



DATA TREATMENT FOR VOLTAMMETRY OF METAL-PEPTIDE SYSTEMS

lof = -100, [5]

where a;; are the experimental values of matrix | and
a;; are the corresponding calculated values.

Additional details of the MCR-ALS method (13) and
its application to voltammetric data are described else-
where (14, 15). MCR-ALS has been implemented using
a MATLAB computer graphics environment program
(24).

Concerning the MCR-ALS method, a critical point
should be clearly understood for further interpretation
of the results. During the MCR-ALS analysis of exper-
imental data, a reduced number of components is re-
solved, and one of the basic assumptions is that these
components are associated with the different chemical
sources of data variation. In the interpretation of pre-
vious results (12, 15) it was proved that every resolved
component by MCR-ALS was related to an electroac-
tive site yielding an electrochemical signal and not
necessarily to a pure chemical species. Thus, in some
cases an electroactive site and a chemical species are
coincident (for instance, free metal ions). However, in
some other cases, an electroactive site can be inside a
chemical species, or even two or more different electro-
active sites can be included in the same chemical spe-
cies (for instance, in metal clusters) (12, 15).

As a drawback, it must be mentioned that the need
for linearity makes the MCR-ALS approach very sen-
sitive to the inert/labile character of the systems (25).
In contrast, MCR-ALS has the advantage of not requir-
ing electrochemical models, which are not available or
difficult to manage for the treatment of overlapping
and/or irreversible signals and in intermediate situa-
tions between labile and inert complexation. An addi-
tional advantage is the possibility of working with
poorly defined species, such as those of ill-defined mac-
romolecular ligands, that cannot be treated by hard-
modeling approaches.

Chemical Hard Modeling (SQUAD)

The chemical hard-modeling approach is intermedi-
ate between the hard-electrochemical and the soft-
modeling approaches. As the first, it assumes a chem-
ical model (i.e., a certain number of species with their
stoichiometries) but, concerning electrochemistry, it
only imposes the hypothesis of linearity between con-
centrations and currents (the same as in soft model-
ing). In SQUAD, a set of postulated stability constants
are optimized using a nonlinear least-squares curve-
fitting approach. From these stability constants, mass-
action law, and mass-balance equations, matrix C is
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first estimated. Then matrix V is calculated by linear
least squares from I and C matrices and the process is
repeated (see Ref. 16). Thus, the data matrix decompo-
sition is similar to that of MCR-ALS but imposes the
fulfillment of the mass-action law associated to every
species and the mass-balance equations for the metal
and the ligand. In this way, the values of the (postu-
lated) stability constants are optimized by means of an
iterative procedure. It is important to notice that, in
the presence of side reactions, the stability constants
determined are, in fact, conditional constants that can
be corrected by using the corresponding side-reaction
coefficients.

In the present work, a FORTRAN version of the
least-squares curve-fitting program SQUAD (stability
quotients from absorbance data) has been applied (16).
Since SQUAD is almost exclusively used for spectro-
photometric data, the introduction of voltammetric
data implies the treatment of potentials as wave-
lengths and the treatment of currents as absorbances.
In this analogy, the pure spectra (molar absorptivities)
would be equivalent to the pure voltammograms. Lack
of fit can be calculated in the same way as for MCR-
ALS.

As in soft modeling, the requirement of linearity can
make chemical hard modeling very sensitive to the
inert/labile character of the complexes but the absence
of electrochemical restrictions favors, in principle, the
treatment of overlapping and/or irreversible signals.

MATERIALS AND METHODS
Materials

Reduced GSH (>99% iodometric purity, confirmed
by both elemental analysis and HPLC with spectropho-
tometric detection), KNO;, Na,B,0, 10 H,0,
Zn(NO;), - 4H,0, HNO,;, and NaOH were of analytical
grade supplied by Merck. The reagents were dissolved
in ultrapure water obtained from a Milli-Q Plus 185
attached to a RiOS Elix3 system (Millipore). DPP mea-
surements were performed in an Autolab system (Eco-
Chemie, The Netherlands) attached to a Metrohm 663
VA stand (Metrohm, Switzerland) and a personal com-
puter with GPES3 data-acquisition software (EcoChe-
mie). For the automatic additions of the GSH solution,
the system was also connected to a Metrohm 665 dosi-
mat. All experiments were carried out in a glass cell at
room temperature (25°C) under a purified nitrogen
atmosphere. The working, reference, and auxiliary
electrodes were the static mercury drop electrode
(SMDE), with a drop area of 0.40 mm?, Ag/AgCl, KCI (3
M), and glassy carbon, respectively. A pulse time of 40
ms, pulse amplitude of 50 mV, drop time of 0.6 s, and
step potential of 4 mV were used.
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Methods

