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ABSTRACT

The complexation of Cd with cysteine has been investigated at pH ~9, and in constant ionic medium 0.59 M NaNO; and
borate buffer. Reduction signals of the hydrated Cd*" and Cd-cysteinate complex were resolved on the potential scale
during amperometric titration of 2 x 10°® M Cd*" with cysteine and cysteine with Cd*’, in a differential pulse (DP)
mode on HMDE. The 1:1 molar ratio of Cd*" to cysteine, and cysteine to Cd*, was defined for Cd-cysteinate complex
formed under the defined conditions. The appearance of the prepeak on the Cd-cysteinate reduction signal is showed, as
the result of cysteine adsorption in reduced form. From the mass balance equations, the stoichiometric stability con-
stants of Cd-cysteinate complex were calculated. Under various experimental conditions, comparable log K values were

obtained. The grand average log K = 7.83 M refers to 0.59 M ionic strength and 23°C.

Keywords: Cysteine; Cadmium-Cysteinate Complex; Prepeak; Mass Balance Equations; Stoichiometric Stability
Constants; Differential Pulse (DP) Excitation Mode

1. Introduction

Metals may be bound to active sites of enzymes, stabilize
the macromolecular structure of proteins and affect en-
zymes or membranes during the cellular metabolism. In
living organisms, toxic metal ions could specifically bind
to biologically important molecules during their uptake,
transportation and storage [1].

At the cellular level, toxic effects of metals are caused
by their direct binding or by exchanging the essential
metals at the biologically important molecules. Cysteine,
as an essential amino acid, has a pivotal role in the en-
dogenous detoxication mechanisms and in the redox
chemistry at the cellular level. In many proteins, the cys-
teine residues are positioned on protein surfaces and of-
ten are integral components of protein tertiary structure.
The sulfhydryl group of low molecular thiols including
cysteine is reactive and is often found conjugated to
metal ions via its sulfhydryl group [2]. As a B type of
cation [3], cadmium has a high affinity for sulphur con-
taining ligands and functional groups. Under physiologi-
cal conditions [4], the sulphydryl group on a cysteine
molecule is chemically the most reactive site of the pro-
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teins. The interaction between cadmium and cysteine
strongly depends on the extent of proton dissociation of
cysteine molecule, and hence on the pH of the solution.
Despite the existence of some papers on the complexa-
tion of heavy metals by thios, there is a scarcity of data
on Cd- cysteine complexes. In most cases, potentiometric
techniques were used under experimental conditions
where a precipitate was formed. Walker and Williams [5]
reported that at 25°C and in 3.0 M NaClO, the Cd (I)-
cysteinate complex precipitates even at the concentration
of ~107° M. They have interpreted the potentiometric
results with the formation of two complexes, CdL and
CdL,; the logarithm of overall stability constants log § =
12.88 and 19.63, respectively. Cole et al. [1] reported
that only in the pH range from 5.0 to 7.5, cadmium forms
insoluble complex with the cysteine. Thus, the complex
formation could be studied beyond that pH range.

In order to avoid the precipitation of Cd-mercapto
complexes, it is necessary to perform complexation study
at as low concentration level of the reactants as possible
by means of the technique that is selective and sensitive
for metal species characterisation. Complexation at lower
level of Cd*" (around 1 x 107> M) with SH-containing
ligands like L-cysteine, glutathione, and N-acetyl-cys-
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teine-methylamid has been studied by differential pulse
polarography, in Tris-buffer, pH = 9.1 [6]. The authors
estimated the overall stability constants of the Cd-thiol
complexes from the competitive reactions with a ligand
of known stoichiometry. For the displacement of Cd
from the thiol complexes Wagner Ross et al. [6] used
nitrilotriacetic acid (NTA).

The aim of our study was to apply species sensitive
technique and select those measuring conditions which
will directly enable to quantify the complex formation, at
low concentration level of the reactants, cadmium and
cysteine

Further aim is to fully understand the stoichiometry of
complex formation, the mechanism of electrochemical
reactions, in addition, based on the mass balance of cad-
mium and cysteine, calculate the stoichiometric stability
constants of Cd-complex under the defined conditions.

