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Metal Ion Chemistry for Sustaining Life

Stephen J. Lippard
Department of Chemistry, Massachusetts Institute of Technology Cambridge, MA 02139

The human cell is very smart. In the latter half of the 20th century, scientists made great progress in understanding how information is stored, transmitted, and translated into function in cells and organisms. Detailed mechanisms emerged revealing how enzymes were able to catalyze specific cellular transformations. Large sums of money have been spent both by government as well as private industry in an attempt to translate this wealth of information into the improvement of the human condition by the rational design of pharmaceuticals for the diagnosis and, especially, the treatment of both chronic and acute illnesses. Despite these efforts, however, serendipity still plays a more important role than intention in the invention process. For just when it might appear that a cellular pathway or enzyme might be targeted, based on mechanistic and structural biochemistry, the human cell devises a resistance mechanism that sends the medicinal chemist back to the drawing board.

 Against this background it is clear that new approaches are needed. The articles in this book, which describe the activities of scientists in the fledgling area of “Medicinal Inorganic Chemistry,” detail activities that have the potential to provide the requisite breakthrough science. In September of 2003 at the national meeting of The American Chemical Society in New York there was a symposium on Medicinal Inorganic Chemistry in which all of the present authors, together with a number of other chemists, were participants. The full program is attached as Table 1. In a prescient leadoff lecture, John Kozarich drew upon his academic and Merck and Activix industrial experiences to discuss how metal ions offer a form of diversity for drug discovery waiting to be exploited by the pharmaceutical sector. Historically, medicinal inorganic chemistry is rich in metal- or metalloid-based drugs, including Paul Erlich’s organoarsenic compound for the treatment of syphilis, antiarthritic gold preparations, and diagnostic agents for magnetic resonance imaging (Gd, Mn, Fe) among others. But drug discovery and development is much more complex today than in the past and, to quote Kozarich, “Despite the explosion in medicinally-oriented chemical diversity, inorganic compounds have not captured a significant share of library space within the [drug industry].” The statistics speak for themselves. Of 89 new molecules granted 210 specific claims approved by the FDA from 1949 to 2003 for cancer therapy, only 6 were metal complexes or inorganic compounds. Three were platinum complexes, discussed in a later chapter by Reedijk. An attempt to redress the balance for both therapeutic and diagnostic applications has been pioneered by the National Institute of General Medical Sciences under the capable leadership of Peter Preusch, who reviews here the status of the Metals in Medicine program. Of particular interest in his chapter is the call for new research on metal metabolism and for more biomedical applications in the bioinorganic portfolio. According to Preusch, “the greatest barrier to further development is the perception that metals are toxic.” Further discussion of the drug discovery process, including lead optimization, may be found in the chapters by Giandomenico describing dendritic gadolinium complexes now undergoing clinical trials for cardiac magnetic resonance imaging (MRI), by Farrell on polyplatinum compounds for cancer treatment, and by Schenck on detection of neurodegenerative disease by high field MRI studies of brain iron as an endogenous contrast agent.

Metal compounds offer special advantages as diagnostic agents. The field of magnetic resonance imaging relies upon the use of endogenous metal ions, or their exogenous introduction, to alter T1 or T2 values of water molecules in the vicinity of the paramagnetic center. Of particular interest in this respect is the use of Gd3+, Mn2+, and iron complexes. A session on metal complexes and MRI at the symposium highlighted recent challenges and advances in this area. A texaphrin complex of Gd3+ (Xcytrin®; motexafin gadolinium), an MRI-detectable compound with anticancer properties, is now in clinical trials and studies in vitro have defined models for how it might exert its antineoplastic effects through the generation of reactive oxygen species (ROS), as detailed in a chapter by Magda and colleagues. Additional work on bile acids as novel intravascular gadolinium MRI contrast agents, on controlling water exchange rates as a key parameter in the next generation of Gd3+ imaging compounds, and on targeted MRI imaging is described, respectively, by Anelli, Sherry, Caravan and co-workers. In most of this research a stong foundation in the principles of coordination chemistry and ligand design is required for ultimate success in the biomedical application of interest.
The control of the proper concentration of metal ions in cells, a process known as homeostasis, is extremely important for maintaining good human health. Failure to perform this function adequately underlies many diseases, including those of aging such as Alzheimer’s. In a session devoted to endogenous metals in disease, and their manipulation as approaches to therapy, Rogers presented evidence the the Alzheimer’s precursor protein (APP) messenger RNA contains an iron regulatory element and thus must be involved in metal metabolism. Brewer discussed the ability of the simple inorganic ion tetrathiomolybdate, MoS42-, to modulate copper concentrations and treat Wilson’s disease patients. Malaria is another illness in the sights of medicinal inorganic chemists, as Wright relates, with peptide dendrimers targeting iron to block aggregation following heme release by the parasite that carries the disease. Details of how heme can be the trigger of malaria are described by Meunier and co-workers, who review mechanistic studies of artemisin, an organic peroxide with antimalarial properties.