Twenty-five milliliters of freshly prepared 0.15 mol
liter* borate buffer at pH 8.5 was placed in the voltam-
metric cell. The solution was deaerated with pure ni-
trogen for 20 min and the DPP polarogram registered.
An aliquot of the standard Zn*" solution was added to
the cell to obtain a 1 X 10~° mol liter * solution. After
deaeration for 1 min, with mechanical stirring, a new
DPP curve was recorded. Then successive aliquots of
the standard GSH solution (oxygen-free, fresh, and
containing the same borate buffer solution) were added
to the cell in order to obtain different GSH-to-Zn**
concentration ratios until a large excess of GSH was
reached. All these solutions were deaerated with pure
nitrogen and stirred for 1 min after each addition and
before recording the respective DPP polarogram. For
determining the Zn*" side-reaction coefficients, an
acidic solution (pH 4.5) of 1 X 107° mol liter* Zn*" in
0.15 mol liter * KNO, was also measured.

RESULTS AND DISCUSSION

Zn*" Hydrolysis and Irreversibility of the Reduction
Process

As pointed out in the introductory paragraphs, two
main experimental problems arise in the study of the
Zn*'—GSH system, as they can appear in many other
metal-ligand systems: the hydrolysis of Zn*" (or the
corresponding metal ion) and the losses of electrochem-
ical reversibility of the measured signals. As a conse-
quence, the proper choice of the buffer solution (com-
position, concentration, and pH) and the total metal
concentration are critical in order to obtain a reliable
picture of the metal-ligand system from voltammetric
data.

Figure 1 illustrates these phenomena. DPP polaro-
gram 1 was obtained for a Zn** solution in a KNO, salt
medium at pH 4.5. This acidic pH prevents the forma-
tion of hydroxo complexes (26) and the KNO; medium
allows the system to be electrochemically reversible, as
proved by the half-peak width of 62 mV, in good agree-
ment with the usual reversibility criteria for DPP (5).
Signal 2 in Fig. 1 was obtained for a Zn*" solution at pH
8.5 in 0.015 mol liter™* borate buffer. Under these
conditions the reduction of Zn*" is still reversible (half-
peak width of 62 mV), but there is a decrease of the
peak current and a shift of the peak potential to the
negative direction compared to signal 1. This fact is
due to the formation of Zn*" hydroxo complexes at pH
8.5 (26): those that are soluble and labile are respon-
sible for the potential shift, whereas those that are
inert or insoluble cause the current decrease. Taking
into account that neither nitrate nor borate complexes
Zn**, the comparison of polarograms 1 and 2 by means
of Eq. [2] provides an estimate of the side-reaction
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FIG. 1. DPP voltammograms of 1 X 10~° mol liter * Zn?*" solution

in (1) 0.15 mol liter* KNO, at pH 4.5, (2) 0.015 mol liter* borate
buffer at pH 8.5, and (3) 0.15 mol liter * borate buffer at pH 8.5.

coefficient for the hydrolysis of Zn®". Finally, when
Zn*" is at pH 8.5 in 0.15 mol liter * borate buffer, the
DP polarogram (signal 3) suffers an important current
decrease, a peak broadening (the half-peak width is
increased up to 147 mV), and a large shift to more
negative potentials compared to signal 1. A small part
of the current decrease and the potential shift is due to
the same side reactions of hydrolysis taking place in
the case of signal 2 (the value of «,, should be practi-
cally identical). Nevertheless, the majority of the cur-
rent decrease and the potential shift, jointly with the
increase of the peak width, are caused by the fact that
the Zn?" reduction becomes irreversible (2, 4, 5). It
must be pointed out that the Zn*" ion has an interme-
diate electron transfer rate at mercury electrodes, so
that small changes in the electric structure of the dou-
ble layer around the electrode can modify the zn**
reduction from reversible to irreversible. Among the
factors that can modify such behavior, the nature and
concentration of the supporting electrolyte (and/or the
buffer) seem to play a key role (27), which explains the
change of reversibility when increasing the borate con-
centration from 0.015 to 0.15 mol liter .

