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 Metals play a crucial role in living systems. Iron, zinc, copper, 

molybdenum, and manganese are involved in many essential biological activities. 

Among transition metals, zinc after iron is the most abundant transition metal in 

the human body and the most abundant in the brain. It exists in more than 3000 

proteins, which comprise about 10% of the human proteome. Zn2+ 

dyshomeostasis is associated with chronic diseases such as metabolic 

syndrome, diabetes and related complications, bone loss, growth retardation in 

young children, and neurological and behavioral problems. Despite a good 

knowledge obtained for metabolism of some metal ions such as copper, our 

understanding about Zn2+ trafficking still remains immature. External or internal 

metal ions, which are chemically similar to Zn2+ may disrupt or interfere with the 

process of Zn2+ trafficking and make complications. Metallothionein (MT) and the 

proteome, two major players of cell Zn2+ trafficking, and their metal binding and 

metal exchange reactions with different ligands were studied in this research.  

Metallothionein, a small protein molecule rich in cysteine, binds to seven 

Zn2+ ions with a stability constant of about 1011. A previous study, on the other 
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hand, has reported that one of the seven Zn2+ ions binds to MT with a relatively 

weak binding constant of 108. Purified Zn7-MT extracted from rabbit liver under 

neutral conditions (pH 7) was reacted with different competing ligands and did 

not exhibit such a weak binding affinity to Zn2+ ion. Reaction of Zn7-MT with 

strong acid resulted in the formation of MT* species, which was converted into 

Zn7-MT* upon neutralization and reaction with 7 Zn2+ ions. Zn7-MT* exhibited a 

reactivity of 1 Zn2+ per MT molecule with chelating agents of modest affinity for 

Zn2+ ion. Titration of Zn7-MT with acid to pH 2 or below produced Zn7-MT*, which 

exhibited a biphasic titration curve upon base titration demonstrating the binding 

of 1 Zn2+ ion per MT molecule weakly between pH 5 and 7. Because MT 

generally undergoes acidification during preparation, care must be taken to 

document which form of the protein is present in subsequent experiments at pH 

7. 

Zn-proteome as another significant player in Zn2+ trafficking was studied. It 

has been hypothesized that Zn-proteome has a measurable capacity to bind to 

metal ions such as Zn2+ or Cd2+ through metal ion exchange chemistry.  To test 

this hypothesis the Zn-proteome of pig kidney LLC-PK1 cells was reacted with 

competing ligands such as Zinquin acid (ZQACID), TSQ, EDTA, and apo-MT, 

exhibiting negligible metal exchange reactivity. Reaction of Cd2+ or Zn2+ with the 

Zn-proteome shows that Cd2+ or Zn2+ associates with the proteome and almost 

stoichiometric amounts of Zn2+ become available to react with these chelating 

agents.  The results strongly support the hypothesis that Cd2+ displaces Zn2+ 

from native proteomic binding sites resulting in the formation of  Cd-proteome•Zn 
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species.  Mobilized Zn2+ adventitiously binds to the proteome and becomes 

available to react with the metal binding ligands.  Cd-proteome and Zn-

metallothionein exchange metal ions that increase the possibility that this 

reaction may recover the functionality to the Cd-protein. 

Proteome and supernatant from LLC-PK1 cells were titrated with Zn2+ in 

the presence of zincon (ZI), a relatively weak competing ligand, to study the role 

of Zn-bound proteome in Zn2+ trafficking . Titration curves confirmed that a 

significant amount of unoccupied sites exist within the proteome to bind to metal 

ions. The smaller slope in the second part of the curve compared with the one 

obtained in the titration of ZI with Zn2+ along with the red-shifted absorbance 

spectrum indicate that the formed species are different form Zn-ZI species. We 

hypothesize that these species are ternary adduct complexes, proteome-Zn-ZI. 

Model proteins such as CA, BSA, and trypsin and the fluorescent ligand, TSQ, 

were employed to further investigate this hypothesis. BSA reacted with Zn-ZI and 

the resulted absorbance spectra exhibited a shift in λmax from 620 nm to 640 nm. 

