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Abstract

Cadmium is not an essential element for humans, but instead its compounds are known for their toxicity. In addition to the risks for workers in industries that use cadmium, this metal can enter the food chain at different levels
to be absorbed by the body, where it replaces other metals with similar chemical activity. This also applies to the cadmium inhaled via cigarette smoking. Thus, understanding the interactions between cadmium and biologically
relevant molecules, such as amino acids, peptides, and proteins, is important, but it is also useful to study the chelating methods that can cure or alleviate acute or chronic cadmium poisoning cases. """1"*Cd isotopes are used as
NMR probes to determine the complex formation sites and geometry of metals in metalloproteins and metalloenzymes. This review provides a general introduction to the general properties of cadmium as well as the main uses of this
metal, its compounds, and artifacts. The toxicity of cadmium in humans is also discussed and the most significant results regarding the interactions between cadmium and other potentially competing divalent metal ions with
biological relevance, i.e. Fe(ll), Zn(ll), Mn(ll), Ni(ll), and Cu(ll), and amino acids and peptides, particularly those containing histidine and/or thiolic groups, are collected. To the best of our knowledge, this is the most comprehensive
summary reported for the speciation models of these systems. Distribution and competition diagrams were constructed to facilitate comparisons of the binding abilities of different metals with the same ligand (or vice versa) over a
wide pH range and with different reagent concentrations and/or concentration ratios, thereby providing insights into the in vivo behavior both inside and outside cells where the pH and concentration can be very different. The vast

topic of complexes with phytochelatins and metallothioneins is left for a more focused study. Finally, cadmium chelators with potential pharmacological applications are thoroughly reviewed.
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1 Introduction

In an interesting article, Mary E. Weeks (1932) [1] described how Friedrich Stromeyer, a German chemist who worked as an inspector of apothecaries, serendipitously discovered cadmium: “In the year 1817 a number of preparations o1
zinc oxide sold by German apothecaries were confiscated by the inspectors, who found that zinc carbonate had been substituted for the oxide, that the carbonate became yellow upon heating, and that, when hydrogen sulfide was passed into an acid solution o1
the carbonate, a yellow precipitate resembling arsenious sulfide was thrown down. The researches of Dr. Stromeyer, Dr. Roloff, and Mr. Hermann proved, however, that this yellow precipitate was not arsenic sulfide, but the sulfide of an unknown metal. Thus the

good name of the manufacturing pharmacies was restored, and the chemical world was enriched by the discovery of the new element, cadmium.” The name cadmium derives from the Latin word for zinc carbonate ores, cadmia.
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Since its discovery, this element and its compounds have found an increasing number of applications due to their peculiar characteristics. However, the extremely high toxicity of cadmium, which is classified as one of the most
dangerous compounds for human health, has become increasingly evident over time. International regulations have restricted the use of cadmium, but its toxic effects, including those in the form of nanoparticles [2], still comprise a major health
concern throughout the world. Thus, the present review provides a comprehensive examination of this subject, including the poisonous effects of cadmium, its behavior in the human body, its ability to form complexes with amino acids and
peptides, and recent developments in cadmium chelation therapy. Moreover, this review compares speciation models for the formation of complexes of Cd(ll) or potentially competing divalent metal ions with biological relevance (Fe(ll), Zn(ll),
Mn(l1), Ni(ll), and Cu(ll)), with amino acids and peptides. In addition, distribution diagrams are reported and competition plots are drawn for the first time, which facilitate direct comparisons of the binding abilities of different metals with the same
ligand. In fact, the competition between cadmium and other metals in vivo is one of the main reasons for the toxicity of cadmium. Different issues are considered such as the main applications of cadmium in order to elucidate the connections

between the occurrence of poisoning and the mechanisms responsible for the interactions with the main biomolecules in living organisms.

1.1 General properties of cadmium

First, the general properties of cadmium are summarized, including its complex formation behavior, to understand the types of ligands and coordinating groups that may interact with cadmium to obtain toxic effects.

Cadmium (atomic weight 112.41 g/mol) is a silver-white metal with medium density (8.7 g/mL). Its most significant properties are high electrical conductivity, great resistance to corrosion, and a low melting point, which determine its main industrial

applications.

Cadmium is classified in Group IIB in the periodic table together with zinc and mercury. ltis found with 0, +1, and +2 oxidation states, but only Cd(ll) compounds with the 4d' configuration are found in normal conditions. The ionic radius of Cd(ll) is 0.97 A,

which is almost equal to that of Ca(ll) and Na(l) with 0.99 Aand 1.02 A, respectively. This explains the substitution of these two ions by Cd(ll) in their mineral forms, especially calcium ions in bones.

The stability of Cd(ll) complexes with external ligands, or with endogenous ligands as proteins or nucleic acids, depends on the changes in free energy after complex formation, which are also related to the chemical features of the ligand (hard/soft
character, chelate effect, and stereochemistry). According to the hard-soft classification [3] of metal ions and the principal coordinating groups, Cd(ll) is a reasonably soft metal ion, which prefers coordination with soft sulfur-containing donor groups, although

coordination with nitrogen and oxygen donor atoms is found frequently. The structure and denticity of the ligands determine the pre-organization of the complex [4] and the degree of favorable entropic contribution due to the chelate effect [5].

The stereochemistry of Cd(ll) complexes with ligands in biological fluids is useful for understanding the biological behavior of Cd(ll). Most of the information available regarding the coordination chemistry of Cd(ll) is derived from solid-state X-ray
structures. Details of the stereochemistry of Cd(ll) coordination compounds were provided in reviews by Tuck [6] and Borsari [7,8]. Cadmium is found in a large number of complexes with coordination numbers (CN) from 2 to 8, but the most frequent structures are

regular tetrahedral (CN = 4) and octahedral (CN = 6) [9].

When evaluating the interaction of cadmium with biological ligands, it is important to consider the kinetic behavior as well as thermodynamic properties. The exchange rates for coordinated water provide insights into the lability of the metal ion, which is
unique for each metal ion [10]. The water-exchange rate is high for cadmium and thus an equilibrium is reached rapidly with biological ligands. This implies that kinetic factors influence the distribution of Cd(ll) between different ligands in the body only to a limited

extent, wherewhile this is affected mainly by thermodynamic parameters.

2 Uses of cadmium and cadmium compounds

The rate of cadmium consumption for various end uses has varied over the years, as shown by the data for 1995-2013 in Table 1 [11]. Cadmium is a by-product of zinc manufacture, so its total global production depends on the demand
for zinc rather than cadmium. Since 1990, the world consumption of cadmium has been constant (about 20,000 tons per year) but major changes have occurred in the geographical distribution of production, where that in Asia has increased
significantly since 1997, whereas that in Europe has decreased. At present, the largest producer of cadmium is China, with one-third of the global production, followed by Korea and Japan. Cadmium is highly recycled and the nine major

recycling plants are located in the USA, Europe, and Japan, which can handle about 20,000 tons of NiCd batteries per year [12].

Table 1 Industrial uses of cadmium during 1995—2013 [11].
Year Batteries Pigments Coatings and plating Stabilizers for plastics Nonferrous alloys/Other
1995 65 14 9 9 3
2004 81 10 7 1.5 0.5

2013 86 9 4 <1 <0.5
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The industrialized countries have significantly reduced their usage of cadmium and limited the release of cadmium into the environment, but the consumption of cadmium has continued or increased in developing countries, such as in
the production of plastics and paints. The less strict regulations in these regions have resulted in a number of health and environmental risks related to the use, management, and disposal of cadmium-containing products. Thus, a non-negligible

amount of cadmium is released into the environment [13].

2.1 Pigments for artists

In the 1840s, cadmium sulfide was the first cadmium compound to be applied extensively, where artists used it as pigment in oil and watercolor paints [14], in addition to the other new, inorganic pigments produced by the nascent chemical industry.
These new paints were better than the old ones in many respects, particularly in terms of their fastness, color intensity, and coverage. Famous painters such as Vincent van Gogh and Claude Monet frequently used CdS [15,16]. However, the fading of the yellow-

colored CdS pigments in these paintings has been reported in recent years [17], and there has been a detailed chemical study of the chemical mechanisms that underlie this degradation process [18].