Borate medium has been chosen because no evidence
on the complexation of Zn(ll) by borate is reported on
the stability constants tables and compendia. Different
buffer solutions were tested in order to choose the best
medium for working at very negative potentials (ca.
—1.3V), as is the case when Zn complexes are involved.
From those tested, borate buffer was idoneous, allow-
ing a linear relationship peak current vs Zn*" concen-
tration inside a wide range (0—60 wM) at pH 8.5 and
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absence of electrochemical interferent signals in the
region of potentials considered.

Analysis of the Zn-GSH System

From these considerations, it is interesting to find
experimental conditions that, being close to those re-
quired (for instance, the physiological ones), would al-
low the system to be reversible and free from metal
hydrolysis. Unfortunately, for the Zn—GSH system it is
not possible to prevent hydrolysis completely, since at
low pH values GSH hardly complexes Zn** (6).

Although interactions between glutathione and bo-
rate cannot be fully refused, previous studies on gluta-
thione (12) and (y-Glu-Cys),-Gly and (y-Glu-Cys),-Gly
(28) under voltammetric conditions indicate that rele-
vant borate interactions with glutathione are not ob-
served.

With respect to the electrochemical reversibility,
several studies were done, which are summarized in
Fig. 2. At low concentrations of borate buffer, revers-
ible Zn*" signals are obtained (Fig. 2a) but the evolu-
tion of the polarograms suggests that the association—
dissociation Kkinetics of the complexes is intermediate
between inert and labile behavior. In fact, only two
signals are obtained, which do not seem to be the sum
of simpler peaks (the half-peak widths remain practi-
cally constant), and they can be related in principle to
the reduction of free Zn*" and of an inert Zn**-GSH
complex. Nevertheless, the progressive potential shift
(toward more negative values) of the Zn*" peak evi-
dences that such a signal contains a nonnegligible con-
tribution of Zn*" coming from complex dissociation.
This phenomenon can be explained in different ways.
For instance, formation of a labile 1:1 complex (respon-
sible for the potential shift of the Zn*" peak) and an
inert 1:2 Zn—GSH complex (reducing the more negative
peak and responsible for the decrease of the first peak
because of the formation of the 1:2 complex when GSH
is added) would be possible. In this case, the electro-
chemical hard modeling of Eqg. [1] would be fully appli-
cable to the first peak, whereas both soft and chemical
hard modeling could be affected to some degree by the
lack of linearity caused by labile complexation. Never-
theless, alternative explanations are also possible.
Then, any of the formed complexes could have an in-
termediate behavior between inert and labile, thus
being partially reduced in the first peak (the fraction of
metal dissociated during measurement) and partially
reduced in the second peak (the undissociated complex
fraction). If this happens, all three modeling ap-
proaches can be affected by a significant error.

Under other experimental conditions (especially for
higher Zn*" concentrations), Zn*" reduction is initially
not reversible but its reversibility is progressively in-
creased as GSH concentration increases. This is evi-
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denced by the decrease of the signal width and of the
shift of the peak toward more positive potentials (Fig.
2b). Taking into account that both proposed soft-mod-
eling and chemical hard-modeling approaches are only
possible if the pure signals remain at a constant poten-
tial along the experiments, this situation does not seem
a priori very appropriate for any of them.

In contrast, Fig. 2c shows the DPP polarograms ob-
tained under conditions similar to those used in the
previous study (12), with a high concentration of borate
buffer and a low Zn*" concentration that ensure a fully
inert behavior of the complexes. Then, the Zn*" signal
is not reversible but maintains its shape along the
whole experiment. As pointed out under Theory, the
nonreversibility of Zn*" prevents the use of electro-
chemical hard modeling but this is not a problem for
MCR-ALS nor SQUAD, which only require constant
and additive pure signals (which is fulfilled by inert
complexes) and do not impose any restriction about the
shape or position of voltammetric signals.

SVD analysis of these data matrices indicates in all
cases the presence of three major components (Fig. 3),
i.e., three different types of Zn*", in good agreement
with previous results (12). This implies that, in princi-
ple, all systems behave close to linearly (an important
deviation from the linear behavior would result in a
larger number of components). Note, however, that the
data set of Fig. 2b yields a second singular value that is
lower and more similar to the third value than in the
other two cases. This suggests that in such an experi-
ment it would be more difficult to distinguish the con-
tributions of the second and third factors.