Furthermore, no Zn2+ was released from the product upon size exclusion 

chromatography, indicative of adduct complex formation. In contrast, two other 

proteins, carbonic anhydrase and trypsin did not show any reaction with Zn-ZI 

indicated by lack of change in λmax in their absorbance spectra. The former is a 

Zn-protein without unoccupied Zn2+ binding sites and the latter has neither Zn2+ 

nor documented Zn2+ binding sites. Reaction of TSQ with Zn-ZI also resulted in 

an emission spectrum with a λmax at 470 nm, characteristic of adduct complex 

formation. 
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1. Introduction 

1.1. Zinc, its importance, and regulation in living organisms 

Metals play a crucial role in living systems. About 33% of all proteins have 

metals in their structure and 40% of enzyme-catalyzed reactions engage metals 

such as Fe, Zn, Mg, Mn, Ca, Cu, Co, Ni, Mo, W, Na, K, and V [1]. Iron, copper, 

molybdenum, and manganese are involved in many essential biological redox 

processes such as respiration, photosynthesis, and nitrogen fixation [2]. Like 

prokaryotes, Eukaryote cells rely on metals for many biochemical functions. For 

example, they are highly dependent on Zn containing proteins [3]. Among 

transition metals, Zn after iron is the most abundant transition metal in the human 

body and the most abundant metal in the brain [4]. It exists in more than 3000 

proteins, which comprise about 10% of the human proteome [5]. These proteins 

include 397 hydrolases, 302 lygases, 167 transferases, 43 oxidoreductases, 24 

lyases/isomeases, 957 transcription factors, 221 signaling proteins, 141 

transport/storage proteins, 19 proteins with DNA-repair, replication and translation 

functions, and about 1000 Zn-finger and other Zn proteins with unknown functions. 

[6,7]. As such Zn is involved in a wide range of protein function; it participates in 

more than 300 cellular processes such as DNA transcription, protein synthesis, 

assisting in enzyme structural and catalytic activity, neurotransmission, 

intracellular signaling, and antibiotic activities [8,9]. Disruption of transition metal 

homeostasis in human is involved with pathological conditions in brain, liver and 

kidney. Fe, Cu, and Zn dysregulation has been hypothesized to be associated with 
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Alzheimer disease. [10-12]. Zn deficiency and dyshomeostasis are associated with 

chronic diseases such as metabolic syndrome, diabetes and related 

complications, bone loss, growth retardation in young children, and neurological 

and behavioral problems [13-16].  

Zn2+ binds to proteins with a predominant tetrahedral coordination that can 

be in the form of mononuclear complexes or clusters. Examples of mononuclear 

complexes and Zn clusters are seen in enzymes such as alcohol dehydrogenase 

(ADH) and metallothionein, respectively [17]. Zn2+ exhibits both catalytic and 

structural roles in Zn proteins. Diverse ligand-Zn interactions in the catalytic or 

structural sites of proteins play significant roles in Zn enzyme function or Zn protein 

structure and function. Ligands interact with the metal ion in two coordination 

shells. In the first shell S from cysteine, N from histidine, O from aspartate, 

glutamate or water directly interacts with the metal ion. In the second shell, 

hydrogen bonding of Zn-bound ligands with the surrounding amino acids plays a 

crucial role for the stability of the Zn2+ ligand complex. Figure 1.1. shows different 

modes of interaction between Zn2+ and ligands in the first coordination shell [2, 18]. 

All of these interactions may include formation of Zn bridges between two ligating 

groups. In case of cysteine ligand 1, 2, 3 zinc bridges might form; metallothionein 

clusters (Zn3S9 and Zn4S11) are examples involving formation of 2 and 3 Zn 

bridges. Metallothionein and its clusters will be further discussed in chapter 3.   

Figure 1.2. illustrates how the second coordination shell with the help of hydrogen 

bonding makes a stable complex of Zn2+ in human carbonic anhydrase II. In the 

first shell Zn2+ binds in a tetrahedral coordination to N of 3 imidazole groups from 
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His (94, 96, and 119) and O from a water molecule. In the outer shell 3 His and O-

H make hydrogen bonds to the surrounding amino acids and the protein backbone 

[2]. 

  In Zn enzymes the necessity for flexibility of the the catalytic site toward 

substrate leads to the more dynamic coordination of Zn by ligands from side chains 

of the protein. Therefore, for mononuclear Zn enzymes one or two small molecules 

(e.g. H2O from the surrounding solution) ligate Zn2+. The rest of tetrahedral 

coordination is formed by amino acid side chains (Cys, His, Glu, Asp) ligands. 

Furthermore, such coordination environments might contribute to the reactivity of 

these sites with other metals and therefore metal exchange [2]. On the other hand, 

in structural Zn2+ binding sites there is a full tetrahedral coordination of Zn2+ by 

protein side chains that produces more rigidity and stability in the protein structure. 