2.2 Pigments

CdS and CdS/CdSe are used in many applications as pigments, with colors ranging from yellow to red, in canvas paints but also in ceramics, glasses, plastics, and mural paintings. In addition to their coloring properties, they tolerate high temperatures,

which facilitates their application in processes that require heat treatment [19]. Cadmium compounds were also used as tanning agents for leather from the second half of the 19th century until the last decade of the 20th century.

2.3 Nickel-cadmium batteries

At present, rechargeable nickel-cadmium batteries (Ni-Cd) are the main application of cadmium. In Sweden, Waldmar Jungner invented the Ni-Cd battery during 1899, which uses nickel as the cathode and cadmium as the anode [20]. Subsequently, the
high cost of these materials compared with lead batteries prevented the diffusion of Ni-Cd batteries, but improvements made by Shlecht and Ackermann in 1932 (higher load currents and greater longevity), as well as by Georg Neumann in 1947 (sealing the cell),
allowed Ni-Cd batteries to enter various applications [20,21]. For many years, Ni-Cd batteries were the only type of rechargeable battery used in portable power tools, as well as cellular phones, camcorders, and portable laptop computers. Indeed, Ni-Cd batteries
represented the industrial standard for portable computers until 1992. Governments have recommended that consumers recycle Ni-Cd batteries because of their cadmium content, but in the 1990s, the public in Europe were made aware of the environmental

harm caused by the careless disposal of Ni-Cd batteries. The European Union’s (EU) Battery Directive 2006/66/EC now limits the trade of Ni-Cd batteries in Europe, except when no alternative is available [22].

2.4 Coating and solder alloys

In the middle of the 20th century, metallurgists began to use cadmium for coating metals and alloys to prevent corrosion, where this process rapidly became the most common application of cadmium. In the soldering process, a fusible alloy works as a
filler material to make joints between compatible materials. Cadmium has the advantageous characteristics of both reducing the working temperature required and favorable flow properties. Thus, 16—25% cadmium is commonly present in cadmium-containing
silver solder. However, the EU has banned the use of cadmium in soldering or brazing because of its toxic effects, although there are some exceptions related to safety, defense, and aerospace applications. Therefore, in 2013, the main uses of cadmium were in

the aerospace and defense industries.

2.5 Cadmium stabilizers in plastic production

Manufacturers have long used cadmium salts, stearate, or laurate as PVC stabilizers because of the high heat stability and excellent weatherability that they impart to plastic compounds. PVC was used in products such as roofing membranes and
window frames, but never in food utensils or toys. EU Directive 91/338 [23] allowed the use of cadmium stabilizers in window frames and roofing membranes, but the Voluntary Agreement of the PVC Industry signed in 2000 ended the use of cadmium stabilizers

[24]. In 2011, regulation 494/2011 amended the requirements regarding the use of cadmium in the EU by extending the 0.01% cadmium limit to all PVC items, except for rigid PVC construction products containing recovered PVC, by the end of 2017 [25].

2.6 Television tubes

Cathode ray tubes (CRTs) in televisions and computer screens represent the main form of waste electrical equipment that needs recycling. CRTs contain a number of toxic metals such as lead, cadmium, barium, and fluorescent powders, which can be
released into the environment if appropriate recycling operations are not conducted. Exposure to these dangerous compounds has been assessed in workplaces for the treatment of CRTs and recommendations were defined for reducing the chemical risks [26].
2.7 Cadmium telluride solar cells

Solar cells are a photovoltaic technology for efficiently absorbing sunlight and converting it into electricity. Cadmium telluride (CdTe) is the second most widely utilized material in solar cells after silicon. The major advantage of CdTe is its low cost [27]
and CdTe appears to be less toxic than other cadmium compounds. Nevertheless, it is toxic if ingested, inhaled, or handled improperly [28]. In the USA, the need for correct disposal and the long-term safety of CdTe are known issues, and recycling the solar cell

modules can resolve environmental concerns [29]. The approach to CdTe safety is much more cautious in the EU, where regulating the use of CdTe is currently being discussed [27].
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2.8 Phosphate fertilizers

Phosphate fertilizers are used widely in agriculture and they can contain non-negligible amounts of cadmium (up to 0.01% according to the geological origin of phosphate [30]). This comprises a serious environmental problem because Cd(ll) can be
absorbed by different plants, and thus it may become a severe health risk for humans by passing through the food chain. The European Commission is considering the possibility of implementing an EU-wide charge on cadmium in fertilizers to improve the

competitive position of “low-Cd” products. Several EU Member States have tried to reduce cadmium through different policy instruments, but there is no general EU rule on this issue at present.

3 Toxicity of cadmium in humans

Cadmium is not an essential element for humans and its requirement by other forms of life is limited to a single case in marine algae under zinc deficiency conditions [31]. All forms of cadmium are toxic and the International Agency for
Research on Cancer has classified it as a human carcinogen [32]. The US Agency for Toxic Substances and Disease Registry [33] provides a list of the substances that can cause major human health problems due to both their toxicity and
through potential human exposure (Table 2). This list is revised periodically to consider any new information regarding the toxicity of substances. According to the list, lead, mercury, and cadmium are the most toxic heavy metals, as well as

being among the most toxic substances.

Table 2 Priority classification of some metal ions according to the US Agency for Toxic Substances and Disease Registry.

2013 Rank Substance
2 Lead
3 Mercury
7 Cadmium
17 Chromium(V1)
43 Beryllium
51 Cobalt
57 Nickel

The extent of the health risk presented by cadmium compounds, as well as the actions issued by different countries, has spurred the development of alternative products since the 1990s [34].

There are two different types of toxicity: acute toxicity caused by sudden exposure to a large dose and chronic toxicity, which may be attributable to low-dose exposure over a long time. Each type causes different effects and

symptoms. Acute and chronic intoxication caused by metal compounds has been described previously, and much information can be found in two extensive reviews [35,36].

Acute human cadmium poisoning is very rare and it is mainly due to the oral intake of cadmium compounds in suicide, accidental cadmium contamination of food items, or inhalation in the work place. The acute toxicity of cadmium
leads to gastrointestinal effects (diarrhea and vomiting). The liver is the main organ affected and hepatotoxicity is the major cause of death [34,37-41]. Most acute intoxication occurs in work places, mostly because of the accidental exposure to
high concentrations of cadmium oxide fumes (during soldering, flame-cutting of cadmium-coated metals, and in refining and smelting operations). Cadmium volatilizes readily during these processes because of its low boiling point (765 °C) and
high vapor pressure, and it condenses into fine particles that react with oxygen to form breathable cadmium oxides. The main symptoms of acute intoxication due to cadmium fume inhalation are chemical pneumonitis and edema (with fatal
consequences in many cases) [42,43], and hepatic and renal diseases [44]. The frequency of accidents in industrial environments, which were common in the past because of poor working conditions, has been reduced due to the improved

hygiene and preventive measurements in work places, although some risks still exist in certain circumstances.

Chronic low-level cadmium intoxication depends on the specific local condition in terms of cadmium pollution. The general population may be exposed by eating cadmium-contaminated food (cereal products, grains, seafood, potatoes,

and leafy vegetables) [45-48].

At present, the developing countries experience the most severe cadmium pollution problems from a dietary perspective [49]. In 2006, the average cadmium concentration in rice from polluted areas in Jiangxi Province, China was
0.59 mg/kg, which was 2.5 times higher than that in 1987 and about three times higher than the maximum allowable concentration required by the Chinese Hygienic Standard for rice (0.20 mg/kg) [50]. In 2007, a study conducted at a metal-
polluted village in Vietnam showed that the cadmium concentration in rice was 0.31 mg/kg, which was also significantly higher than the maximum allowable concentration for cadmium in rice required by the Vietnamese Ministry of Health

(0.20 mg/kg) [51]. Inhaling cigarette smoke is one of the major causes of chronic cadmium intoxication because cadmium is particularly easily absorbed via the respiratory tract, where cigarette smokers may absorb 10-40% of the inhaled
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cadmium. Several recent studies have suggested a potential link between long-term, low-level environmental cadmium exposure and bone diseases [52-54].

