Abstract/Synopsis 
In the last decade development in protein science has largely contributed to a better understanding of protein structure, protein functions, DNA?protein and protein?protein interactions at the molecular level. In the rapidly expanding era of proteomics, where newer insights are being gained into cellular functions with proteins as a major target of study, it becomes pertinent to have a detailed analysis on the metal ion?protein interactions. Protein?metal ion interactions play an important role in many areas of biological chemistry; partly because they can bind to and stabilize protein domain structure in the specific conformation that is involved in key molecular recognition events. Although a wealth of information has been accumulated on metal dependent enzymes and proteins, many questions still remain unsolved like, ? How does the binding of metal to proteins differ in complex and varied ligand environment? ? What is the influence of ligand in metal mediated secondary structural alterations in proteins? ? Does the binding of metal ion to protein in varied ligand environment bring about structural stabilization and resistance to enzymatic attack? ? Does the presence of prosthetic group in the peptide moiety has any influence on the binding of the protein to metal ion? ? Does the in vitro behavior of protein on interaction with metal complexes are in concordance with in vivo conditions? In the present work an approach has been made to understand the interaction of Cr(III) with proteins and glycoproteins in the presence of varied ligand environment and study the subsequent modifications brought about in the protein structure which will provide basic understanding to the above questions. The protein and glycoprotein chosen were bovine serum albumin (a major plasma transport protein), a 1-acid glycoprotein (N?linked active phase reactant glycoprotein) and pig gastric mucin (O?linked glycoprotein, secreted as the major component of the epithelial lining of the biological tract). The Cr(III) complexes employed were [Cr(salen)(H 2O) 2]ClO 4, [Cr(en) 3]Cl 3 and Na[Cr(EDTA)(H 2O)]. They differed in ionic character and the coordinated ligand; [Cr(salen)(H 2O) 2]ClO 4 and [Cr(en) 3]Cl 3 being cationic and Na[Cr(EDTA)(H 2O)] being anionic Cr(III) complex. Though [Cr(salen)(H 2O) 2]ClO 4 and Na[Cr(EDTA)(H 2O)] differed in ionic character, the similarity is in the presence of a replaceable aqua molecule in the coordination sphere of the metal ion. Hence, they could interact coordinatively with the anionic carboxylate groups in the protein moiety. [Cr(en) 3]Cl 3 is a different class of coordinatively saturated cationic complex, which can interact electrostatically and through H-bonding with the protein molecule. Apart from the Cr(III) complexes, a Schiff?base ligand with donor acceptor substituents, N(Et) 2 and CN groups respectively was chosen to study the influence of ligand binding to protein. Various experimental techniques like UV, CD, IR and fluorescence spectroscopy; viscosity, kinetic, zeta potential and LB measurements; SDS?PAGE and histochemical analysis were employed to investigate the interaction of the chosen Cr(III) complexes with the proteins. The Schiff?base ligand was found to exhibit site?specific binding to the hydrophobic regions in BSA (K b = 6.4?0.3?104 M-1) and was thereby found to bring about changes in the native alpha helicity of the protein molecule. Because of one of the characteristic property of the ligand as being a good photoprobe, it was found to bring about site?specific photocleavage of protein in the presence of Co(II) ions, into two distinct lower molecular weight fragments, 45 and 22 kDa with N?terminal ends as aspartate and serine respectively. This study provided initial evidence for the high affinity of ligand binding to proteins and the importance of photoinduced protein damage by a reactive photoprobe. Chromium?protein binding studies were carried out at the physiological pH (7.0?7.4) as at this pH, proteins are anionic in character and exist in native conformation as in vivo. The cumulative binding data from the binding studies with all the three proteins suggests that cationic [Cr(salen)(H 2O) 2]ClO 4 and [Cr(en) 3]Cl 3 bind with a high affinity (order of 105 M-1) to the peptide moiety irrespective of the prosthetic group present in the protein; whereas anionic Na[Cr(EDTA)(H 2O)] shows slightly lowered binding constant (of the order of 102 M-1 for BSA and 104 M-1 for AGP and PGM) because of electrostatic repulsion exhibited by the COO- groups in protein towards the anionic complex. The aqua complexes [Cr(salen)(H 2O) 2]ClO 4 and Na[Cr(EDTA)(H 2O)] mediate coordinate interaction with the COO- groups in protein because of aqua ligand substitution; whereas [Cr(en) 3]Cl 3 interacts mainly electrostatically. This study further shows that apart from the nature of the coordinated ligand, the ionic character of the metal complex too plays an important role in mediating any type of interaction with the host molecule. To probe into the changes in the microenvironment around the protein fluorophores such as tyrosine and tryptophan, upon binding to Cr(III) complexes, fluorescence measurement was carried out by exciting the fluorophores at specific wavelength. In the case of simple