These coordination sites commonly involve S4 (4 cysteine sulfhydryl groups), S3N 

(of 3 cysteines and 1 histidine), and S2N2 (of 2 cysteines and 2 histidines) around 

Zn2+. None of these general patterns negates the existence of fully coordinated 

Zn2+ with catalytic activity or partially coordinated Zn2+ with structural properties. 

Examples of these exceptions are tetrathiolate coordinated Zn2+ in Ecoli ada 

protein and structural Zn2+ in hexamer insulin. The former has one loose thiolate 

that contribute to DNA repair (catalytic) [19] and the latter is coordinated with 3 

histidine side chains [20].  
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Figure 1.1. Interaction of Zn with ligands. The first row shows the interaction of S 
from cysteine as the electron donor to Zn2+. In the second and third rows the modes 
of interaction of N from imidazole of histidine and O of glutamate or aspartate (not 
shown) with Zn2+ are displayed (lone pair electrons are not shown) [2, 18]. 

 

 

 

 



5 
 

 

 

Figure 1.2. Interaction of Zn2+ and chelating ligands in human carbonic anhydrase 
II. First and second coordination shells are shown [2]. 
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1.2. Metal ion trafficking in cells 

The combination of chemical reactions in living organism that leads to 

cellular influx, distribution, and efflux of metal ions is defined as metal ion 

metabolism or trafficking. Binding of metals by ligands, which are electron donors 

and compete with each other for binding, facilitates metal ion trafficking. There are 

several types of reactions involved in metal ion trafficking that can be listed as 

metal-ligand binding, ligand substitution, metal exchange, and adduct formation. 

Ligands are usually chemical groups on proteins and nucleic acids bearing 

negative charges (phosphate on DNA backbone) or electron lone pairs on donor 

atoms N, O, and S (amine, imidazole, carboxyl, and thiol groups of proteins or N 

and O elements of DNA bases). Influx of the metal ions to the cell occurs through 

different mechanisms such as facilitated diffusion (as the concentration of metal 

outside the cell may be greater than that in the cytosol [17]) involving various metal 

transporters [21-23].  

Metal ions can exist in cytosol in three major forms: tightly or adventitiously 

bound to ligands on proteins or other macromolecules, bound to small molecules 

(e.g. glutathione), and ligated only by water molecules (known as free metal ion). 

Metal ions bound in kinetically labile forms play a significant role in metal trafficking 

within the cytosol. Once the metal reaches the cytosol, it binds to ligands in the 

above mentioned forms. During the last two decades, attempts have made to 

determine the concentration of labile metals in cells by either measuring them 

directly or calculating their concentration using their binding constants to 
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biomolecules [17]. Table 1.1 summarizes the labile concentration of metals in 

eukaryotic cells. 

 

Table 1.1. Estimated concentration of labile metal ions in eukaryotic cells [17]. 

Metal ion Labile ion conentration Organism/Cell type 

Potassium 10-1 M  

Sodium 10-2 M  

Magnesium 10-3 M  

Iron 5 × 10-6 M 
Rat hepatocyte 
(cytosol) 

 11.8 × 10-6 M 
Rat hepatocyte 
(nucleus) 

 9.8 × 10-6 M 
Rat hepatocyte 
(mitochondria) 

Manganese 10-7 M  

Calcium 1-5 × 10-8 M Eukaryote (cytosol) 

Zinc 10-11 M  

 10-12 M Eukaryotic cells 

 < 10-9 M (none) E. coli (bacteria) 

Copper 10-15 M  

 < 10-18 M Yeast 
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Metal trafficking not only contributes to the regulation and distribution of vital 

metals in living cells but also to the toxicity of heavy metal ions such as Cd2+, Pb2+, 

and Hg2+. The therapeutic effect of the complex cis-diamminedichloro-Pt (II) also 

stems from the metal ion trafficking principle. 

Metal ion trafficking in living systems is initiated by metal ions binding to 

ligands as shown in reaction (1).  

M + L          M-L,   K, k1, k-1    (1) 

In this equation K is the chemical equilibrium representing the thermodynamic 

stability of the product complex M-L; k1 and k-1 are rate constants for the formation 

and decay of the product complex, respectively. L is the ligand, which binds to the 

metal ion (M). Another phenomenon that is involved in metal ion trafficking is the 

ligand substitution of the complex M-L that takes place according to the following 

chemical equation.  

M-L + L’          ML’ + L      (2) 

The sequence of metal-ligand binding and ligand substitution in cellular metal ion 

trafficking can be summarized as binding of metal ion to protein transporters in cell 

membrane, substitution of protein transporter with components of the cytoplasmic 

or nuclear proteome or complement of small molecules, and finally ligand 

substitution involving the cytoplasmic proteome and metal-transporter proteins 

responsible for metal efflux.  