In the 1950s, Japanese physicians reported the presence of a disease characterized by multiple fractures and distortion of the long bones among the population of the Jinzu River basin in Japan. The river water was highly contaminated
by cadmium as well as by other toxic metal ions to a minor extent, and it was used to irrigate rice. Thus, the local population developed ltai-itai disease due to the consumption of this cadmium-contaminated rice [55-58]. Some plants are
efficient cadmium bio-accumulators and when they are grown in high acidity, cadmium-rich soils (or in soils treated with cadmium-containing phosphate fertilizers), their consumption leads to a high cadmium content in the food chain [59,60].
Humans can consume cadmium directly in cadmium-containing vegetables or indirectly by eating animals fed with these vegetables. The European Community has determined that the normal dose for cadmium ingested from these two sources
is 1-3 pg per day, which is not considered a hazardous level. The actual amount of cadmium absorbed depends greatly on the individual’s nutritional status, where absorption is low in people with good nutrition in terms of essential metal ions

(zinc, iron, and calcium), whereas those with low levels of essential metals absorb more of this dangerous element. Thus, the high incidence of Itai-itai disease in aged women was determined strictly by their low body iron content [61].

The toxic effects of chronic cadmium exposure manifest as insomnia, chronic rhinitis, anemia, emphysema, eosinophilia, osteoporosis, and irreversible renal tubular injury. Cadmium compounds cause damage to the kidneys and the
central nervous system. They are also carcinogenic for connective tissues, the lungs, and liver, and are possibly teratogenic [62]. The kidney is the organ that is most exposed to chronic intoxication because cadmium accumulates in the
kidney tubules and damages tubular cells [63]. The metallothioneins (MTs) found in these two organs have a high affinity for cadmium [64]. The liver and kidneys contain high-levels of MTs, which can act as a reservoir for cadmium, thereby
protecting the body from the toxic effects of the free metal ion [65,66]. The discovery of MTs was critical for our understanding of cadmium toxicity. MTs comprise a group of proteins with the main function of storing and deactivating various
metal ions. MTs can form high-affinity bonds with cadmium through cysteine residues. Thus, these metal-sequestering proteins can lower the cadmium concentration in critical tissues, and the presence of cadmium appears to induce the
synthesis of these proteins in the liver and kidneys [67]. MTs are important for the detoxification of cadmium. After absorption, albumin transports cadmium in the blood to the liver, where it is bound to MTs. The Cd-MT complex is then released
into the bloodstream and transported to the kidney [67]. The Cd-MT complex is filtered through the glomeruli and absorbed by the proximal tubules, where it accumulates in the kidney cortex, which contains most of the cadmium burden in the
body [58]. The half-life of cadmium in the kidney is greater than 10 years [68,69] and there is a strong correlation between the cadmium content of the kidney and cadmium in urine [68]. Urinary cadmium is an indicator of the lifelong kidney
accumulation, and thus the long-term cadmium burden in the body. Most of the cadmium circulating in the blood is bound to erythrocytes and the shorter half-life of cadmium in the blood makes the blood cadmium concentration a good

biomarker for recent exposure [70]. Therefore, the presence of cadmium in the blood is a biological indicator of current exposure, whereas the urinary concentration is a measure of chronic exposure [71].

In addition to MTs, other endogenous molecules are important for cadmium metabolism. The high affinity of Cd(ll) for sulfur allows this metal ion to replace Zn(ll) in different biomolecules [72]. Cd(ll) enters cells the cell membrane via
zinc transporters such as ZIP8 (transports Cd(ll) in the lungs, testes, and kidneys) and ZIP14 (transports Cd(ll) in the liver and small intestine). These transporters are also found in the brain [73]. In addition, Cd(ll) can be transported by other
biomolecules that are specific to bivalent Fe(ll) and Ca(ll) ions. Cd(ll) is not able to participate directly in redox reactions because of its electronic configuration, but it influences the Fenton reaction by displacing Fe(ll) and Cu(ll) ions from their
binding sites in proteins [74]. The so-called Cd(ll)-mediated oxidative stress damages neuronal cells and kidney proximal tubule cells [75,76]. The various mechanisms responsible for Cd(Il)-induced carcinogenesis (disturbance of the DNA repair

system, interaction with apoptotic pathways and cell proliferation, as well as epigenetic mechanisms) have been discussed previously [77].

4 Complex formation equilibria with amino acids

The toxicity of cadmium and its ability to compete with numerous metal ions in biological sites have prompted studies of its capacity to bind molecules of biological interest, such as amino acids, peptides, and proteins. This topic has
been reviewed previously, with a particular emphasis on comparisons of the coordination ability of Cd(Il) and Zn(Il) [78]. Therefore, in this review, broad comparisons are made with other divalent metal ions of potential interest in biology as
competitors with Cd(Il) and Zn(ll), such as Mn(ll), Fe(ll), Ni(ll), and Cu(ll). In addition, the number of amino acids considered has been restricted to 10, which represent the main categories of biogenic amino acids. Tables 3-10 show the
corresponding protonation, complex formation, and metal-hydrolysis constants, from which the pM values were also computed [79]. The pM value allows the binding ability of different amino acids with the same metal ion to be compared, as well
as the affinity of different metal ions for a specific ligand. The pM values were calculated for binary solutions where the total concentration of the ligand was 10-°M and that of the metal was 10-°M at pH = 7.4. Unfortunately, the experimental

conditions under which the constants were measured were not identical due to the heterogeneity of the published data. However, qualitative comparisons are possible despite the variations due to temperature and ionic strength.

Table 3 Protonation constants of model amino acids [80,81].
log K, log K, log K log K, Temperature (°C)/ionic strength (M) Refs.
Gly 9.58 2.36 25 °C/0.1 [80]
val 9.49 2.26 25 °C/0.1 [81]

Phe 9.09 2.19 25 °C/0.1 [81]
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L-Dopa
Asn
Ser
Asp
Lys
His

Cys

13.4

8.72

9.05

9.62

10.68

9.10

10.36

9.81

2.15

2.13

3.70

9.15

6.04

8.16

8.75

2.19

1.81

2.2 25 °C/0.1

25 °C/0.1

25 °C/0.1

25 °C/0.1

25 °C/0.1

25 °C/0.1

25 °C/0.1

Table 4 Complex formation constants of some model amino acids with the Zn(ll) ion. The subscripts indicate the stoichiometric coefficients for the metal, ligand, and proton, respectively [81—85].

Gly
Val
Phe
L-Dopa
Asn
Ser
Asp
Lys
His

Cys

log B+1
4.96
4.46
4.25
(3.96)2
5.07
4.60
5.69
6.32
6.51

9.17

log Bz

9.19

8.24

8.25

9.43

8.5

9.77

12.04

18.12

2log B110 =log B111 —log Ka.

log Bis

11.6

pM

6.00

6.00

6.00

6.00

6.02

6.00

6.01

6.00

6.21

6.78

Temperature (°C)/ionic strength (M)

25 °C/0.1
25 °C/0.1
25 °C/0.1
25 °C/0.1
25 °C/3.0
25 °C/0.1
25 °C/0.1
25 °C/0.1
25 °C/0.1

25 °C/0.1

[81]
[83]
[81]
[82]
[81]
[81]
[84]
[85]
[81]

[81]

Refs.

Other constants

log B1p = 27.17; log Bz = 37.87; log By = 43.35; log Bs = 28.45; log B = 46.83

log By = 14.72; log By, = 28.85; B, = 19.67
log By = 11.38; log Bys = 23.51; By = 17.84

log Byy; = 14.86; log Bz = 29.96; By = 24.46

Table 5 Complex formation constants of some model amino acids with the Cd(ll) ion. The subscripts indicate the stoichiometric coefficients for the metal, ligand, and proton, respectively [81,82,86—89].