globular protein, BSA, it was observed that irrespective of the ligand environment; binding of Cr(III) resulted in quenching of tryptophan fluorescence due to energy transfer from the excited state of the fluorophore to the Cr(III) complex. This is not surprising since many Cr(III) molecules are known to be efficient quenchers of excited states of many organic molecules. The quenching constant was found to be 7.6?103 M-1, 3.06?102 M-1 and 1.8?102 M-1 for [Cr(salen)(H 2O) 2]ClO 4, [Cr(en) 3]Cl 3 and Na[Cr(EDTA)(H 2O)] respectively. This reveals that binding of these Cr(III) complexes to the protein does not lead to any major changes in the environment around the fluoroprobe. On the contrary, in the case of random coiled glycoprotein, PGM, an intriguing behavior in the tyrosine fluorescence was observed on binding to [Cr(en) 3]Cl 3. It was seen that though quenching was observed at lower metal ion concentration, at higher levels, there was enhancement in the fluorescence intensity, which suggested changes in the environment around the fluorophore and their subsequent location due to the folding of glycoprotein brought about by [Cr(en) 3]Cl 3. To gain further insight into mucin folding, kinetics of folding was measured as a function of metal ion concentration by exciting the tyrosine residues at 275 nm and measuring the changes in fluorescence intensity with time. The stopped flow kinetic studies revealed that in the presence of [Cr(en) 3]Cl 3, the glycoprotein folding takes place in millisecond time scale and the rate of mucin folding was found to depend on the concentration of Cr(III) complex. This observation suggested the conformational changes in the glycoprotein due to changes in the location and the accessibility of the tyrosine residues to the external environment on binding to [Cr(en) 3]Cl 3. To have a deeper insight into the secondary structural alterations in the glycoprotein, CD spectroscopy was employed as a major tool of study. The common finding of this study for the three host proteins was that, the binding of [Cr(salen)(H 2O) 2]ClO 4 and Na[Cr(EDTA)(H 2O)] led to only minor changes in the amplitude of the native secondary structure of proteins (alpha helix for BSA, beta sheet for AGP and random coil for PGM). The interesting finding was the structural transition induced in AGP and PGM's secondary structure from the native conformation to a compact and stabilized alpha helical structure on binding to [Cr(en) 3]Cl 3. This metal complex was found to induce 70% alpha helicity in AGP and 80% in PGM. The increase in the helical content and subsequent stabilization held true even for a protein rich in alpha helical content, BSA. The subsequent effect of increase in the BSA helicity was seen as a decrease in the esterase activity of BSA from a normal value of 2.43 to 1.99 U/L due to burial of the active amino acids, Arg410 and Tyr411. The major conclusion drawn was, ionic interaction mediated by [Cr(en) 3]Cl 3 was required to bring about structural stabilization of proteins and this effect was found to be independent of the class of proteins. IR spectroscopy of mucin in the presence of [Cr(en) 3]Cl 3 provided a confirmatory proof of metal induced structural transition of this glycoprotein. Mucin showed intense bands characteristic of disordered structure and similar spectra was seen in the presence of aqua chromium(III) complexes. Whereas, in the case of [Cr(en) 3]Cl 3 the bands obtained were characteristic of alpha helix protein with an intense band at 1653 cm-1. CD and IR data of mucin provided a hallmark evidence that binding of [Cr(en) 3]Cl 3 brings about conformational changes in the glycoprotein. This observation demanded further rheological and morphological examination of mucin as, in vivo, to impart protection to the underlying gastric mucosal cells and epithelial cells from foreign vectors and lowered pH conditions, the fibrous protein intertangles to form a jelly like matrix due to sol?gel transition mediated by hydrophobic binding and ionic interaction. The experimental studies showed that [Cr(salen)(H 2O) 2]ClO 4 and Na[Cr(EDTA)(H 2O)] led to decrease in mucin viscosity due to formation of flexible fibres, whereas [Cr(en) 3]Cl 3 led to decrease in flow rate which confirmed increase in the relative viscosity due to stabilization of protein structure and formation of polydisperse mucin aggregates. The formation of mucin aggregates was further confirmed by histochemical analysis as oligomerised masses using alcian blue as a specific glycoprotein stain. The structural stabilization of mucin on binding to [Cr(en) 3]Cl 3 was found to impart enzymatic resistance to the peptide moiety of the glycoprotein against trypsin digestion. This study provided experimental proof that the Cr(III) complexes bind to the carbohydrate free region in the glycoprotein. Therefore, any structural, rheological or morphological changes observed in the glycoprotein are due to the binding of Cr(III) complexes to the peptide core of mucin. To investigate the ability of Cr(III) complexes in catalyzing oxidation of protein, oxidation of BSA and AGP was followed in the presence of hydrogen peroxide as an oxidant. Electrophoretic analysis of proteins was employed as a major tool to study the protein damage in the presence of Cr(III) complexes. It