The Molecular Basis for Mercury Toxicity

A) Description of Experiment

Summary

The proposed research has two major directions:

1. To apply X-ray absorption spectroscopy to provide direct information on the metabolism of mercury in intact tissues, including synergistic and antagonistic relationships with selenium. 

2. To use the chemical knowledge gained as the foundation for the design of new prospective drugs for mercury chelation therapy.

Introduction 

The fact that mercury compounds are highly toxic is well known, and some are toxic at such low levels that they are considered “supertoxic”, according to the rating in a classical toxicology textbook.
 Despite this, relatively little is known about the mechanism of their toxicity. Human exposure to mercury comes from many sources. Methylmercury is known to be highly neurotoxic, and is present in significant quantities in predatory marine fish (swordfish, shark etc.). Thimerosal (ethylmercurithiosalicylate) has been added as a fungicide and bactericide to vaccines since the 1930’s, and recently has been suggested to be a possible cause of autism and Asperger’s syndrome.
 Environmental mercury exposure can also be a major problem; two examples are gold mining operations in Brazil, and effluent from the pulp and paper industry in Ontario. The nature and development of the toxic effects are critically dependent upon the chemical form of the mercury, but very little is known about the chemical fate of the metal after it has been ingested. One major reason for this is a lack of good in situ probes for mercury. X-ray absorption spectroscopy (XAS) can provide information on the chemical environment of metals and metalloids in situ. We propose to apply Hg L-edge XAS to develop an understanding of the chemical toxicology of mercury in rats,
 as a model for human exposure. The biochemical toxicology of mercury appears to be intimately tied to the biochemistry of selenium,
 and we additionally plan to investigate both antagonistic and synergistic relationships between these elements.
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The ultimate goal of this work is to provide the chemical basis for effective chelation therapy treatment of mercury poisoning in humans. Current mercury chelation therapy drugs are not very effective. A striking illustration of their inadequacy is provided by the tragic case of Karen Wetterhahn, a chemist at Dartmouth College, who was accidentally exposed to a small quantity of dimethylmercury. Despite intensive chelation therapy, Dr. Wetterhahn died nearly ten months after her exposure.
 Currently, two different drugs are used for mercury chelation therapy – dimercapto propanesulfonic acid (DMPS), and dimercapto succinic acid (DMSA) (figure 1). Both of these vicinal dithiol drugs have their origins in antidotes for arsenic war agents such as Lewisite.
 While mercury, like arsenic, is well known for its affinity for thiols, these viscinal dithiols are poorly suited as ligands for Hg due to their inability to coordinate in the preferred linear geometry. Knowledge of the chemical forms of mercury in tissues is an essential prerequisite for chelation therapy design, and we plan to use the information obtained from XAS to this end.

Experimental

The proposed work will use the standard XAS experimental setup on beamlines 7-3 and 9-3, including 30-element Ge detector, and liquid helium cryostat. This work involves tissues obtained from animal studies but no animal work will be conducted at SSRL. All animal work will be performed at the Institute for Ecological Chemistry, and will be subject to that institute’s regulations. Samples will be loaded in XAS sample holders, will be shipped frozen in liquid nitrogen to SSRL, and then returned for appropriate disposal. The Hg LIII near-edge spectra will be routinely examined to identify the mercury species, and if concentration permits we will also record the EXAFS (better signal to noise is required for EXAFS).

Preliminary Studies
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Model Compounds. In order to establish the feasibility of using the Hg LIII near-edge spectra to “fingerprint” the chemical identity of Hg in tissue samples, we have examined the spectra of a number or relevant model compound species of known structure, and a selection of these is shown in figure 2. As expected, the spectra are sensitive to the chemical environment of the metal, but (also as expected) somewhat less so than for some other elements, such as Se and As. In some cases we may need to use the EXAFS portion of the spectrum to more unambiguously identify the mercury coordination.
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The binding of Hg2+ to the drugs DMSA and  DMPS. The aqueous solution chemistry of the interaction between Hg2+ and the two clinical chelators DMSA and DMPS has been investigated by reaction at different stoichiometries with an aqueous solution of Hg(NO3)2 and measuring the Hg LIII XAS. Figure 3 shows the results of such a titration with DMSA. Both the near-edge and the EXAFS change systematically as the stoichiometries of DMSA are increased. At levels corresponding to 1:1 DMSA:Hg a two-coordinate Hg-S species is formed, with a Hg-S bond-length of 2.35 Å, which is diagnostic of a linear RS-Hg-SR coordination. The most likely product contains two Hg atoms and two DMSA molecules (figure 4). Size exclusion chromatography confirms that this species does indeed form. With DMPS a two-coordinate linear species is also formed at 1:1, but unlike DMSA, with higher stoichiometries a four coordinate species forms with characteristic Hg-S bond lengths of about 2.51 Å. This indicates (i) that the solution chemistry chelation products of DMSA and DMPS are significantly different, and (ii) with both chelators, complexes in which the Hg coordination is fully satisfied by the chelator only form when more than one molecule of the chelator is involved.
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Mercury-Selenium Antagonism. It has long been known that selenite, when co-adminstered, can relieve the toxicity of some mercuric compounds. We have used a combination of XAS and chromatography to investigate the product formed in rabbit blood when HgCl2 and selenite are co-administered.4 The complex that forms appears identical to a model solution species formed with glutathione externally coordinated to a cluster of HgSe (figure 5).4 HgSe formation may be a major Hg detoxification mechanism in whales, which are exposed to large quantities of dietary Hg, and crystalline mercuric selenide has been identified in whale liver.