Gly
Val
Phe
L-Dopa
Asn

Ser

log B 110

4.24
3.69
3.7
(3.04)2
4.07

3.95

log Bz

7.71

6.86

6.9

7.58

7.08

log B

9.76

9.61

pM
6.00
6.00
6.00
6.00
6.00

6.00

25 °C/0.1
25 °C/0.1
25 °C/0.1
25 °C/0.1
25 °C/3.0

25 °C/0.1

Temperature (°C)/ionic strength (M) Refs.

Other constants
(81]

(86]

(81]

[82] log By = 26.21; log Bp = 45.62

(81]

(87]

(81]
(81]
(81]
(81]
(81]
(80]

(81]
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Asp
Lys
His

Cys

4.35

3.70)°

5.74

12.82

7.55
(6.48)°
9.96

21.71

2log B110 =log B111 - log Ka.
b Protonated ligand (LH).

- 6.00
(9.24 6.00
- 6.04
27.52 10.39

25 °C/0.1
25 °C/0.1
25 °C/0.1

25 °C/1.0

(81]
(88]
(81]

(89]

log By = 14.38; log Bz = 22.36; log B = 41.28
log By = 11.17

log B = 40.41

Table 6 Complex formation constants of some model amino acids with the Mn(ll) ion. The subscripts indicate the stoichiometric coefficients for the metal, ligand, and proton, respectively [81,90—94].

Gly
Val
Phe
L-Dopa
Asn
Ser
Asp
Lys
His

Cys

log B 1o log Bz
3.0 -
2.34 3.97
2.94 —
8.14 16.0
3.10 5.22
2.50 3.98
3.7 -
(2.18) -
3.32 6.29
456 -

2 Protonated ligand (LH).

log B 1 pM

- 6.00

5.19 6.00

- 6.00

- 6.00

- 6.00

- 6.00

- 6.00

- 6.00

- 6.00

- 6.00

25 °C/0.1
37 °C/0.15
25 °C/0.1
25 °C/0.1
25 °C/3.0
25 °C/0.1
25 °C/0.1
20 °C/0.01
25 °C/0.1

25 °C/0.1

Temperature (°C)/ionic strength (M)

[90]
[91]
[92]
[81]
[81]
[81]
[81]
[93]
[81]

[94]

Refs.

Other constants

log By = 17.76; log B s = 37.0; log Bz = 27.32

log By, = 12.86

Table 7 Complex formation constants of some model amino acids with the Fe(ll) ion. The subscripts indicate the stoichiometric coefficients for the metal, ligand, and proton, respectively [81,93,95—101].

Gly
Val
Phe
L-Dopa
Asn
Ser

Asp

4.13

3.39

3.74

8.80

4.37

4.30

5.34

log B

7.65

7.19

7.57

7.38

8.57

log Bz log Bs

10.7

10.26

10.30

6.00

6.00

6.00

6.00

6.00

6.00

6.01

pM
25 °C/0.1
20 °C/1.0
25 °C/3.0
25 °C/0.1
25 °C/3.0
25 °C/3.0

25 °C/0.1

Temperature (°C)/ionic strength (M)

Refs. Other constants
(81]
[95].
[96]
[97]
(98]
[99]

[100]
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Lys
His

Cys

(4.5)
5.88

(6.2)

2 protonated ligand (LH).

10.43

6.00

6.06

6.00

20 °C/0.01 [93] log B = 15.18
25 °C/3.0 [101]
20 °C/0.01 [93]

Table 8 Complex formation constants of some model amino acids with the Ni(ll) ion. The subscripts indicate the stoichiometric coefficients for the metal, ligand, and proton, respectively [81,102—104].

Gly
Val
Phe
L-Dopa
Asn
Ser
Asp
Lys
His

Cys

log B 1o
5.78
5.42
5.13
(4.88)2
5.68
5.4
7.15
5575
8.66

9.83

log Bizo log Big PM

1058 14
972 122
965  —
B9 -
1023 —
9.9 13.1
1240 —
1034 —
1552  —

20.19 -

2 Diprotonated ligand (LH2).

6.02

6.01

6.01

6.02

6.09

6.02

6.25

6.01

8.20

8.44

Temperature (°C)/ionic strength (M)
25 °C/0.1
25 °C/0.1
25 °C/0.1
25 °C/0.1
25 °C/0.1
25 °C/0.1
25 °C/0.1
25 °C/0.1
25 °C/0.1

20 °C/0.1

Refs.
[81]
[81]
[103]
[81]
[81]
[81]
[81]
[104]
[81]

[102]

Other constants

log Bz = 28.09; log B s = 47.45; log Biss = 55.32; log B = 38.45; log B s = 81.51; log B = 28.79; log By4; = 20.09; log By = 17.32

log By = 11.20
log By = 15.60; log B s = 30.49; log Bz = 44.05; log Bz = 34.26
log By = 12.28; log B = 20.55

log By = 14.79; log B s = 33.0; log PBya = 45.7

Table 9 Complex formation constants of some model amino acids with the Cu(ll) ion. The subscripts indicate the stoichiometric coefficients for the metal, ligand, and proton, respectively [80,81,102,105].

Gly
Val
Phe
L-Dopa
Asn
Ser
Asp
Lys

His

log B

8.11
8.09
7.9
(7.53)
7.83
7.89
8.88
(7.49)°

10.16

log Bz
14.96
14.9
14.7
(14.3)*
14.36
14.5
15.87
(13.82)°

18.14

log Bz

7.06 25 °C/0.1
714 25°C/0.1
7.46 25 °C/0.1
8.19 25 °C/0.1
779 25°C/0.A1

7.43 25 °C/0.1

pM Temperature (° C)/ionic strength (M) Refs. Other constants
[80]
(81]
(81]
[81] log B41, = 30.74; log B = 60.72; log Bz = 53.97; log By, = 45.57; log By = 35.97; log B, = 25.67
[81] log Bz = 3.91; log Bp, = -8.09
[81] log Byy; = 11.44; log By = 4.69
[81] log B,y = 12.58; log B = 19.87; log B, = 10.39; log By = 19.47

7.78 25 °C/0.1
6.87 25 °C/0.1

10.54 25 °C/0.1

[105]  log B,y = 18.17; log Bx = 35.18; log B = 25.27; log B, = 14.83

[80] log By = 14.18; log B = 23.91; log By = 27.14; log B, = 8.03; log B,., = 6.81
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Cys® - - - - [102]

2 Diprotonated ligand (LH2).
b Protonated ligand (LH).

¢ Cys reduces Cu(ll) to Cu(l).

Table 10 Metal ion hydrolysis at 25 °C. The subscripts indicate the stoichiometric coefficients for the metal and proton, respectively [106].

log B1— log B,— log B~ log B—, log B— log B— log B— log B log B~
Zn(Il) -9.0 -16.9 -28.4 -41.2 -9.0 - - -57.8 -
Cd(ll) -10.1 -20.4 -33.3 -47.4 -9.4 - - - -32.9
Mn(ll) -10.6 -22.2 -34.8 -48.3 -10.6 - -23.9 - -
Fe(ll) 95 -20.6 -31 —46 - - - - -
cu(ln) -8 -17.3 -2738 -39.6 - -10.6 - - -
Ni(I1) -9.9 -19 -30 -44 -10.7 = = = -27.7

According to the calculated pM values, it is apparent that these amino acids are not particularly strong ligands for the divalent metal ions considered with a few exceptions, such as Cys for Cd(ll) and Ni(ll), and His for Ni(ll) and Cu(ll). It
should be noted that low pM values indicate low affinity, where the lower limit for the pM value is 6, which corresponds to the p (=-log,,) value of the total concentration of the metal (in this case, Cy = 10° M). Therefore, pM values close to 6

indicate that at pH = 7.4, almost all of the metal is free (i.e., not coordinated to the amino acid).