The last session of the symposium covered redox- and chelation-based drugs. The dioxygen molecule is essential for human life, providing energy through the oxidation of carbohydrates and creating membrane gradients by a process coupled to oxidative phosphorylation. In many instances, metalloproteins are required for the transport and activation of O2, but when these reaction are not fully controlled, toxic byproducts of dioxygen metabolism can escape the local environment and do damage to tissues. A chapter by Crow details the use of manganese porphyrin complexes as antioxidants to delay the onset of amyotrophic lateral sclerosis (ALS) in a mouse model for this devastating human disease; mutations in copper-zinc superoxide dismutase (SOD) are causative for the inherited form of ALS, producing oxidative stress in the spinal cord through unknown mechanisms.  The manganese complexesare proposed as a potential therapy for ALS. Doctrow similarly describes Mn salen complexes as SOD and catalase mimics, the latter converting peroxide into dioxygen and water, and as potential therapeutics for neurodegenerative diseases. Hart and Valentine discuss how the mutations in the Cu-Zn SOD may cause protein misfolding, believed by many to be the cause of the ALS phenotype, and present crystallographic evidence to support the theory. Bergeron and colleagues describe treatments for iron overload using specific chelating agents, iron being one of the metal ions that can contribute to the generation of toxic ROS if its levels are not properly controlled. A long known link between vanadium and the enhancement of insulin release is exploited by maltolate complexes of the vanadyl ion (VO2+) for delivery and human treatment of diabetes as related in a chapter by Orvig. Farmer and colleagues present a strategy for targeting melanoma by delivery of metal complexes to these cancer cells. The medicinal applications of N-heterocyclic carbene complexes of Ag+ are reported in the final chapter by Youngs.

As can be seen from this brief overview, the area of medicinal inorganic chemistry is replete with creative approaches to the diagnosis and treatment of human disease. Many novel strategies have opened new frontiers that expand the purview of traditional medicinal chemistry. The work described intersects with many domains of importance for maintaining human health, and these areas are therefore of considerable commercial potential. This realization should encourage our colleagues in the pharmaceutical industry to reach out to bioinorganic chemsts and create the marriage required to bring a new focus on metal ions for sustaining life.
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Tuesday Afternoon Tutorial (09/09/03): Developing inorganic agents as drugs

Chair:  Stephen J. Lippard, MIT (lippard@lippard.mit.edu)
1.  Drug discovery and screening/lead optimization approaches 

2:00 pm
John Kozarich, Activix, Inc. (johnk@activx.com)

2:30 pm
Alan Davison, MIT (adavison@capecod.net)

3:00 pm
Chris Giandomenico, Anormed, Inc. (chris_g@anormed.com)

3:30 pm
John F. Schenck, General Electric (John.Schenck@crd.ge.com)

4:00 pm
Coffee Break (With Posters)

These posters include one from Wiley Youngs, Univ. of Akron (youngs@uakron.edu), who has expressed an interest in providing a book chapter

2.  Drug development:  Bringing a metal-containing lead compound into first clinical trials

4:30 pm
Nick Farrell, Virginia Commonwealth (nfarrell@saturn.vcu.edu) 

5:00 pm
Mike Tweedle, Bracco USA (Michael.Tweedle@bru.bracco.com)

Evening: 
Inorganic Poster Session

Wednesday Morning Session (09/10/03) Metal Complexes & MRI

Chair:  Tom McMurry, Epix Pharmaceutical (tmcmurry@epixmed.com)
8:30 am
Jan Reedijk, Leiden University (reedijk@chem.leidenuniv.nl) 


9:00 am
Cynthia Burrows, University of Utah  (burrows@chem.utah.edu) 

9:30 am
Darren Magda, Pharmacyclics, Inc. (dmagda@pcyc.com) 

10:00 am
Coffee Break (With Posters)

10:30 am
Pier-Lucio Anelli (Pier.Lucio.Anelli@bracco.com)

11:00 am
Dean Sherry, University of Texas at Dallas (sherry@utdallas.edu) 

11:30 am
Peter Caravan, Epix Medical, Inc. (pcaravan@epixmed.com) 

noon
Johannes Platzek, Schering AG (Johannes.Platzek@schering.de)
Wednesday Afternoon Session (09/10/03) Endogenous metals in disease (and their manipulation as approaches to therapy) Chair:  Sue Doctrow, Eukarion (s.doctrow@eukarion.com)
2:00 pm
Jack Rogers, Harvard Medical Center (rogersj@helix.mgh.harvard.edu) 


2:30 pm
Chris Frederickson, Neurobiotex, Inc. (chris@neurobiotex.com)
3:00 pm
George J. Brewer, University of Michigan (brewergj@umich.edu)  

3:30 pm
Coffee Break (With Posters)

4:00 pm
Joan Valentine, University of California, Los Angeles (jsv@chem.ucla.edu) 

4:30 pm
David Wright, Vanderbilt University (David.Wright@vanderbilt.edu) 

5:00 pm
Bernard Meunier, Université de Toulouse (bmeunier@lcc-toulouse.fr) 

Evening: 
Speakers’ Dinner (at Gabriel’s; organized by Dr. Lippard)

Thursday Morning Session (09/11/03) Redox- and Chelation-based Drugs

Chair:  Jonathan Sessler, University of Texas (sessler@mail.utexas.edu)
8:30 am
Jay Groves, Princeton University (jtgroves@Princeton.EDU)

9:00 am
John Crow, University of Alabama at Birmingham (John.Crow@ccc.uab.edu)


9:30 am
Pat Farmer, UC Irvine (pfarmer@uci.edu)

10:00 am
Coffee Break (With Posters)

10:30 am
Sue Doctrow, Eukarion (s.doctrow@eukarion.com)





11:00 am
Chris Orvig, University of British Columbia (orvig@chem.ubc.ca)  

11:30 pm 
Ray Bergeron, University of Florida (Bergeron@cop.ufl.edu) 

noon
Thomas Neenan, GelTex Pharmaceuticals, Inc. (tneenan@GelTex.com) 



12:30 pm
Concluding Remarks
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