2. Experimental
2.1. Chemicals, Reagent and Solutions

For the study the following chemicals were used: CdCl,
x HyO extra pure product of Merck; L-cysteine—free
base, Sigma Chemical; NaNO;, H;BO;, NaOH, KCl
were Suprapulr® from Merck, and N, extra pure 99,999%,
Messer.

For solution preparation E-pure water was used having
electric resistance 18.2 MQ/cm. As the supporting elec-
trolyte, 0.59 M NaNO; was used buffered with 0.071 M
H;BO; and 0.0296 M NaOH to pH 9.

2.2. Apparatus

Amperometric titrations were performed on Computrace
797 VA by Methrom with a Hanging Mercury Drop
Electrode (HMDE) as working electrode, surface area A
= 0.278 mm* when mercury drop size was selected as 4.
Counter electrode was a platinum tip and reference elec-
trode was Ag/AgCl/3 M KCI. The polarographic cell of
50 ml volume was made off quartz. The experiments
were done at room temperature, i.. at (23°C £ 1°C).

Procedures

Differential pulse (DP) excitation mode was selected
with the modulation amplitude 0.025 V, scan rate 0.005
V/s, drop time 0.5 s. The negative potential scan started
at —0.45 V. Before the measurements the solution was
thoroughly deaerated with nitrogen. During the meas-
urements the nitrogen passed over the solution.

3. Results and Discussion
3.1. Cd-Cysteinate Complex Formation

After preliminary studies, the optimal experimental con-
ditions were selected to follow up and quantify the for-
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mation of Cd-cysteinate complex. They comprise a dif-
ferential pulse (DP) reduction mode on a hanging mer-
cury drop electrode (HMDE), in 0.59 M NaNOs, pH ~9.

At low level of reactants, the titration of defined Cd*"
concentration proceeds with the increasing cysteine con-
centrations up to 1:1 and 1:2 molar ratio of Cd to cys-
teine.

The titration of 2 x 10 M Cd*" with cysteine, per-
formed in both DP and differential pulse anodic stripping
voltammetry (DPASV) modes, indicated that Cd-cys-
teinate complex is irreversibly reduced. Therefore, in a
DPASV mode, no formation of Cd-cysteinate complex
could be observed, contrary to DP reduction mode.

Direct titration of a defined Cd*" concentration with
the cysteine was performed in the polarographic cell. At
2 x 10°® M Cd*" the signal at —0.60 V recorded in a DP
mode is assigned to the reduction of the hydrated Cd*"
(Figure 1, curve 1). By successive addition of cysteine
solution in the concentration range from 2.5 x 107’ M to
4 x 107° M different molar ratios of metal to ligand were
attained. After each ligand addition solution was purged
with N, for 25 minutes. After the cysteine addition two
signals were recorded, the first one at —0.60 V for hy-
drated Cd*" and the second of Cd-cysteinate complex,
reduced at —0.692 V which gradually shifted to —0.743 V,
if cysteine was added up to 4 x 10°° M (Figure 1). Addi-
tion of cysteine to Cd*" solution results in a decrease of
the peak of the hydrated Cd*" and the appearance of Cd-
cysteinate complex, which peak current increases as the
cysteine concentration increases, too. At 1:1 molar ratio
of cadmium and cysteine, the peak corresponding to the
hydrated Cd*" disappears (Figure 1, curve 5), while the
maximum reduction current of the complex is reached at
1:2 molar ratio of cadmium and cysteine (Figure 1,
curve 8).
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Figure 1. Differential pulse voltammograms recorded dur-
ing the direct titration of 2 x 107 M Cd** with cysteine: 1) 0;
2)5x107M;3)1x10°M;4)1.75 x 10 M; 5) 2 x 1075 M;
6)2.25x10°M; 7) 3 x 10°° M; 8) 4 x 10°° M, in a DP mode
and in 0.59 M NaNO;, pH ~9.
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The maximum reduction current of the Cd-cysteinate
complex was used to calculate the partition of the Cd
complex. The respective curve of Cd-cysteinate forma-
tion during Cd*" titration with cysteine is presented in
Figure 2 (curve 1).