The low pM values for all of the amino acids (except Cys) are reflected by the fact that coordination starts only at pH> 5, and that the hydrolysis and precipitation of metal hydroxides is always observed at moderately alkaline pH
values. In addition, the formation of hydroxo-complexes has never been reported. Excluding cysteine, with which Cd(I) has an outstanding affinity, the data in Tables 4-9 basically follow the Irving-Williams series [107], where Cd(Il) has a similar
affinity for amino acids as that of Fe(ll): Mn(ll) < Fe(ll) = Cd(Il) < Zn(ll) < Ni(ll) << Cu(ll). For cadmium, the speciation models in Table 5 predict the formation of mono-, bis-, and tris-complexes, where the ligand can be protonated if it contains a
basic side chain, as found in L-Dopa, Lys, and His. Without considering the formation of tris-complexes, the stabilities of Cd(ll) mono- and bis-complexes with different amino acids are very similar after subtracting the contribution due to the
protonation of the side chain. Thus, the complex formation constants are not affected significantly by the nature of the side-chain, which can be either aliphatic, aromatic, or polar, and contain acidic or basic groups. The same is true for Met,
which contains a thioether side group. This behavior may be explained by the fact that the coordination mode is the same for all of the amino acids, i.e., Gly-like, with the exceptions of Cys (as discussed later) and His, which contains an
imidazole group with a high coordination capacity. His can bind metal ions with two nitrogens (amino and imidazole), thereby leading to the formation of a chelate six-membered ring, and with its carboxyl group, where it acts in a tridentate

manner. The higher affinity for His by all metals is confirmed and the Irving-Williams series is satisfied.

The geometry of the Cd(ll) complexes with amino acids is most likely to be octahedral, which agrees with observations made in the solid state by studying the crystals of [Cd(ll)(Gly),] [108], [Cd(Il)(Met),] [109], [Cd(II)(Asn),] [109],
[CA(I1)(Trp),] [110], and [Cd(Il)(His),] [111].

Cysteine is a special case because it contains a thiol group in its side chain. Cys has the ability to act as a tridentate ligand via its three donor groups (-NH,, —S- and COO") to form (with respect to the Gly-like coordination mode) two
additional chelate rings, which are five-membered (between N and S) and six-membered (between O and S), respectively. The Irving-Williams order is again satisfied regarding the stability of the Cys complexes formed with all the metals
considered in this review. In this comparison, Cd(Il) complexes were excluded because they have extraordinarily high stability due to the great affinity of this metal for the thiolate group. It should be noted that no reliable data are available

regarding the complex formation constants for Cu(ll) with Cys because these amino acids reduce Cu(ll) to Cu(l) [112].

The polymeric structure of the complex [Cd(Il)(L-Cys)],, in the solid state has been published [113]; it is formed by adjacent cadmium and sulfur ladders, and the thiolate groups of cysteines act as bridges between two Cd(ll) ions. The
ladders are bridged by the carboxylate groups of Cys, where the oxygen atoms are bound to two different cadmium ions. Cd(Il) ions have an octahedral environment, which also involves the amino nitrogens of cysteines and they act as

tridentate ligands. The structure of the [Cd(I1)(L-Cys)], polymer is shown in Fig. 1.
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Fig. 1 Crystal structure of the polymeric complex [Cd(ll)(L-Cys)],, [113]. Hydrogen atoms have been omitted for clarity. Color code: red = oxygen, blue = nitrogen, dark yellow = sulfur, gray = carbon, light yellow (big balls) = cadmium. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

Figs. 2-4 show the distribution diagram for the Cd(Il)/Cys system and the competition diagrams for the Cd(I1)/Ni(l1)/Cys and Cd(l1)/Zn*/Cys systems, respectively. Clearly, at neutral pH, Cd(ll) is able to sequester all of the cysteines in
solution, even in the presence of equimolar amounts of Ni(ll) or Zn(ll).
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Fig. 2 Distribution diagram for the Cd(ll)/Cys system at 25 °C and | = 0.1 M. [Cd(ll)],; = 0.001 M; M/L ratio = 1:3. Data from [89].
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Fig. 3 Competition diagram for the Cd(I1)/Ni(Il)/Cys system at 25 °C and | = 0.1 M. [Cd(Il)],q = [Ni(Il)],q¢ = [L]it = 0.001 M. Data from [89,102].
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Fig. 4 Competition diagram for the Cd(11)/Zn(ll)/Cys system at 25 °C and | = 0.1 M. [Cd(Il)],; = [Zn(I))]et = [Lot = 0.001 M. Data from [81,89].

A more thorough discussion of the Cd(Il) complexes with amino acids was provided previously [114] and this is outside the scope of this review.

5 Complex formation equilibria with peptides and proteins

In general, the chelating ability of peptides is due mainly to: 1) their N-and C-terminal groups if they are unprotected; 2) the side chains of the amino acid residues; 3) the amide and carbony! groups in their polypeptidic backbone. For
Cd(ll), the Gly-like coordination with the N-terminal amino group and the neighboring carbonyl group, or the binding to the C-terminal carboxy! group do not lead to the high stability of complexes (and thus they are not of potential interest in
biology). The same is true of the donor sites present in the side chains of amino acid residues, except His and Cys (see below) in a specific manner. In addition, some evidence was obtained only very recently regarding the ability of Cd(ll) and

Zn(ll) to replace the amide protons in the polypeptide chain to bind nitrogen, as found frequently with Ni(ll) and Cu(ll).

5.1 His-containing peptides

The pyridine-like nitrogen atom of the His imidazole ring is one of the most effective and versatile donor atoms during the formation of metal complexes with peptides and proteins. The role of this “anchor” in His with respect to cadmium for the formation
of complexes with short peptides has been clearly demonstrated in the case of protected prion-protein fragments containing only one histidine residue [115,116], although the stability of these complexes was lower than that of the corresponding Zn(ll), Ni(ll), and
Cu(ll) species. Similar results were also obtained for unprotected peptides at their amino-terminus [78,117,118].

Metal complexes with poly-His peptides have recently attracted much interest due to the presence of several imidazole binding sites, which are available for simultaneous coordination with the metal ion, thereby leading to the formation of highly stable
complexes, even when the amino terminus is protected. This behavior has been verified commonly for the metals that are studied most widely and are most interesting from a biological viewpoint, such as Cu(ll) and Zn(ll), but it also applies to Cd(ll) [119]. A typical
feature of these peptides is the formation of macrochelates where the metal is bound to two or more His residues. The formation constants measured for these complexes increase with the number of His residues and they are much higher than those recorded for
complexes formed by protected mono-His-containing ligands, although lower than those recorded for Zn(ll), Ni(ll), and Cu(ll) [114]. Despite the improved stability of the complex, the presence of poly-His ligands in solution cannot prevent the hydrolysis of Cd(ll)
and its subsequent precipitation at alkaline pH.

The similar behavior of Cd(ll) and Zn(ll), and the possibility of using '""""*Cd isotopes as NMR probes instead of Zn(ll) has promoted investigations of the interactions between Cd(ll) and proteins. One of the first proteins to be considered was albumin
[120,121], which is the most abundant protein in blood, and cerebrospinal fluid, which is one of the most important carriers of metal ions in the plasma, as well as other proteins such as a-macroglobulin [120,122], His-rich glycoprotein, and ceruloplasmin [122].

A long series of studies of the interactions between albumin and metal cations [123—127] demonstrated that albumin contains at least four specific metal-binding sites with differences in selectivity, as follows.

1) The N-terminal site characterized by the Asp-Ala-His- sequence, which is also called the “ATCUN motif” (amino terminal copper and nickel binding motif).
2) The amino acid Cys-34 is the first cysteine residue in the chain and the only one of the 35 present in the sequence that is not involved in disulfide bridges.
3) A poly-His sequence located at the interface between domains | and Il of the protein, which is called the “multi-metal binding site” (MBS) or “site A.”

4) The so-called “site B,” the position and sequence of which are not clear at present.