was observed that the three Cr(III) complexes were inefficient in bringing about any protein damage in the absence of hydrogen peroxide. On the other hand, it was interesting to note that [Cr(salen)(H 2O) 2]ClO 4 and Na[Cr(EDTA)(H 2O)] in the presence of hydrogen peroxide caused protein damage. Whereas, [Cr(en) 3]Cl 3 was found to be redox inactive in bringing about any specific protein damage even in the presence of hydrogen peroxide. Contrary to Schiff?base ligand mediated site?specific cleavage of BSA; in the present case non?specific cleavage of both BSA and AGP was observed. Thiobarbituric acid assay confirmed the generation of hydroxyl radicals from hydrogen peroxide in the presence of [Cr(salen)(H 2O) 2]ClO 4 and Na[Cr(EDTA)(H 2O)]. Therefore, it became evident that the observed damage is due to the hydroxyl radicals and as they are not localized at one particular site; can diffuse through the peptide moiety and thereby bring about non?selective cleavage of the host protein. This study provided further proof that Cr(III) can undertake one of the pathways to bring about protein damage by the generation of free radicals in the presence of an oxidant and the ligand has a prime role in tuning the redox activity of the metal ion. To study an alternative mechanism of protein damage by higher intermediate oxidation state of chromium, Cr(V); AGP was employed as the host protein. The glycoprotein modification was followed as two pathways. In the first case, Cr(V) generated in situ through direct oxidation of parent [Cr(salen)(H 2O) 2]ClO 4 by an oxotransfer agent, iodosyl benzene was made to react with AGP. It was observed that at lower metal complex concentration, Cr(V) brought about site?specific cleavage of the glycoprotein, probably due to its binding to specific sites in the glycoprotein. However, at higher concentration of metal ion, some of the unbound Cr(V) which behaves like a free radical cleaves the glycoprotein non?selectively. On the other hand, it was interesting to note that oxidation of AGP bound Cr(III) to AGP?Cr(V) resulted in site?specific cleavage of the glycoprotein into fragments of molecular weight 42, 28, 12 and 6 kDa with increase in relative yield as the metal ion concentration was increased. This is due to the cleavage of peptide chain at the site, where the precursor Cr(III) was bound and has been oxidized to Cr(V). These two diverging observation from the same reacting species, Cr(V) revealed that the protein modifications are dependent on the type of oxidant employed and the mode of formation of Cr(V) by oxidation of Cr(III). From the biological point of view it is well known that mucins play a vital role at the aqueous?epithelium interface as they maintain a viable barrier between the exterior and interior environment in all organisms. Eventhough a number of test tube studies in solution have been dealt with the interaction of proteins/glycoproteins with metal ions; to the best of our knowledge only scarce data is available on the behavior of glycoproteins at air?water interface. The major goal of this part of study was to probe into the alterations in the interfacial properties of mucin and to understand the modifications induced in the glycoprotein in the presence of Cr(III) complexes at conditions, which mimic the in vivo environment. It was observed from the surface pressure?area studies that, [Cr(en) 3]Cl 3 brings about decrease in the average area of mucin from 3.26 to 1.47 nm2 suggesting that this cationic complex through its specific mode of interaction favors the change in conformation of mucin thus leading to the formation of aggregates. The surface potential measurements further revealed that, in the case of [Cr(en) 3]Cl 3, within the time period of 150 sec, (V t - V o)/(V ? - V o) reaches a saturation value indicating that the electrostatic binding of the complex to mucin is essentially complete within this time. In the case of [Cr(salen)(H 2O) 2]ClO 4, the saturation point was reached only after 300 sec. This shows the faster binding of [Cr(en) 3]Cl 3 to the binding sites in mucin due to variation in binding characteristics. The variation in interfacial charge of mucin in the presence of [Cr(en) 3]Cl 3 as measured by zeta potential, revealed that this metal complex brings about aggregation of mucin with subsequent sedimentation (changes in zeta potential value from -24.8?1.31 to -0.58?0.30 mV on binding to [Cr(en) 3]Cl 3). Zeta potential of the glycoprotein in the presence of [Cr(salen)(H 2O) 2]ClO 4, on the other hand showed only minor changes. These observations again reinforce the fact that only [Cr(en) 3]Cl 3 is capable of bringing about protein aggregation. The results from the interfacial studies are in good agreement with the bulk phase studies on mucin?Cr(III) interactions. An experimental evidence has been obtained from the present study about the behavior of the glycoprotein with Cr(III) at aqueous?epithelium interface as the mucus lining of the respiratory and digestive tract are the major target organs for the environmental exposure of chromium. The concluding observations drawn from the present investigation paves a better way of understanding the role played by the coordinated ligand in tuning the biotoxic response of the metal ion towards the host protein molecule