M + Transportero     M•Transportero       M-Transporteri   (3) 
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M-Transporteri + L1       ML1 + Transporteri 

ML1 + L2   ML2 
        . 
        . 
        . 
MLn + protein (binding site)        M-protein 

With large binding constants for seven Zn2+ ions and kinetic lability of its two 

thiolate clusters, metallothionein plays a major role in Zn2+ trafficking. 

Metallothionein is also a major protein to traffic Zn2+ between cytoplasm and the 

nucleus [21]. Studies on hepatocytes of Zn2+ injected rats has shown a high Zn2+ 

uptake by their nuclei [24]. Because of low localization of Zn2+ transporters to the 

nuclear membrane and small concentration of free Zn2+ in the cytoplasm, neither 

Zn2+ transporters nor diffusion could be candidates for that observation. Further 

study by other groups has shown that MT is actually responsible for the high zinc 

uptake by the nuclei [25-28].  

Metal-ligand binding and ligand substitution comprise the major chemical 

reactions in normal metal ion trafficking. In addition, metal ion exchange and 

adduct formation can play major roles in special conditions such as exposure of 

cells to toxic metals and ligands. In metal exchange reactions, metals compete to 

bind to the ligand via two groups of reactions shown as following.  

M1-L +M2        M2-L + M1  K, k1, k-1 

M1L1 + M2L2        M2L1 + M1L2     (4) 

The affinity of a ligand toward a specific metal (K) determines formation of 

that metal complex assuming the kinetics of reaction are favorable. Under normal 
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conditions, the specificity of the ligand, which is determined by the kinetics, 

energetics, and mechanism of the reaction, insures that metal ions and ligands 

avoid reactions unrelated to metal trafficking. On the other hand, in case of toxicity; 

ligands might prefer some toxic over essential metals leading to cell injury. 

Another form of ligand-metal binding involves adduct formation. In this type 

of interaction a ternary complex forms among metal and two ligands. The following 

chemical equation represents adduct formation among a metal M, ligand L, and 

ligand L’: 

M-L + L’          L’-M-L     (5) 

One ligand could be the metalloprotein and the other ligand, which should be at 

least bidentate, may be an internal small molecule such as glutathione (GSH) or 

any externally administered ligand. 

1.3. Cadmium trafficking and toxicity 

 Cadmium (Cd) is a heavy metal and one of the major pollutants on earth. 

Cd is widely distributed within the earth crust, but its natural concentration in water, 

soil and atmosphere that mainly originate from weathering of earth minerals, forest 

fires, and volcanoes is too low to be a threat to living systems [29]. During the last 

century due to the human industrial and agricultural activities, the concentration of 

toxic metals in the environment has been increasing. Cigarette smoke, food, 

compounds used in electronics, pigments, alloys, and rechargeable Ni-Cd 

batteries are the major sources of exposure to Cd for humans [30]. In particular, 

Cd can be accumulated in some certain foods such as rice [31], fish [32], and leafy 
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vegetables [29, 33, 34]. Cd is poorly taken up by the digestive tract; however, its 

absorption is efficient in lungs with 50% uptake of inhaled Cd. Therefore, most of 

human exposure to Cd is either through smoking or in the workplace [35, 36]. 

After uptake, Cd2+ is transported and accumulated in the liver, kidney, and 

some other organs, where it causes adverse effects [37-40]. The biological half-

life of Cd2+ in human body is about 20 years [41]. Cd2+ induces reactive oxygen 

species (ROS eg. O2
-, H2O2, OH) that result in oxidative stress on normal 

physiological functions in the body [42, 43]. Cd2+-induced ROS damages DNA, 

proteins and lipid structure and function, which leads to cell apoptosis [44-47]. It 

also decreases the concentration of glutathione (a small tripeptide with a SH 

group) resulting in the increase of radical species and carcinogenesis [48]. Cd2+ 

accumulated in the liver and kidney is mostly bound to metallothionein [49-54]. The 

half-life of MT is variable - 18-20 hours for Zn-MT and 3 days for Cd-MT in rodents 

but also depends on the organism, organ, and age [55-59]. 

MT protein synthesis is induced in animals with low doses of Cd2+ [60, 61], 

Zn2+ [62, 63], and other metal ions as well as a variety of organic compounds 

including ethanol [64, 65], and diethylmalate [66, 67]. The transcription factor 

MTF1 is responsible for the induction of MT mRNA upon increase of intracellular 

concentration of heavy metal ions such as Zn+2, Cd2+, and Cu1+[68-70]. 