NMR studies using """'"®Cd isotopes [123,128,129] have shown that albumin has two thermodynamically equivalent sites for cadmium, which do not correspond to the ATCUN motif (the main coordination for Cu(ll) and Ni(ll)) or the Cys-34 residue
(despite expectations), which instead has high affinity for Au(l) and Pt(ll). The preferential coordination sites for Cd(ll) and Zn(ll) are site A (MBS) and site B. Moreover, an excess of Cu(ll) can move Cd(ll) from site A to an unidentified site C [123]. Site A contains
several His residues, including His-67, where the latter was identified by mutagenesis experiments (His67Ala) [125]. Other residues that participate in the coordination of Cd(ll) and Zn(ll) at site A are His-247, Asn-99, and Asp-249, which form a trigonal

bipyramidal structure where the fifth ligand is H,O or CI” if present at high concentrations (Fig. 5). Site B for cadmium coordination has not yet been localized, but its affinity for Cd(ll) is similar to that of site A, with a dissociation constant of 3 uM [127].
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Fig. 5 Structure of the Zn(ll) complex with the MBS/site A in albumin, according to [125].

Several spectroscopic methods have been used to investigate the structural changes in albumin induced by a Cd(ll) salt[130,131]. The binding of cadmium acetate to albumin alters its conformation, thereby causing partial unfolding and inducing

aggregation.

A size-exclusion chromatographic method coupled with flame atomic absorption spectrophotometry was employed to investigate the effect of competition between albumin and low molecular weight ligands in the coordination with Cd(ll) [132]. It was
shown that His and oxidized glutathione (although four times in excess) could not mobilize the cadmium ion from its complex with albumin, but 70% of the metal was mobilized by N-acetyl-L-cysteine, and nearly 100% by Cys and reduced glutathione (GSH), at

physiological pH. These equilibria may be relevant for the mechanisms responsible for Cd(ll) transfer from the blood to target tissues.

5.2 Thiol-containing peptides

As mentioned earlier in the description of Cd(ll) complexes with amino acids, it is widely accepted that Cd(ll) has a clear preference for thiolate groups, where it usually has a higher affinity for them than Zn(ll) ions. In biology, this implies a high affinity of

Cd(ll) for Cys-rich peptides.

In the case of oligopeptides, after anchoring the thiol group, metal chelation can proceed with the participation of the N-or C-termini, or even other sites containing donor atoms such as oxygen or nitrogen belonging to the lateral groups of amino acidic
residues. A systematic study of Cys-containing oligopeptides showed that the stability of these chelates follows the order: (S, N, O) > (S, N) > (S, O, O) > (S, O) [133], but the coordination mode also depends on whether Cys is close to the carboxyl or amino

terminus [134].

The most important low molecular weight ligand for Cd(ll) is GSH, which is a non-protein tripeptide with the sequence: y-Glu-Cys-Gly. GSH is very abundant in biological fluids, with intracellular concentrations up to 10 mM [135]. GSH is involved in many
biological processes and one of the most important is protecting against reactive oxygen species. GSH contains eight potential donor atoms, which belong to the thiol group of Cys, the amino- and carboxylic-terminal groups, and the side chain of Glu and peptide

groups. Thus, GSH can chelate a number of metals with high affinity.

GSH complexes with Cd(ll) have been determined in thermodynamic (potentiometric) [137,138], spectroscopic [139—-142], and theoretical (density functional theory) [131,143,144] studies, thereby demonstrating the presence of a large number of

stoichiometries and geometries, which depend mainly on the pH and the metal-ligand ratio. The proposed speciation model in solution [145] contains both the mono-and bis- complexes with various protonation degrees (Tables 10 and 11; Fig. 6).

Table 11 First section: overall protonation (log B) and step deprotonation (pKg) constants for GSH (L3‘) and the site involved in the acid-base equilibrium. Second section: overall complex formation constants (log 3) and step deprotonation

constants (pKjy) for the complex species in the Cd(I1)/GSH system. All data were measured at 25 °C and | = 3.0 M [136].

Species Log B pK, Residue
LH2- 9.88 9.88 SH
LH,” 19.04 9.16 NH,"
LH, 22.86 3.82 COOH

LH,* 25.46 2.60 COOH
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[CdLH] 17.02 6.84 -
[CdL]- 10.18 9.89 -
[CALH_J= 0.29 - _
[CdLH,I> 33.03 7.94 -
[CdLHJ* 25.09 9.74 -
[CdL,]* 15.35 12.18 -
[CdLH_]5 3.17 - _
100

[EdDiLH]

% formation of ¢d{ll)

Fa

a

3 5 7 pH 9 1
Fig. 6 Distribution diagram for the Cd(Il)/GSH system at 25 °C and | = 3.0 M. [Cd(ll)],;; = 0.001 M; M/L ratio = 1:2. Data from [136].

The main coordination site is the thiolate group assisted by the C-terminal carboxylate. There is no experimental evidence for the participation of amide groups belonging to the polypeptide backbone. An identical speciation model was proposed for
Zn(ll), but the stability of the complexes formed by this metal was lower than that for Cd(ll) species, as shown by the competition diagram in Fig. 7.
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Fig. 7 Competition diagram for the Cd(ll)/Zn(1l)/GSH system at 25 °C and | = 3.0 M. [Cd(Il)],; = [Zn(I1)];; = [GSH];; = 0.001 M. Data from [136].

Useful models for studying the complex formation solution equilibria between Cd(ll) and proteins, such as MTs, phytochelatins or zinc-fingers, are represented by poly-Cys peptides, where the sequence matches the chelation sites of the proteins.

The first studies in this area used spectroscopic and electrochemical methods to investigate the hexapeptide KCTCCA, which corresponds to the C-terminus of mouse liver MTs [146—-148]. This peptide is characterized by the presence of three cysteine

residues in the sequence -CXCC- and it forms a particularly stable binuclear complex with Cd(ll) ions.

The binding site presentin the MT extracted from rabbit livers contains instead four cysteines, which are organized in the sequence of ICKGASDKCSCCA: the corresponding peptide, protected at both terminai, forms a mono-nuclear Cd(ll) complex and

the metal is bound to the four thiolate groups [149].

If the number of cysteines in the coordination site is important for determining the structure and stability of the complexes formed, then their positions in the peptide sequence can be crucial. De Silva et al. studied the behavior of three 18-mer peptides,

containing the sequences -CAAC-, -CACA-, and -CCAA as active sites, as ligands for several metal cations [150]. The results showed that a peptide containing -CACA- binds cadmium with 10 times greater strength than a peptide containing the sequence -CAAC-
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.However, it was notable the peptide -CCAA- could only bind the Hg(ll) ion among all of the metals considered (i.e. not Cu(l), Zn(ll), Cd(ll), Ag(l), Ni(ll), and Ca(ll)), which demonstrates that the stability as well as the selectivity of peptidic ligands is influenced by the

position of the amino acid residues that contain the donor atoms.

Two protected dodecapeptides inspired by the metal binding domain of some MerR metalloregulatory proteins, i.e., Ac-SCHGDQGSDCSI-NH, [151] and Ac-SCPGDQGSDCSI-NH, [152], have been synthesized and studied potentiometrically and
spectroscopically. The formation of Cd(ll) complexes with loop structures was demonstrated for the first peptide, where both the thiol groups of cysteines and imidazole in His participate in the coordination. However, at pH values close to neutral, mono-complexes
(2S, N;p, O) are formed if the ML ratio is 1:1, where the oxygen probably belongs to a water molecule. On the contrary, if the metal:ligand molar ratio is 1:2, the formation of metal-bridged bis-complexes occurs with a (2S, 2N,,,) or (4S) environment around the
metal ion, where the donor atoms are derived from the cysteines and histidines of two different peptide molecules. His is not present in the sequence of the second peptide and it is replaced by proline. The chelating properties of this peptide against toxic metals
such as Cd(ll) and Hg(ll) were investigated to determine the possibility of using it as a capturing agent for practical applications. In addition, the complex formation equilibria with Zn(ll) were investigated for comparison. Mono- and bis- complexes are also formed
with this ligand according to the metal-to-ligand ratio. In the case of Cd(ll), the metal binds to cysteines and the carboxylate side group of one of the aspartic acid residues participates. In order to confirm whether the Zn(ll) ion is capable of preventing the
coordination of toxic metals to the peptide Ac-SCPGDQGSDCSI-NH,, a solution containing Zn(ll) and the peptide at a ratio of 1:1 was titrated with Cd(ll) or Hg(ll) at neutral pH. In the case of cadmium, the partial removal of Zn(ll) from its mono-complexes was
obtained, with the possible formation of ternary species. The complete removal of zinc was obtained only after the addition of a twofold excess of cadmium, with the formation of a binuclear complex of Cd(ll). However, titrating with Hg(ll) was sufficient to obtain a

ratio of 1:1 between Hg(ll) and Zn(ll), thereby completely removing zinc from its complexes.