3.1.1. Equilibration over the Night

To prove if the equilibrium was attained during direct
Cd*" titration with cysteine, the solutions of certain molar
ratios of Cd*" and cysteine were equilibrated over the
night in the volumetric flasks. The voltammograms were
recorded in the increasing order of the cysteine concen-
tration. For the hydrated Cd*" the peak potential was re-
corded at —0.57 V. Similar to the direct titration, which
occurred in the polarographic cell, the reduction signal of
Cd-cysteinate was recorded at more negative potential
than Cd*". Comparison of direct titrations of Cd*" with
cysteine and those equilibrated over the night confirmed
(Figure 2, curves 1 and 2) that the formation of Cd-cys-
teinate complex is fast enough during the direct addition
of cysteine to the polarographic cell.

3.1.2. Reverse Titration and Cd-Cysteinate Complex
Formation

The formation of Cd-cysteinate complex was also ob-
served by titrating defined cysteine concentration with
the range of Cd*" concentrations. Applying the DP re-
duction mode, the formation of Cd-cysteinate complex
was followed at different molar ratios of the reactants. In
a solution of 2 x 10°° M cysteine concentration, two sig-
nals at peak potential —0.50 V and —0.61 V were assigned
to the reduction of free cysteine (Figure 3, curve 1). The
potential scan occurred from —0.45 V up to —0.9 V, but
in the range from —0.63 V to —0.90 V no reduction proc-
ess was recorded (current is zero).
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Figure 2. Partition of the respective Cd-cysteinate complex
recorded by direct titration (curve 1) and over the night
equilibration (curve 2). The formation of Cd-cysteinate
complex refers to 2 x 10°° M Cd?* in 0.59 M NaNO,, pH ~9.
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Figure 3. Differential pulse voltammograms during the di-
rect titration of 2 x 10°° M cysteine with cd*': 1) 0; 2) 5 x
107 M;3) 1 x 10° M; 4) 1.75 x 107 M; 5) 2 x 107° M; 6) 3 x
10° M; 7) 4 x 10°° M Cd*" in a DP mode and in 0.59 M
NaNO;, pH ~9.

After that, standard solution of Cd*" was succesively
added up to 4 x 107° M. After the addition of 2.5 x 107
M Cd**, the signal of free cysteine diminished, while the
signal of Cd-cysteinate complex appears (Figure 3,
curve 2) and increases after each successive Cd*" addi-
tion (Figure 3, curves 3 to 7). The reduction current of
cadmium complex increases with the subsequent Cd*
addition, which means that additional Cd-cysteinate is
formed in the bulk of solution. After 1:1 molar ratio of
cysteine and cadmium is attained, the cysteine complex-
ing sites are saturated, so that further addition of Cd*
(Figure 3, curves 6 and 7) results in the appearance of
the reduction signal of hydrated Cd*" at —0.60 V. After-
wards, the peak current of the complex remains constant.
The maximum reduction current of the Cd-cysteinate
complex was used to calculate the partition of Cd com-
plex during the titration. The curve of Cd-cysteinate for-
mation during cysteine titration with Cd*" is presented in
Figure 4 (curve 2), while curve 1 refers to the titration of
Cd** with cysteine, as already presented in Figure 2.

3.2. Mass Balance and Calculation of the
Stability Constant of Cd-Cysteinate
Complex

Complexation of cadmium with cysteine has been stud-
ied in 0.59 M NaNO; borate buffer of pH ~9. Sodium
nitrate was selected as the supporting electrolyte in order
to avoid any competitive reactions of Cd** with anions,
except with the cysteine. In that manner, during am-
perometric titration of Cd*" with cysteine as the ligand,
cadmium speciation was simplified to the hydrated form
of Cd** and subsequently formed inert Cd-complex. Even
the buffer was selected in that manner to reduce any
competitive reaction with Cd**. Therefore Cd complexa-
tion was only dependent on the available cysteine con-
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Figure 4. Partition of the respective Cd-cysteinate complex
recorded by direct titration of 2 x 10® M Cd”* with cysteine
(curve 1) and 2 x 10~ M cysteine with Cd** (curve 2) in 0.59
M NaNO;, pH ~9.

centration.