The application of electrochemical hard modeling is
only possible for the data set shown in Fig. 2a (the only
one having a Zn*" signal reversible and not over-
lapped). Figure 4 shows the experimental F, values
obtained as a function of the total ligand concentration
and the curve fitted according to Eq. [1] (taking into
account only the values with enough excess ligand).
The best fitting was obtained with a polynomial of
degree 2, thus producing (conditional) stability con-
stants for the 1:1 and 1:2 complexes, which are shown
in Table 1. It must be mentioned that the DeFord and
Hume method does not consider polynuclear com-
plexes, so it is not possible to compute the stability
constant of the hypothetical 2:2 complex.

With respect to soft modeling, Fig. 5 compares the
concentration profiles (matrix C) and the pure voltam-
mograms (matrix V) obtained in the MCR-ALS decom-
position of all three data sets given in Figs. 2a, 2b, and
2c when the constraints of selectivity (no complexation
of the metal in the absence of ligand), nonnegativity
(for concentrations and signals), and closure (total
metal concentration is practically constant and equal
to the value in the absence of ligand) are applied. For
all three data sets, the lack of fit achieved was very
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FIG. 2. DPP data sets for the titration of a Zn®" solution with GSH at pH 8.5 under the conditions: (a) 1 X 10° mol liter * Zn*" and 0.015
mol liter * borate buffer, (b) 5 X 10~° mol liter * Zn** and 0.15 mol liter * borate buffer, and (c) 1 X 10° mol liter * Zn** and 0.15 mol liter *

borate buffer.

good (1.48, 2.15, and 3.92% for matrices in Figs. 2a, 2b,
and 2c, respectively), which confirms a reasonable lin-
earity of the data in the three cases. It is important to
notice that MCR-ALS decomposition does not use any
chemical model or stoichiometry. Use of a closure con-
straint equal to the total metal concentration gives C
and V matrices that contain concentrations and cur-
rents per mole of Zn*". Further transformation of such
concentrations and voltammograms into actual species

concentrations requires the assumption of a particular
stoichiometry.

When analyzing the shape of the pure voltammo-
grams, many double peaks are found, especially in
Figs. 5B and 5D. As pointed out before, a description of
the system where every factor corresponds to a single
electrochemical process implies that every unit signal
should be a single peak. For this purpose, MCR-ALS
has been applied with an additional unimodality con-
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FIG. 3. Singular value decomposition (SVD) plot for the data sets
in Figs. 2a (—), 2b(- - -), and 2c (- - -). Singular values are normalized
to maximum value (first singular value) equal to 1.

straint for the voltammograms (and, eventually, for
the concentration profiles). In the analysis of the data
set of Fig. 2c, this produces slight changes in the con-
centration profiles (not shown) with a minor increase of
the error (from 3.92 to 4.06%). Thus, the system ap-
pears to behave linearly even in terms of separate
electrochemical processes. In contrast, the use of uni-
modality hinders a reasonable MCR-ALS fitting of the
data shown in Figs. 2a and 2b (divergence, large errors,
or unrealistic concentration profiles are encountered),
which evidences the impossibility of a linear descrip-
tion of such systems in terms of single unimodal sig-
nals relating each of them to an electrochemical pro-
cess.

For using chemical hard modeling with SQUAD, two
alternative chemical models are proposed: model I con-
siders the presence of M and complexes ML and ML,
with overall stability constants B,; and B,,, respec-
tively, whereas model Il considers species M, M,L,,
and ML,, with constants B8,, and B,,. These stability
constants are defined as

Bi1 = cu/(cm C) [6]
B22 = Caal (Ciy €7) [7]
Biz = Cumial(Cym CP). [8]
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The application of SQUAD to the three data matrices
produces quite different results: the iterative process
does not converge for the matrices in Figs. 2a and 2b,
whereas a good fit is obtained for the matrix in Fig. 2¢c
(lof = 3.70% for both models | and I1). The stability
constants obtained for both complexation models are
shown in Table 1. As expected, analysis of these data
does not allow one to decide if the intermediate com-
plex is 1:1 or 2:2.