The metal binding ability has been characterized thermodynamically and spectroscopically for three peptides, i.e., Ac-cGCASCDNCRACKK-NH,, Ac-GCASCDNCRAAKK-NH,, and Ac-GCASCDNARAAKK-NH,, the first of which contains two -CXXC- motifs
whereas the others have one or two cysteines substituted by alanine [153]. Thiol groups are always involved in the formation of complex species, the stability of which is determined largely by the number of sulfur atoms that bind to the metal. Asp and Lys residues
do not participate in complexation. The following order of stability was verified in terms of the selectivity for various metal ions: Bi(lll) > Cd(ll) > Zn(ll) > Ni(ll). This study was subsequently extended to the cyclic peptide GCASCDNCRACKK [154]. In the case of
Cd(ll) and Ni(ll), this peptide forms significantly more stable complexes than those of its linear analogue over the entire pH range considered. By contrast, the Zn(ll) complexes with cyclic peptide are more stable only up to neutral pH and the stability order is
reversed at alkaline pH. This difference in behavior between Cd(ll) and Zn(ll) is related to the size of the two metal ions as well as the cyclic-ligand rigidity, where cadmium is more bulky so it can bind four sulfur atoms, whereas zinc can only coordinate three of

them.

The same metals were used to investigate the binding ability of a cysteine-rich decapeptide (MPGCPCPGCG-NH,) corresponding to the N-terminal fragment of the ZIP13 zinc transporter, which contains three Cys residues and the unprotected N-
terminus [155]. Again, the main coordination sites of all the metals were sulfur atoms in the deprotonated thiol groups. In the case of Zn(ll) and Cd(ll), at basic pH, it was shown that the N-terminal amino group also participates in coordination as the fourth donor

site (Fig. 8). The stability of the complexes as a function of the nature of the metal follows the same order listed above: Bi(lll) > Cd(ll) > Zn(ll) > Ni(ll).
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Fig. 8 Proposed structures of metal complexes formed by the N-terminus of ZIP13 (MPGCPCPGCG-NH,). Reproduced from Ref. [155] with permission.

The coordination pathways of the two peptides, CSSACS-NH, and ACSSACS-NH,, in the presence of Zn(ll) and Cd(ll) have been studied recently [156]. The presence of cysteine as the N-terminal residue of the hexapeptide promotes the formation of a
five-membered ring containing the amino nitrogen and thiolic sulfur. The coordination of the second sulfur belonging to the Cys-5 residue completes the coordination sphere, thereby forming macrochelates where the mono-complexes are more stable for Cd(ll)
than for Zn(ll). If the same metal ion is considered, the hexapeptide complexes are more stable than those formed by the heptapeptide ACSSACS-NH,, where an additional Ala residue replaces cysteine as the terminal amino group. In the case of the
heptapeptide, metal chelation starts with the formation of protonated mono- and bis- complexes where the only donors are sulfur atoms. The terminal amino group participates in coordination only at alkaline pH, where deprotonated species are formed.
Spectroscopic results obtained for these complexes suggest, in the case of both Zn(ll) and Cd(ll), the deprotonation/coordination of the amide group of the peptide bond between Ala-1 and Cys-2, which is promoted by the proximity of the peptide backbone to the
metal ion due to the simultaneous coordination of both the N-terminal nitrogen and the sulfur atom of Cys-2. It should be noted that this is one of the rare situations where Zn(ll) is claimed to interact with amide nitrogen atoms and the first reported case where this

behavior has been attributed to Cd(ll).

It is not unusual that a coordination site of Zn(ll) and Cd(ll) contains both His and cysteine residues, as found in some retroviral-type zinc-finger peptides [157] or embryo-specific zinc-binding MTs from wheat [158], which exhibit selectivity for Cd(ll) and
Zn(ll) depending on the coordination mode, (4S) or (2S,2N,,). The participation of His residues helps to stabilize the complex species with MTs by decreasing the overall charge to favor the formation of H-bonds and reducing the number of disulfide bonds [159].

The replacement of His with other amino acids containing potential coordinating side groups, such as Asp, can change the structure and stability of complexes dramatically [160].

Helicobacter pyloriis a pathogenic bacterium, which can colonize the mucous membranes of the stomach to cause gastritis and ulcers. Its survival is facilitated by the production of ammonia via the hydrolysis of urea, which buffers the surrounding highly
acidic environment. This process requires the synthesis of two nickel-containing enzymes, urease and [NiFe] dehydrogenase, as well as some proteins that are required to supply nickel, such as Hpn, HypA and its partner HypB, and heat shock protein A (HspA).
All of these proteins possess His- and Cys-rich domains, which are suitable for the coordination of metal ions [161]. Kozlowski et al. [162] studied the metal complexing properties of the following three protected decapeptides: Ac-CCSTSDSHHQ-NH,, Ac-
EEGCCHGHHE-NH,, and Ac-GSCCHTGNHD-NH,, which correspond to the binding sites of Hpn and HspA, and they contain the -Cys-Cys- motif together with two or three additional His residues in variable positions. The fundamental role of the thiol group of
cysteine was confirmed, which leads to the formation of mono-and bis- complexes of Zn(ll) and Cd(ll) with the donor atom sets (2S), (3S), or (4S), depending on the pH, presumably with a tetrahedral geometry. Instead, Ni(ll) forms square planar species with these
ligands, where the deprotonated amide nitrogens in the peptide chain also participate. Surprisingly, the Ni(ll) complexes are more stable than those of Zn(ll) regardless of the pH, which disagrees with many previous reports (see above). It is likely that the His

residues are partially responsible for this behavior, although this issue has not been explored.

The metallochaperone HypA secreted by Helicobacter pylori contains at least two metal-coordination sites: one for Ni(ll) located in its N-terminal portion and the second for Zn(ll) situated in the C-terminal domain [161]. The latter, which corresponds to
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the sequence -ELECKDCSHVFKPNALDYGVCEKCHS-, includes four cysteine residues at positions 74, 77, 91, and 94 arranged in two -CXXC- motifs, and two histidines in positions 79 and 95. "'*Cd NMR, potentiometric, and spectroscopic data indicate that
these sulfur atoms are the basis of coordination for Zn(ll) [161,163], but the imidazole nitrogens can also participate in the coordination at acidic pH. In order to clarify the role of histidine molecules in the formation of Cd(ll), Zn(ll), and Ni(ll) complexes with the C-
terminal region of HypA, four decapeptides were synthesized, which included the first or the second -CXXC- motif, with either the neighboring His residues (79 or 95) as in the wild-type sequence, or with Ser instead of His [164]. These model peptides form mono-
and bis- complexes of Cd(ll) and Zn(ll) where the donors are the two thiolic sulfur atoms and the imidazole nitrogen when itis present in the sequence. The complexes are more stable when His is separated from the second Cys residue by a serine compared with
that where Cys and His appear consecutively. Some stability is lost when His is replaced by Ser. The same study determined the behavior of the model peptide Ac-ELECKDCSHVFKPNALDYGVCEKCHS-NH,, which corresponds to the full zinc coordination site of
HypA, and its analogues as ligands, where the length and the sequence of the linker that joins the two binding motifs -CXXC- were varied. These peptides form macrochelates with Cd(ll) and Zn(ll), with 1:1 stoichiometry and coordination modes (2S, 2N,,) at

acidic pH and (4S) around pH 8. The cadmium complexes are considerably more stable than those with zinc, and the stability of the complexes decreases as the length of the linker increases.