The well-known and probably the major role of MT is to protect cells against 

toxic metal ions especially Cd2+. Studies with mouse kidney epithelial culture cells 

have shown that there is a strong correlation between MT levels and resistance to 

Cd2+ [71]. MT induction also protects against lethal and hepatotoxic levels of Cd2+ 
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[72]. High level of MT in the livers of newborn animals is also correlated with their 

resistance to Cd2+-induced hepatotoxicity [73, 74] The recombinant sheep gene 

MTII inserted into E. Coli protects against elevated levels of toxic metals including 

Cd2+ [75]. MTI/II null mice display high susceptibility to Cd2+ toxicity such as 

hepatotoxicity, hematotoxity, immunotoxicity and bone toxicity [76]. Median lethal 

dose (LD50) of Cd2+ in MT-null mice decreased seven times in comparison to that 

in wild-type mice [77]. 

The mechanism of Cd2+ toxicity has been studied for many years. Petering 

et al. investigated the mechanism of Cd2+ nephrotoxicity using mouse and pig 

kidney cell models and have proposed the only cause-effect mechanism linking 

Cd2+-binding sites to toxicity [78-80]. Upon exposure of kidney cells to micromolar 

concentrations of Cd2+, they observed down regulation of sodium-dependent 

glucose cotransporter protein (SGLT) and sodium-independent cotransporter 

protein (GLUT) and their corresponding mRNAs [81-83]. After removal of Cd2+ 

from cell culture media, they observed that transcriptional depression was retained 

for at least 48h. In other studies, it was demonstrated that Zn3-Sp1, a common Zn-

finger transcription factor, is involved in down regulation of SGLT1 and 2 upon 

binding to Cd2+ [80, 84]. It was also found that Cd2+ binds to the Zn-finger motif of 

Zn3-Sp1 with a binding constant of 1 order of magnitude higher than that for Zn2+ 

[80].  

In previous studies, Wong and Petering observed the similarity in Cd- and 

Zn-finger stability constants in transcription factor IIIA (TFIIIA) and one of its fingers 

[85]. Krepkiy and Petering compared the NMR spectrum of a Cd- and Zn-finger 
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[86]. While generally similar, Cd2+ binding perturbed the conformation of the 

ligating groups around Cd2+. This shift, in turn, changes the orientation and position 

of the amino acids in the recognition helix with regard to the complementary DNA 

base-pair edges and reduces the binding affinity of Cd2+-finger to its cognate DNA. 

Applying their results to Cdn-Sp1 reduction in the binding of the transcription factor 

to DNA leads to the decrease in mRNA biosynthesis and down regulation of 

transporters SGLT and GLUT, hence nephrotoxicity. In their chemical mechanism, 

Cd2+ displaces Zn2+ from a protein binding site to cause toxicity as in reaction 7. 

Wang et al have reported that rPT cells exposed to Cd2+ display elevation 

of ROS and free calcium and reduction of mitochondrial membrane potential, 

intracellular GSH concentration, and enzymatic activities of Na+, K+-ATPase, 

Ca2+-ATPase, glutathione peroxidase (GSH-Px), catalase (CAT), and superoxide 

dismutase (SOD) [87]. Cd2+ renal toxicity, pancreatic toxicity and hepatotoxicity at 

the cellular and molecular levels have been attributed recently to production of 

ROS species and mitochondrial dysfunction [30, 88, 89]. 

In recent years a phenomenological mechanism that has been proposed 

and studied is the interference of Cd2+ with Zn2+ uptake [90-92] and the Zn 

proteome [93, 94]. From studies of the levels of intracellular ROS, antioxidants, 

enzyme activities, and gene expression in a Zebrafish liver cell line (ZFL), Zhu et 

al. have concluded that toxicity of Cd2+ is at first due to its binding to the proteome 

and interference to many biological activities rather than induction of ROS. Indeed, 

ROS induction might be one of the secondary phenomena within the cascade of 

reactions resulting from Cd2+ binding to the proteome. Their proteomic analysis of 
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Cd2+-exposed ZFL cells showed that 34% of differentially expressed proteins were 

metal binding proteins and 12% were enzymes, which were not involved in redox 

reactions. Twenty percent of analyzed proteins, which exhibited metal ion binding 

properties, were transcription factors, 11% were transporters, and 9% were 

involved in signaling pathways. The carcinogenic effect of Cd has also been 

attributed to the substitution of Cd2+ for Zn2+ in Zn-binding proteins that are 

responsible for nucleotide excision repair, base excision repair, and mismatch 

repair [95]. Does Cd2+ react with enzymes involved in redox reactions, proteins in 

the mitochondria membrane, or other Zn-binding proteins? The questions remain; 

where are those binding sites in the proteome, which react with Cd2+ and what are 

the roles of Zn2+ in those reactions. 