It is interesting to note that despite the good result of
MCR-ALS decomposition without unimodality, analy-
sis of the data sets in Figs. 2a and 2b by SQUAD (which
does not use unimodality either) was not successful.
This means that the concentrations obtained by MCR-
ALS cannot be accurately related through equilibrium
constants. This could be because of unresolved rota-
tional ambiguities (13) (the concentrations obtained for
some of the species are linear combinations of their
actual values giving similar data fits). It could be also
possible that one of the species involved in the equilib-
rium becomes electroinactive or precipitates and,
hence, is not properly considered in the postulated
solution equilibrium. Finally, and more probable,
SQUAD could be more sensitive to small departures
from linearity than MCR-ALS. Regardless, it is clear
that the C and V matrices obtained by soft modeling
for systems of Figs. 2a and 2b are a good mathematical
solution but they are an unrealistic (electro)chemical
solution since they do not follow the mass-action law
nor a scheme of single electrochemical processes.

Figure 6 compares, for each chemical model, the
concentration profiles and the pure voltammograms
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FIG. 4. Values of the F, Leden function computed from the data in
Fig. 2a as a function of the total ligand concentration added (c,).
Symbols indicate experimental points, whereas the solid line corre-
sponds to the curve fitted to a second-degree polynomial according to
Eq. [1] (considering only the points marked in black).
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TABLE 1

Logarithms of the Conditional Stability Constants (Log B') Obtained for the Zn—-GSH Complexes Assuming Model |
(M, ML, and ML,) and Model Il (M, M,L,, and ML)

Conditional stability constants

Experimental Chemical Calculation lof
conditions?® model method (%) Log B’ SD Log B’z SD Log B'1, SD
1 1 Eq. [1]° — 5.72 (0.11) — — 10.55 (0.05)
2 1 MCR-ALS 3.69 4.87 (0.04) — — 8.40 (0.20)
SQUAD 3.70 4.69 (0.01) — — 8.56 (0.02)
2 1 MCR-ALS 3.69 — — 14.82 (0.16) 8.40 (0.20)
SQUAD 3.70 — — 14.69 (0.02) 8.83 (0.02)

Note. The corresponding standard deviations are also given (SD), as well as the lack of fit (lof) achieved by MCR-ALS and SQUAD.
21:Zn*", 1 X 10 ° mol liter *, 0.015 mol liter * borate buffer, pH 8.5; 2: Zn?*, 1 X 10~° mol liter * 0.15 mol liter * borate buffer, pH 8.5.

® Electrochemical hard modeling (DeFord—Hume method).

obtained in the analysis of experimental data of Fig. 2¢
by SQUAD and by MCR-ALS without unimodality (for
a better comparison with SQUAD, where unimodality
cannot be imposed). All these curves are expressed in
terms of chemical species concentrations and not per
atom of Zn as before (Fig. 5). As can be seen, there is
good agreement between the results of both approaches
for the two postulated chemical models, and the lack of
fit is very similar for both approaches (MCR-ALS and
SQUAD). It must be noted that SQUAD is able to
optimize the log B’ values along the whole range of
ligand concentrations, whereas analysis of MCR-ALS
concentration profiles allows only a rough calculation
point by point at restricted concentration ranges. As
shown in Table 1, the stability constants determined
by MCR-ALS (in the above-mentioned manner) are of
the same order as those obtained by SQUAD, but quite
less precise.

Table 2 shows the values of the overall stability
constants obtained by correcting the conditional B’ con-
stants for the side reactions of Zn*" with OH™ ions and
those of GSH with H™ ions according to

log B1, = log B'1,+ log ay + log a [9]
log B,, = log B',5, + 2 log oy + 2 log e [10]
log B, = log B4, + log ay, + 2 log o, [11]

where ay and «, are the side-reaction coefficients of
Zn** and GSH, computed according to Eq. [2] (by com-
parison of an acidic KNO; blank and a borate blank at
pH 8.5) and Eq. [3], respectively.

As Table 2 indicates, the application of electrochem-
ical hard modeling to DPP data obtained at 0.015 mol
liter * borate (Fig. 2a) produces reasonable stability
constants which are of the same order as those in the
literature, although somewhat lower. These results are
quite good taking into account, on one hand, that Eq.