Finally, it should be mentioned that a de novo protein design strategy was recently applied to the construction and study of metal binding sites, thereby overcoming the problems caused by the use of both oversimplified short model peptides and very

complex full-length proteins. This strategy was reviewed recently in the case of Cd(ll) complexes [165].

The interactions between Cd(ll) and full-length proteins, such as zinc-finger proteins, MTs, or phytochelatins, are beyond the scope of the present review, and thus they are not discussed further. However, recent excellent reviews are available for the

interested reader [166,167].
6 Recent developments in chelation therapy for cadmium
As discussed earlier, the toxicity of cadmium demonstrates the clinical requirement for a chelation treatment to scavenge aged cadmium deposits from the liver and kidneys.
Only a few studies have described clinical chelation treatments for cadmium toxicity, but numerous animal experiments have been performed to develop chelation approaches [168-171].

A recent review explained the inherent problem of cadmium chelation, where the complex formation constants for cadmium and zinc are almost equal, and thus each chelator for toxic cadmium can also act on endogenous zinc [172].

Therefore, cadmium chelation is perturbed by the far greater concentration of the essential metal ion.

The toxicokinetics of cadmium make the effective, long-term chelation of deposited cadmium a serious problem. After it enters the body, cadmium is found within cells and mainly in the liver where it is bound by MTs. The Cd-MT
complex is then transferred by the blood circulation to bone and the kidneys, where it is deposited in the proximal tubular cells, thereby causing tubular cell necrosis and subsequent urinary loss of filterable proteins, calcium, and small
molecules, and thus the manifestation of the effects of chronic cadmium intoxication [67]. These unusual toxicokinetics are responsible for the failure of hydrophilic chelating agents during the treatment of acute cadmium poisoning [173].

Different chelating agents from several families of chemical compounds have been studied in animal experiments of acute cadmium intoxication (Table 12).

Table 12 Acronyms and IUPAC names of chelating agents for Cd(ll) intoxication.

Acronym IUPAC name
BAL 2,3 dimercaptopropan-1-ol
Deferiprone 3-Hydroxy-1,2-dimethylpyridin-4(1H)-one
Deferasirox 4-[3,5-bis(2-hydroxyphenyl)-1H-1,2,4-triazol-1-yl]-benzoic acid
DMSA Meso-2,3-dimercaptosuccinic acid
DMPS 2,3-dimercapto-1-propanesulfonic acid
DTPA Diethylenetriaminepentaacetic acid

Monensic acid 4-[2-[5-ethyl-5-[5-[6-hydroxy-6-(hydroxyl methyl)-3,5-dimethyl-oxan-2-yl]-3-methyl-oxolan-2-ylJoxolan-2-yl]- 9-hydroxy-2,8-dimethyl-1,6-dioxasp iro[4.5]dec-7-yl]-3-methoxy-2-methyl-pentanoic acid

TTHA Triethlenetetraminehexaacetic acid

The use of lipophilic chelators was found to increase cadmium toxicity in rabbits [174], but studies of hydrophilic chelators such as DMSA and DTPA, as well as polyaminopolycarboxylic acids, showed that these molecules were

effective in both increasing cadmium excretion and reducing its toxicity [175-179].

All of these studies were performed in experimental conditions, which were limited to the injection of the toxic metal ion and the chelator. Experimental conditions similar to oral cadmium intoxication in humans were studied by Andersen



elsevier CCR_112287

et al. [180-182], who demonstrated that the oral administration of chelators (DMSA, DMPS, DTPA, or TTHA) after the administration of a consistent oral cadmium dose could decrease intestinal cadmium absorption and the associated
pathological consequences. To understand the mobilization of cadmium depots, Saric et al. [183] investigated the scavenging effect of orally administered DMSA and parenteral Ca-DTPA, which showed that DMSA was more effective than Ca-

DTPA at removing cadmium from kidney and liver depots, where combined treatment with these two chelators was more effective.

The efficacy of some more lipophilic derivatives of DMSA (monoalkylesters and monoalkylamides) [184—186] was demonstrated for the removal of aged cadmium depots, but they are too toxic for potential applications in clinical

treatments.

The results of early animal experiments, particularly those of the well-planned experiments performed by Andersen, indicate that the treatment of choice for acute oral human cadmium intoxication should be based on either oral DMSA

administration or parenteral calcium DTPA administration, whereas the BAL and DDC treatments have too many disadvantages [180,187,188].

In recent years, ligands with completely different chemical structures and interesting properties have been tested in animal studies of the treatment of cadmium intoxication. Deferasirox was the last oral iron chelator introduced into
clinical practice, and Saljoogi and Fatemi [189] showed that it reduced the blood cadmium levels in weanling rats. Deferasirox and deferiprone oral treatments (singly or combined) were studied by Fatemi et al. [190], who demonstrated that both
of these chelating agents are effective for removing cadmium from different organs (kidneys, liver, and heart), but the combined treatment is most effective. The tetraethyl-ammonium salt of monensic acid, an antibiotic used in ruminant animal
feeds [191], was tested in cadmium-treated mice by Ivanova et al. [192], who found that this chelator is effective in removing cadmium from different organs (kidneys, liver, heart, lungs, spleen, and testes). The same study also reported the X-

ray structure of the 1:2 complex formed between cadmium and monensic acid [193] (Fig. 9), but no data were provided regarding the stability of this complex and analogous zinc complexes.

Fig. 9 Structure of the complex between cadmium and monensic acid (CCDC 754039).

Recently, Tang et al. [194] reported the synthesis of a new compound, sodium (S)-2-(dithiocarboxylato((2S,3R,4R,5R)-2,3,4,5,6 pentahydroxyhexyl)amino)-4-(methylthio) butanoate (GMDTC), which is not very toxic but it is highly
efficient at removing Cd(ll) from animal kidneys (in mice, rats, and rabbits). The Cd(Il) scavenging activity suggests the support of glucose transporters in renal tubular cells. The formation of a [Cd(GMDTC),]> complex was proposed based on
HPLC-MS experiments and density functional theory calculations, although stability data were not reported based on the solution equilibrium studies. According to Tang et al.; the characteristics of GMDTC make it an ideal chelating agent for

treating the adverse effects of chronic cadmium exposure.

7 Conclusions

Due to their unique characteristics, cadmium compounds have a growing number of applications in various human activities. However, since the end of the last century, awareness of the extremely high toxicity of this metal and its

compounds has led to the imposition of increasing limits on its use by international regulations. Nonetheless, cadmium exposure is still a major global health problem.

The competition between cadmium and other metals in vivo is one of the main explanations for cadmium toxicity, but the mechanisms that allow Cd(ll) to be transported to various organs and tissues in humans are poorly understood.
The most significant structural and equilibrium results concerning the interactions of Cd(ll) with amino acids, peptides, and proteins, have been presented in this review and thoroughly compared with those of the other main bivalent metal ions,

i.e., Zn(ll), Cu(ll), Fe(ll), Mn(ll), and Ni(ll).

Chelating agents are almost the only tool for counteracting the adverse effects of chronic cadmium exposure. Given the current lack of adequate chelation therapy to effectively combat cadmium toxicity in humans, it is necessary to
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conduct further research to design, synthesize, and characterize new non-toxic, effective cadmium chelators, as well as obtaining a better understanding of the behavior of cadmium in living organisms. As stated recently regarding the treatment
for metal intoxications, “the achievements are still inadequate to effectively counteract metal induced diseases, and a joint effort of chemical, biochemical, pathological, and clinical researchers might be appropriate to solve the related clinical problems,

supported by large investments by central governments and international health organizations” [195].
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