From cellular and molecular perspectives we and others hypothesize that 

Cd2+ first binds to the proteome of the cytosol and other compartments then after 

inducing the biosynthesis of metallothionein, it becomes bound to it [95-97]. 

Hypothetical Cd2+ trafficking can be summarized in the following reactions: 

 Cd+2
(out)          Cd+2

(in)       (6) 

 Cd+2
(in) + (Zn•)proteome            Cd•proteome  +  (Zn2+)  (7) 

 Cd•proteome + (apo-or Zn-)MT          Cd-MT  +  proteome  +  (Zn2+) (8) 

 Cd-MT +  Zn-MT           Cd, Zn-MT     (9) 

After transport into the cytoplasm (reaction 6), Cd2+ binds to the proteome either 

tightly through reaction with native metal (Zn) binding sites or adventitiously to 

other proteins (reaction 7). Transcription factors and regulatory proteins may react 
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The first fluorophores used to selectively detect Zn2+ were quinoline-based 

fluorophores [105]. Mahannad and Houck used 8-hydroxy–quinoline to detect Zn2+ 

in blood plasma and urine [106]. The problem with 8-hydroxy-quinoline was that 

although it exhibited high fluorescence with Zn2+, it showed only moderate Zn2+ 

specificity and also emitted elevated fluorescence in presence of Mn2+ and Ca2+ 

[107]. Different sulfonamide derivatives of 8-amino-quinoline that affected more 

specific detection of Zn2+ were studied by russian biochemists Toroptsev and 

Eschenko [108-111].  

Among those compounds, 6-methoxy-(8-p-toluenesulfonamido)-quinoline 

(TSQ) gained popularity after Frederickson CJ et al. introduced a histochemical 

method to visualize Zn2+ in the brain. They compared four quinoline-based 

fluorophores in their study and found TSQ to be the most suitable one [112, 113]. 

TSQ was also the first fluorophore to specifically detect Zn2+ in presence of Mn2+ 

and Ca2+. It demonstrated 100 fold increase of fluorescence upon reacting with 

Zn2+. Since then TSQ has been actively used for imaging Zn2+ in cells and tissues 

[114-117]. 

Despite all mentioned advantage of TSQ, it has some disadvantages such 

as low water solubility and low cell membrane permeability. To improve water 

solubility and cell membrane permeability of TSQ, methyl and carboxylate groups 

were added to it and the newly synthesized fluorophores: [2-methyl-8-p-

toluenesulfonamido-6-quinolyloxy]aceticacid and ethyl[2-methyl-8-p-

toluenesulfonamido-6-quinolyloxy]acetate were designated as Zinquin Acid 
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ZQAcid bind to free Zn2+ with a ratio of 2:1 and exhibit fluorescence with a λmax at 

490 nm upon an excitation wavelength at 370 nm. Previous studies have shown 

that upon reaction of proteome with TSQ, TSQ-Zn-proteome species form. With 

ZQ, both ZQ-Zn-proteome and a small amount of Zn(ZQ)2 are generated. Reaction 

of Cd-treated Zn-proteome with TSQ and ZQAcid displayed much more 

fluorescence emission when compared with Zn-proteome (control) that contained 

the same amount of metal (Figures 3.19 and 3.21a, b). Considering that Cd(TSQ)2 

and Cd(ZQ)2 have only about 1/3 the quantum yield as their Zn2+ counterparts, this 

suggests that Cd causes a rearrangement in the distribution of Zn2+ within the 

proteome and makes Zn2+ accessible to the fluorophore. The λmax emission for all 

these reactions were centered at 470 nm indicative of ternary complex formation 

(sensor-Zn-proteome) with a shoulder at 480 nm for ZQ sensor indicative of the 

formation of both free complex species and adduct of this sensor with the 

proteome. Zn2+ reacted with the proteome without release of any significant Zn2+ 

(Figure 3.17a, b), indicative of presence of many available sites within the 

proteome to react with Zn2+ or similar metal ions; also, another confirmation for 

presence of free Zn2+ in cells with only pico molar concentrations. Similar to the 

reaction for Cd-treated Zn-proteome, Zn-proteome•Zn exhibited more 

fluorescence emission when compared to Zn-proteome, consistent with the 

hypothesis of redistribution of Zn2+ within the proteome upon reaction with free 

metal ions.  
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In vitro reaction of Zn7-MT with Zn2+, Cd-proteome exhibited a Cd-Zn 

exchange reaction (51a) similar to the Cd-Zn exchange reaction between Zn7-MT 

and Cd7-MT (51b) found earlier by Otvos et al [159].  