At pH ~9, 80% of analytical cysteine concentration is
present in the chemical form HL?". Under these condi-
tions, on cysteine molecule, carboxylic and sulphydryl
groups are deprotenized [7], while ammonium group is
protonated. Complex formation of Cd** with cysteine
occurs mainly via the sulphur atom. Under described
conditions complexation of Cd*" with cysteine occurs as
follows

Cd** +HL” =2 CdL+H" (1)

Protons liberated by this reaction are neutralized by
the buffer and the expression for the stability constant is
the following:

o [cau] .

[Cd* J{HL ]
In order to calculate stability constant of Cd-cysteinate
it is necessary to define free cysteine concentration, i.e.
[L*7] because, the stoichiometric concentration stability
constant is calculated accordingly:

P L 3)

[ca ][]
The mass balance for total cadmium concentration is

presented in Expression (4); [Cd*]r is the concentration
of hydrated cadmium concentration.

[Cd“]T =[Cd2+]F +[CdL] 4)
The mass balance for total cysteine concentration re-

fers to (5). In Figures 2 and 4 the formation curves of
Cd-cysteinate were presented.

[cysteine]  =[cysteine]| +[CdL] %)
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Therefore, from the defined total (analytical) cysteine
concentration and Cd-cysteinate complex, the concentra-
tion of uncomplexed cysteine [cysteine]r is determined.
According to the protonation constants log K; = 10.1, log
K, =8.10, log K; = 1.9 reported by [8] which refer to T =
25°C, m = 0.5 i.e. to the physico-chemical conditions
close to those in our study, [L* ] is calculated

(L]
B [cysteine] (6)
KK, K [HT +K, K [HT +K, [H]+1

After [L*7] concentration of cysteine has been calcu-
lated using the protonation constants reported by [7], the
stability constant of Cd-cysteinate complex was calcu-
lated from the Equation (3) at pH ~9, ionic strength 0.59
M and 23°C. In Table 1 stability constants determined
under three titration modes are presented. The grand av-
erage of the stoichiometric stability constants of Cd-
cysteinate complex amounts to log K = 7.83 M"'. Com-
parable values in Table 1 indicate that irrespective of the
titration mode, the complex of Cd-cysteinate is formed in
the bulk of solution and before reduction it diffuses to the
electrode.

Different reduction signals recorded in a DP mode on
HMDE, during Cd*" titration with cysteine and vice
versa, in 0.59 M NaNOs;, borate buffer of pH ~9, were
assigned. From two titration modes, namely of Cd*" with
cysteine and cysteine with Cd** (Figures 1 and 3), it is
clear that both signals (at —0.60 V and about —0.73 V) are
related to the electrode processes which involve cad-
mium [9].

Table 1. Comparison of the stability constants (log K) of
Cd-cysteinate complex when different titration modes were
applied. Partition of Cd-cysteinate complex was determined
from the titration curves presented in Figure 2 (curves 1
and 2) and Figure 4 (curve 2). Concentration stability con-
stants were calculated from the mass balance (Equations (4)
to (6)) and the Expression (3). Stability constants refer to
0.59 M ionic strength and 23°C.

