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Investigating the toxicities of metals and identifying cadmium centers in metallothioneins

1.  Use the following questions to help predict whether Cr(VI) or Cr(III) is more toxic:
a. How many d-electrons does each species have?



b. Which do you expect to be the stronger oxidant?



c. Which do you expect to be the stronger reductant?



d. Cr(III) tends to form hydroxide complexes. Propose four chemical formulas for Cr(III) hydroxide complexes. Hint: Cr is the central atom and can be bound to 1-4 hydroxides.





e. Using only four oxygen atoms, up to two hydrogen atoms, and a central Cr atom, propose three structures for Cr(VI) complexes.









f. In order for Cr to be toxic, it has to be able to enter the cell. What biologically relevant polyatomic ions are your answers to the previous question structurally similar to? Do you think the complexes from part d or part e will more easily enter the cell?


g. Using hard-soft acid-base (HSAB) theory discuss what types of ligands/atoms are likely to preferentially bind Cr(VI) over Cr(III).











h. Metallothioneins are intracellular proteins that are often involved in biological regulation of toxic heavy metals. Given the following amino acid sequence for a metallothionein (PDB code 5ML1):

[Insert figure and key for amino acid sequence from PDB website http://rscb.org for the PDB code 5ML1] 


i. How many cysteine residues are there?



ii. How many metal centers could this metallothionein potentially sequester?





iii. Use arrows to propose which cysteines on the protein sequence diagram could potentially form each metal binding site.



i. Do you expect a metallothionein to more readily sequester Cr(III) or Cr(VI)?











j. What do your answers to the previous the previous questions about metallothioneins imply about chromium toxicity and the ability for organisms to effectively remediate excess chromium?













2.  Metallothioneins are able to bind to a range of metals in addition to Cr3+ including Zn2+, Cd2+, Cu1+ and Hg1+. Using HSAB theory, order the five metals from strongest to weakest binding to metallothionein.











3. The structure of the metallothionein discussed earlier (PDB code 5ML1) was determined using NMR spectroscopy. In particular, the structure contains cadmium centers. Since cadmium has a 12.22% natural abundance of 113Cd with a nuclear spin of ½, it is possible to conduct 113Cd NMR. Given the following proton-decoupled 113Cd NMR spectrum:


[Insert figure S7: Series of 1D proton-decoupled 113Cd spectrum from supporting information.] 



a. Based on the 113Cd NMR, how many cadmium centers are in the metallothionein? 


b. Explain why one signal is significantly upfield from all of the other signals. What does this suggest about the coordination environment around this cadmium center?







c. Is there an effect of increasing the temperature on the cadmium centers?




4. It is also possible to conduct a 113Cd COSY experiment. What information can be learned from the [113Cd-113Cd]-COSY experiment?




5.  The following spectrum is the [113Cd-113Cd]-COSY from metallothionein. 

[Insert figure S3: [113Cd-113Cd]-COSY spectrum from supporting information.]


a. Identify each cadmium center on the [113Cd-113Cd]-COSY using the shifts from the previous 113Cd NMR spectrum. Use numbers to label each Cd.
b. Propose which cadmium centers are in close proximity to one another. Include drawings for your proposals.



6.  Finally, a [113Cd-1H]-HMQC experiment can be conducted and the spectrum is shown: 

[Insert figure S4: [113Cd,1H]-HMQC-TOCSY spectrum from supporting information.]


a. How many protons are interacting with each cadmium center through 2-3 bond connections? Use the previous 113Cd NMR spectrum to help identify each cadmium center. List each separately.



b. The following are chemical shift ranges for cysteine protons: Hα (5-6 ppm), Hβa (3-4 ppm), Hβb (2-3 ppm), NH (7-9 ppm). Where might the proton signals in the NMR spectrum be coming from? Be specific.





c. What does the HMQC tell you about the coordination environment around each cadmium center?



d. Based on data from all three NMR spectra, use pictures to propose coordination environments, including ligands, for each cadmium center. 
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