Cd2+ + Zn-proteome  Cd-proteome + Zn2+     (49) 

Cd-proteome + Zn2+  Cd-proteome•Zn     (50)   

m Cd-Proteome•Zn + Zn7-MT            m Cd(1-δ)-proteome•Zn(1+δ) + Cdmδ,Zn(7-mδ)-MT        

(51a) 

m Zn7-MT + n Cd7-MT           (m+n) Cdn/(n+m),Zn(7-n)/(m+n)-MT   (51b) 

The results (Figures 3.26a-c) show that the metal ion exchange reaction between 

Zn7-MT and the Zn, Cd-proteome is an efficient process. Most of the Cd2+ that was 

initially bound within the proteome accumulates in the metallothionein pool and, 

therefore, its contribution to the toxicity effects is diminished. The amount of Cd2+ 

that remains bound with the proteome would contribute to the Cd2+ toxicity. For 

example, the down-regulation of Sp1 transcription factor activity continues even 

after MT synthesis is induced and much of the Cd
2+ 

localizes in the MT pool [170]. 

Still, to the extent that reaction (51a) occurs, and proteome Cd2+ shifts to MT as 

MT Zn2+ moves to the proteome, Cd2+-Zn2+ exchange at native proteomic binding 

sites may occur and result in restoration of native function to the proteins. This 

hypothetical reaction was proposed many years ago [149]; these results provide 

encouragement for the hypothesis 

Apo-MT did not exhibit significant reactivity with the Zn-proteome. On the 

other hand, it was able to sequester both Zn2+ and Cd2+ from Cd-proteome•Zn and 
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form Zn, Cd-MT (Figures 3.26a-c). This result is in agreement with the fact that 

there exists a considerable amount of apo-MT, which can coexist with the Zn-

proteome in many cell types. And also implies that the mechanism under which 

apo-MT may acquire metal from native Zn-proteome and Cd-proteome•Zn should 

be different. In other words, the mechanism of ligand substitution reaction of apo-

MT and Cd-proteome•Zn includes sequestration of adventitously bound Zn2+ 

because of its lability. One possible route in this mechanism can be formation of 

Zn7-MT first and then Cd2+-Zn2+ metal exchange reaction between Zn7-MT and Zn, 

Cd-MT that supplies the majority of metal sites in MT pool with Cd2+.  

Apo-MT + m Cd-Proteome•Zn            Zn7-MT + m Cd-proteome•Zn(m-7)/m (52a) 

m Cd-Proteome•Zn(m-7)/m + Zn7-MT          m Cd(1-Δ)-proteome•Zn(m-7+mΔ)/m + CdmΔ-MT•Zn(7-

mΔ)             (52b) 

 To obtain more information about unoccupied metal binding sites within the 

proteome, LL-CPK1 cell lysate was titrated with ZnCl2 in the presence of ZI, which 

binds to Zn2+ with a low binding constant. The titration curve depicted in Figure 

3.35 consists of two parts. The first part, which corresponds to the addition of 10 

µM Zn2+, shows an absence of absorbance at 620 nm implying that proteome 

outcompetes ZI for binding to Zn2+. The second part of the titration curve displays 

an increasing absorbance at 620 nm upon addition of Zn2+. The y-axis intersection 

of these two parts of the curve was originally considered as the concentration of 

unoccupied Zn2+ binding sites of the proteome [153]. If ZI simply binds to Zn2+ in 

the second part of the reaction, we would expect to get a slope (extinction 

coefficient) similar to that observed in the titration of ZI by Zn2+. However, two 
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different slopes are observed. This suggests the possibility that Zn-ZI, itself, 

interacts with metal binding sites to form ZI-Zn-proteome adducts (reaction 42). 

 Zn2+ sensors such as TSQ and ZQ exhibit fluorescence emission spectra 

blue-shifted from the spectra of Zn(TSQ)2 and Zn(ZQ)2 upon reacting with the 

proteome and forming sensor-Zn-proteome adducts. To further demonstrate the 

formation of such adduct species, we conducted gel chromatography separations 

and observed that the fluorophore sensor migrated with the proteome. A similar 

approach was used to investigate the hypothesis that ZI-Zn-proteome adducts 

form during the second phase of the reaction of ZI and Zn-proteome with Zn2+. 