Log K of Cd-cysteinate complex/M

Partition of Direct titration Direct titration

Cd-cysteinate of Cd* with Equilibrat@on of cysteine
complex cysteine over the night with Cd*"
0.2 7.60 7.39 7.07
0.4 8.38 7.66 7.38
0.5 8.53 7.69 7.54
0.6 8.35 7.71 7.65
0.7 8.20 7.74 7.72
0.8 8.13 7.84 7.87
log (K + std) 8.27+0.32 7.67+0.15 7.56 £0.28
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Cd-cysteinate is chemically inert type of complex. In
the case of an electrochemically inert complex, it practi-
cally does not dissociate within the timescale of the
voltammetric measurement. Buffle [10]. Consequently,
the linear contribution of the present species to the cur-
rent can be assumed, since the free metal and the com-
plex(es) diffuse independently towards the electrode (i.e.
without conversion into each other) and the system be-
haves like any other multianalyte system. Thus, the total
current for every potential is equal to the sum of the cur-
rent contribution of the species, which are proportional to
the respective bulk concentrations. This feature produces
two (or more) separate signals. The first one, with the
same half-wave or peak potential as in the absence of
ligand, is due to the reduction of free metal ion. The
second (or higher) one is due to the reduction of the com-
plex(es). In most cases its half-wave or peak potential is
more negative than that of the free metal because, usually,
complexation stabilises the oxidised form of the metal as
compared to the reduced form, although this is not al-
ways true. In some cases, such stabilisation is so impor-
tant that the complex cannot be reduced inside the avail-
able potential window and does not produce any signal
[11].

During the titration of cysteine with Cd*" it has been
observed that above the 1:1 molar ratio, addition of Cd*
solution results in the appearance of uncomplexed Cd*"
(at —0.60 V) (Figure 3, curves 6 and 7).

The reduction of Cd-cysteinate complex occurs close
to the HMDE surface at more negative potential than the
hydrated Cd*" and dissociates to Cd*" that is subse-
quently reduced. At the same time the cysteine is also
released and the reduced form is adsorbed at the HMDE,
which is evident from the pre-peak of Cd-cysteinate sig-
nal (Figures 1 and 3). The reduction current of Cd-cys-
teinate complex in a DP mode on HMDE is 4 to 5 times
higher than the peak current of hydrated, uncomplexed
concentration of cadmium. The same is observed if the
defined cysteine concentration (2 x 107° M) is titrated
with Cd*" solution. This means that the reduction current
of Cd-cysteinate is not only the result of Cd*" reduction
(released by dissociation of Cd-complex), but also the
reduction of cysteine takes place, which is afterwards
adsorbed. Once cysteine is released by the dissociation of
Cd-cysteinate in the vicinity of HMDE surface, cysteine
is adsorbed in the reduced form. The appearance of pre-
peak on the Cd-cysteinate reduction signal, recorded with
the digital type of instrument, supports this explanation.
This behavior is in agreement with the mechanisms by
which the adsorption of the reduced form Zy produces a
pre-peak of the main, diffusion controlled signal.

Zo+ne 27, 2(Z,), (7

The adsorption reaction facilitates the overall reduc-
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tion process by displacing the redox equilibrium towards
the right [10]. If on the other hand, the reduced product is
surface-active while the oxidized form remains inactive,
the reduced form shall be adsorbed at the electrode sur-
face. Consequently, a product, which is adsorbed at the
electrode surface, will need less energy for its formation
than the unadsorbed compound. The adsorption of the
reduced product therefore gives rise to a pre-peak at less
negative potential than the main, diffusion controlled
signal. This is in agreement with our study that the pre-
peak follows the increase of the Cd-cysteinate reduction
signal, which increases up to the saturation, with subse-
quent addition of the cysteine concentration. On the other
hand, from the titration data of cysteine with the increas-
ing Cd*" concentrations (Figure 3, curve 1) it is also
evident that the dissolved cysteine (2 x 107° M) is not
electroactive, because in the potential range where the
reduction of Cd-cysteinate complex occurs (more nega-
tive than —0.63 V) no reduction current has been re-
corded, if only the cysteine is dissolved in 0.59 M
NaNO; electrolyte. It also means that only that ligand
concentration, which is released by dissociation of Cd
complex that reaches the electrode surface by diffusion,
is reduced. Therefore, the reduction signal with the peak
at about —0.73 V is proportional to the formed Cd-cys-
teinate complex, which diffuses from the bulk of solution
to the electrode surface.