Proposed Experiments

Model Compounds. We propose to record the spectra of a series of mercury model compounds to further develop the “fingerprint” library of Hg LIII near-edge XAS spectra. This will allow us to determine the various chemical forms of Hg by reference to their near-edge spectra. Quantitative analysis of mixtures should also be possible using the techniques that we have developed in our previous work.
,
 The availability of spectra for appropriate species will be the foundation of much of our work, and an extensive library of spectra is therefore planned. 

Tissue Studies. We propose to examine the XAS of tissue samples and excretory products of rats treated with different mercury compounds.3 This will allow us to determine the different chemical forms of mercury in vivo. Primary target organs for mercury (and in particular methylmercury) are brain and kidney, and these, together with other tissues, will be examined as a function of the administered form of mercury, of time and of dose. We hope to develop an understanding of the molecular species that form in the toxic response. For example, methylmercury and dimethylmercury are much more toxic (and in particular neurotoxic) than mercuric salts. It is thought this difference arises from the increased ability of methylmercury to cross membranes. While the mechanism of methylmercury neurotoxicity is unknown, interactions with Ca2+ channels and oxidative stress may be involved.
 It is not known whether the mercury is demethylated once in the brain, or how it is bound. 

Antagonistic and Synergistic relationships. The importance of antagonistic and synergistic relationships between toxic heavy elements and the essential (but also toxic) element selenium is increasingly recognized.4,
 Mercury compounds show a time dependent relationship with selenium. If methylmercury or the mercuric ion is given at about the same time as a dose of selenite, the toxic effects of the mercury are relieved.4 However, if the selenite is pre-administered (by ca. 2 hours) then the toxic effects are hugely magnified.
 Preliminary animal studies indicate that with methylmercury, despite an overall relief of toxicity, adverse neurological side-effects immediately occur (i.e. convulsions) when selenite and methylmercury are co-administered. We propose to study the mechanism of both the synergistic and antagonistic interaction between Hg and Se. Tissue samples3 will be studied by both Hg L-edge and Se K-edge XAS, as a function of chemical forms of mercury and selenium, of time and of dose.
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Chelation Therapy (Custom Chelators). Once the chemical forms of Hg in vivo have been identified, we will be in an excellent position to design new agents for chelation therapy. We plan to use XAS to understand the solution chemistry between different Hg compounds (e.g. Hg2+ salts, methylmercury species etc.) and the two current chelation drugs DMPS and DMSA  (Figure 1). Preliminary progress towards this goal has already been made (see above). We plan to use XAS to characterize the form of Hg in excretory products and in tissues of rats first treated with Hg and then with DMPS or DMSA. We also plan to use computational chemistry to design more effective and specific agents for chelation therapy (“custom chelators”), by calculating the binding energy for different candidate molecules. The design of the chelator will be influenced by the nature of the binding of mercury in tissues. Preliminary calculations suggest that molecules can be tailored to very specifically chelate mercury, and one candidate molecule is shown in figure 6 in which thiol groups are separated by twice the linear Hg-S bond length. We note that functional groups such as carboxylic or sulfonic acid moieties may need to be incorporated into the molecule to confer the correct balance of water and lipid solubility (the latter to allow the molecule to cross cell membranes). The most promising candidate molecules will be synthesized by our collaborators, and their solution chemistry with appropriate Hg compounds tested using XAS. Finally, these compounds will be tested by our collaborators in animal studies for both toxic side-effects and effectiveness as chelation agents, and the chemical identity of any Hg remaining in tissues will be determined by XAS.3
Context

The foundation for this work is our experience with XAS of intact plant tissues,9,
,
 and our preliminary studies on mammalian systems.8,11,4 The application of XAS to the study of metabolites in intact tissues is relatively new. To our knowledge, there are no other groups worldwide attempting to address toxicological questions using X-ray absorption spectroscopy. Should our proposed research prove successful, this would represent an important milestone for medical applications of synchrotron radiation.

Estimate of amount of beamtime required


We estimate that this work will require 23-30 shifts per 6-month period (15-20 shifts per cycle, assuming 3 cycles per year). This assumes five shifts for collecting model compound data per cycle (these will include EXAFS measurements, and will be of dilute solutions to mimic physiological conditions and for safety reasons). We assume that one shift (on average) will be required per tissue sample, and that approximately 10-15 of these will be collected per cycle. Preliminary studies indicate that many of the tissue samples will be quite dilute (< 1 mM Hg), depending upon the dose and nature of the Hg administered, and these will require spectral averaging in order to obtain adequate signal to noise. For the more dilute samples the higher intensities of beamline 9-3 will be needed.