 Spectra of the mixture for the second part of the titration exhibited a λmax 

absorbance at 640 nm (Figure 3.36), a red-shift from the λmax absorbance for Zn-

ZI (620 nm). The red-shifted spectra suggest that the product was not Zn-ZI 

species. Sephadex G-75 chromatography showed that the absorbing product, 

containing both Zn2+ and ZI, was not free Zn-ZI species because it was eluted with 

the proteome not the small molecular weight fractions (Figure 3.37). Moreover, ZI 

that was added to the proteome was readily separated from the proteome 

indicating that the organic ligand had little affinity for proteome environments 

(Figure 3.38). The added Zn2+ was key to converting ZI into a structure that 

associated with the proteome. We hypothesized that Zn-ZI form ternary adducts 

with proteome that contains unoccupied Zn2+ binding sites. Similar results were 

obtained when supernatant was titrated with Zn2+ in presence of ZI or with Zn-ZI 

(Figures 3.39a, b). With additional evidence that Zn-ZI did not react with a model 

protein, trypsin that neither contains Zn2+ nor a documented Zn2+ binding site, the 
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hypothesis that Zn-ZI formed adducts with adventitious Zn2+ binding sites within 

proteome was strengthened. 

Because the adduct formation properties of the fluorophore, TSQ, are well 

established, its reaction with Zn-ZI was investigated. Although the hypothesized 

product, TSQ-Zn-ZI did not display a shift in its absorbance spectrum, its 

fluorescence emission spectrum was blue-shifted to 470 nm, characteristic of 

adduct complex formation (Figure 3.46). We ascribed the shift in the absorbance 

spectrum to a property coming from the interaction of Zn-ZI with the protein 

structure.  

 Next, the reaction of Zn-ZI with BSA was studied. BSA has a well-studied 

binding site for Zn2+ that might accommodate the Zn-ZI complex.  Reaction of BSA 

with Zn-ZI resulted in the formation of BSA-Zn-ZI adduct that was confirmed by the 

appearance of a red shift in its absorbance spectrum and its co-migration during 

gel chromatography (Figures 3.42-45). In contrast, two other proteins, carbonic 

anhydrase and trypsin did not show any reaction with Zn-ZI indicated by lack of 

change in λmax in their absorbance spectra. The former is a Zn-protein without 

unoccupied Zn2+ binding sites and the latter has neither Zn2+ nor documented Zn2+ 

binding sites 

 This set of findings indicates that there is a large concentration of metal ion 

binding sites within the proteome available for reaction with Zn2+ that enters the 

cell. We hypothesize that upon transport of Zn2+ from outside to inside the cell; it 

can bind to a myriad of available Zn2+ binding sites within the Zn-proteome. It does 

so in preference to GSH. Thus, Zn trafficking, the regulated movement or transfer 
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of Zn from the cell or compartment membrane to find sites of binding in Zn-

metalloproteins, may be intimately linked to the presence of the large pool of 

unsaturated Zn binding sites. The binding constants for Zn2+ binding to these sites, 

which are not comparable to those of original Zn2+ binding sites within proteome 

can facilitate transit of Zn2+ from one protein to another and contribute to Zn2+ 

regulation. Similar reactions can occur between the cell-imported Cd2+ and 

proteome. Cd2+ may first bind to the proteome adventitiously and then binds to 

specific Zn-binding sites upon Cd2+-Zn2+ exchange reactions with Zn-proteins in 

the proteome. The latter leads to an increase in the concentration of adventitiously 

bound Zn2+ to the proteome within the cell. The excess Zn2+ may be taken up by 

newly synthesized apo-MT and forms Zn7-MT. The elevated amount of Zn7-MT 

helps the cell get relieved from some of Cd2+ toxicity by taking part in an exchange 

reaction with Cd-proteome or proteome·Cd. These reactions in turn, produce Cd-

MT and restores some native Zn-proteins within the proteome.   
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Figure 4.1. Schematic Zn2+ and Cd2+ trafficking and regulation in the cell. 

 

In vivo studies on Zn2+ proteome and looking at Zn2+ proteome in individual 

organelles can expand these Zn2+ regulation studies and help better understand 

these complex processes. Further separation methods such as NSDS-PAGE and 

LA-ICPMS can be employed to look at the proteome at protein levels in the study 

of Zn2+ trafficking. Studying the proteome at protein levels will also pave the way 

to better understand the effects of Cd2+ and other toxic metals in Zn2+ regulation 

and their contribution to toxicity. 
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