Adsorption in differential pulse polarography (DPP),
may lead to deformation or splitting of the peak Leeuwen
et al. [12]. The current component due to conversion of
adsorbed material depends strongly on t,, the time de-
pendence is much stronger than for the diffusion-con-
trolled current. Adsorption takes place at potentials
which move through the range selected. In the pre-pulse
period the adsorption and the faradaic reaction can pro-
ceed simultaneously. Moreover, the potential dependence
of the adsorption may play a significant role. A separate
peak may be observed at E > E;), for strong product ad-
sorption and in the presence of product adsorption the
limiting current is depressed [13].

Leeuwen et al. [12] also noted that most electron
transfer of electrode reactions of metal ions with organic
molecules complicated by product adsorption are totally
irreversible if the charge transfer is followed by fast and
irreversible protonation of the product. In order to under-
stand why the reduction of Cd-cysteinate complex is ir-
reversible, we have considered the following. As re-
ported by Kapoor and Aggarwal [14] major cause of the
irreversibility of the electrode reaction is the slow estab-
lishment of the equilibrium between the oxidized and the
reduced forms at the electrode surface, since the rates of
the electrochemical reaction in the cathodic and anodic
directions may not be the same. Thus, as the reaction
proceeds mainly in one direction, a change in composi-
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tion of the solution occurs near the electrode surface as
compared to the equilibrium state in the bulk of solution.
Here, by the electrochemical reaction the electron ex-
change, between the electrode and the active species
(depolarizer) is meant. Irreversible process can arise
when a depolarizer is inactive and has to be transformed
into an active form, which is capable of undergoing elec-
tron-exchange reaction. Due to the fact that cysteine
molecule is adsorbed in the reduced form, it means that
the complex formation with the oxidized Cd** cannot
take place, if the differential pulse anodic stripping more
(DPASV) is applied. In line with the discussed electro-
chemical reactions and based on our results, the reduc-
tion mechanism of cadmium chemical species in the
presence of cysteine, in 0.59 M NaNO;, pH ~9, is sche-
matically presented in Figure 5.

Numerous reports on stability constants of cadmium
(IT) cysteine complexes; with differences in the experi-
mental conditions (e.g. temperature, ionic medium, con-
centration range) restrict their applicability for compari-
son among stability constants. Among all the reports
about the stability constants of cadmium cysteinate com-
plex, comparison can be made only with the study of
Vicente et al., who have used conditions similar to our
study. The obtained value for stability constants of cad-
mium cysteinate complex log K = 7.83 M is in good
agreement with that reported by Vicente et al. [15] for
CdL complex.

4. Conclusion

We summarize the electrochemical characteristic of Cd
titration with an essential amino acid like cysteine it fol-

Hg electrode Bulk of solution

Not electroactive in

the range from Dricys HCys>
-0.63Vto—-0.90V
9y De
cd’ <i:>2 ‘ed R e
Ep+[-0.57V
Cd (Hg)
/I\Cdo <::+>26Cd2‘ < CdCys Deacys CdCys

EpH-0.7V /
+ne 3
1 L’
<E
Ladsorbed

Figure 5. Reduction mechanism of cadmium chemical spe-
cies in the presence of cysteine.
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lows: the reduction signals of hydrated Cd*" (E, = —0.60
V) and Cd-cysteinate complex (E, = —0.743 V) are sepa-
rated on the potential scale. The applied DP mode proved
to be suitable for resolving labile from the inert type of
Cd complexes, and additionally the free cysteine concen-
tration. Optimal experimental conditions for amperomet-
ric titration comprise a differential pulse (DP) mode on a
hanging mercury drop electrode (HMDE), in 0.59 M
NaNO;, pH ~9. The stoichiometric stability constants of
Cd-cysteinate complex were determined. Different titra-
tion modes indicate that the formation of the Cd-cys-
teinate complex is fast enough and occurs during the di-
rect addition of cysteine to the polarographic cell.

In a DPASV mode, no signal of Cd-cysteinate com-
plex was recorded. It indicates that the reduction of
Cd-cysteinate complex is electrochemically irreversible.
The proposed reduction mechanism of Cd-cysteinate
complex clarifies this observation.
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