B) Previous Experience with the Technique and the Facility


Graham George and Ingrid Pickering are both staff members at SSRL with responsibility for X-ray absorption spectroscopy, and as such have extensive experience with XAS and SSRL. Respectively, they have 143 and 69 publications in the primary scientific literature, of which 109 and 58 describe X-ray absorption spectroscopy work. Roger Prince is also a long-time user of SSRL with a large number of publications utilizing XAS.

C) Detailed Safety Concerns

Some of the model compounds to be studied are highly toxic species that can be taken up by absorption through the skin (e.g. methylmercury – see below). In all cases appropriate safety precautions will be taken. We plan to follow the Alfa Aesar guidelines, which include the use of one pair of North Safety Products "Silver Shield" gloves, covered with one pair of nitrile gloves (latex gloves or nitrile gloves alone are not suitable), and take precautions against possible inhalation of volatile species (see below). Levels of toxic mercury samples at the beamline will be kept as low as possible, and because of this a lethal hazard will not be present. In the case of tissue samples, the mercury contents will be at a sub-toxic level. The following is a list of hazardous materials, dangers and precautions that will be used for each category of compound. 

1. Mercuric and mercurous salts. These compounds are all solids, and do not present a significant inhalation hazard. Very small quantities of aqueous solutions of these materials will be used (ca. 100 μl of ~10mM Hg for each sample). Normal chemical precautions for toxic heavy metal species will be taken.

2. Alkylmercury salts. Methylmercury (CH3Hg+) and ethylmercury (C2H5Hg+) salts. Methylmercury species are highly dangerous solids that can be assumed from aqueous solutions by skin absorption. No detailed toxicological data is available on ethylmercury salts, but they are expected to be similar to methylmercury salts. Only very small quantities of both will be used (100 mg or less) as aqueous solutions with appropriate safety precautions (see below for dialkylmercury compounds). 

3. Dialkylmercury compounds (dimethylmercury and diethylmercury). Alkylmercury compounds may cause damage to the central nervous system and the kidneys, and are irritants of the eyes, respiratory tract, and skin. No detailed toxicological information is available on diethylmercury but it and other dialky mercury species are expected to be similar to dimethylmercury. Dimethylmercury and diethylmercury are both liquids that are readily assumed by skin absorption. Because of the high vapor pressure of dimethylmercury (50-82 mm Hg at 20°C) the inhalation route of entry is also significant. The current OSHA levels for alkylmercury species are 10 μg.m-3 averaged over eight hours, with a ceiling level of 40 μg.m-3. All of these compounds will be used as dilute solutions (ca. 5 mM or less) and only small quantities (ca. 100 μl) in sealed XAS sample cells at liquid nitrogen temperatures or below will be used at the beamline. For safety limits to be exceeded the dialkylmercury content of one sample would have to be entirely dissipated in about 2.5 m3 or less. The combination of low temperatures, sealed sample containers and the use of solutions make this most unlikely and we therefore believe that no significant inhalation hazards exist at the beamline. In the laboratory, all open solutions will be handled in the hood. In all cases when handling alkylmercury species double “Silver Shield” and nitrile gloves will be used to guard against accidental skin exposure if a spillage occurs. 

4. Other alkylated mercury compounds e.g. thimerosal. These are solids and present a significant toxic hazard similar to, but less than, that described for alkylmercury salts and dialkylmercury species above, and the same precautions will be taken. We note that the concentrations of thimerosal to be used at SSRL are much lower than in many consumer products (such as contact lens washing solutions). 

Disposal of samples following measurements will follow established procedures. No large volumes or large quantities of materials will be involved. Solutions of alkylmercury species will be oxidized with nitric acid (in the hood) to Hg2+ species, which are much less toxic.

No other hazardous substances, equipment, or procedure will be brought to SSRL as part of this proposed work.

D) Equipment Development Schedule – Not applicable

E) Resources

This work is covered by the SSRL research component of the positions of Graham George and Ingrid Pickering. In addition to the general user facilities at SSRL, the facilities of the SSRL SMB staff laboratory will also be available. Adequate computational facilities and the software required for the computational parts of this work are already in hand.

Figure 1. Structures of The chelation therapy drugs DMSA and DMPS.
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Figure 2. Hg LIII near-edge spectra for a series of model compounds. 





Figure 4. Structure of the DMSA:Hg2+ chelation product.
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Figure 6. Candidate custom-chelator species, shown bound to Hg2+, designed using (CAChe/DGauss).





Figure 3. Titration of Hg(NO3)2 with DMSA, showing the near-edge spectra (top) and the EXAFS Fourier transforms (bottom). The different DMSA:Hg stoichiometries are indicated.  





Figure 5. Schematic representation of the antagonistic interaction between Hg2+ and selenite (adapted from the journal cover illustration of reference � NOTEREF _Ref7953308 \h � \* MERGEFORMAT �4�).
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