[1] is not strictly applicable (since there is no warranty
for fully inert and fully labile behavior of the com-
plexes) and, on the other hand, that the experimental
conditions are not strictly the same (by comparing the
literature values, it seems that there is an important
variability of such constants with respect to the tem-
perature and the ionic strength). Moreover, it must be
pointed out that it is not clear whether the DPP signals
of the complexes are sensitive to the “single” ML (or
M,L,) and ML, complexes or to their “overall” concen-
tration, including contributions from protonated or hy-
droxylated forms. In this last situation, the (overall)
stability constants determined would be an average of
different stability constants and would not be compa-
rable to the B, and B, values in the literature.

As expected, SQUAD or MCR-ALS cannot distin-
guish from the two models (due to the same lack of fit)
and the constants for the two possible situations are
given in Tables 1 and 2. It must be mentioned that
structural considerations about the different possible
intermediate complexes suggested that model 11 in-
cluding the M,L,-type complex is more reliable than
model 1 (12, 29, 30). Regardless, additional experi-
ments by complementary structural techniques are re-
quired to fully confirm this point.

CONCLUSIONS

The results obtained so far indicate that the soft-
modeling MCR-ALS method and the chemical hard-
modeling SQUAD method can be complementary and
very useful for the voltammetric study of metal-pep-
tide complexes. This is especially true when some ex-
perimental problems (quite usual in this kind of sys-
tems) hinder an appropriate application of the classical
methodologies of electrochemical hard modeling.
Among these problems, the overlapping of signals, the
intermediate association—dissociation kinetics of the
complexes, metal ion hydrolysis, and the losses of elec-
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FIG. 5. Concentration profiles (left) and pure voltammograms (right) obtained in the MCR-ALS decomposition of the data matrices shown
in Fig. 2 by imposing selectivity, nonnegativity, and closure constraints in ALS optimization. In the figure, couples A and B, C and D, and

E and F correspond to data from Figs. 2a, 2b, and 2c, respectively.

trochemical reversibility of the metal reduction can be
mentioned.

As voltammetric signals are not always linear with
respect to the concentration, SVD and MCR-ALS are
good tools to detect if such linearity exists. Linear
systems provide a good lack of fit in both the SVD and
ALS decompositions with a number of components
equal to the number of chemical species. In addition,
soft-modeling MCR-ALS vyields concentration profiles
and pure voltammograms that are a good description of
the evolution of the species along the experiment.

In some cases it is not possible to improve such a
semiquantitative description of the system by MCR-

ALS because the concentration of some species is not
well defined. If all species can be related through equi-
librium constants, the determination of such constants
from MCR-ALS concentration profiles can be some-
what inaccurate. Then, MCR-ALS results can be re-
fined by assuming a chemical model and imposing the
fulfillment of the mass-action law. This is what can be
obtained by using computer programs like SQUAD,
which have been initially designed for obtaining sta-
bility constants from spectroscopic data. In this ap-
proach, voltammetric data behave in a linear manner,
as it happens for absorbances in Beer's law, and the
total current can be expressed as the sum of the con-
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centration of every species multiplied by its character- The application of the proposed methodologies to the

istic current per unit of concentration (the equivalent Zn**—~GSH system made possible an accurate determi-

of the molar absorptivity). nation of the B,, stability constant for the 1:2 complex
TABLE 2

Logarithms of the Overall Constants (Log ) of the Zn—-GSH Complexes Obtained after Correction
of the Values of Table 1 for Side Reactions

Stability constants

Experimental Chemical Calculation
conditions® model method Log By Log B2 Log Bi,
1 | Eq. [1] 7.7 — 13.9
2 | MCR-ALS 6.9 — 11.8
SQUAD 6.7 — 12.0
2 11 MCR-ALS — 18.8 11.8
SQUAD — 18.7 12.2
3 1 Ref. (9) 8.57 — 13.59
4 1 Ref. (10) 7.98 — 125

Note. Data taken from Refs. (9 and 10) are also given for comparative purposes.
@1: 25°C, 0.015 mol liter * borate buffer, DPP; 2: 25°C, 0.15 mol liter ! borate buffer, DPP; 3: 25°C, 3 mol liter * NaClO,, potentiometry
with glass electrode; 4: 37°C, 0.15 mol liter * NaClO,, potentiometry with glass electrode.
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(quite independent of the chemical model) and reason-
able estimates of B,; and B, for the 1:1 and 2:2 com-
plexes, depending on the chemical model considered.
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