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The above question is one our laboratory has been trying to address for several years now. What is clear is that the notion of one drug-one receptor-one disease is unlikely to be true for most existing and future drugs. The questions then becomes ones of polypharmacology - what are all the targets that bind a given drug and network pharmacology - what are the cumulative effects? We have made some inroads into indentifying these multiple targets and through systems biology, are now beginning to analyze the cumulative effects of such drug action. Our focus is on improving existing drugs and repurposing drugs to treat different conditions.
Conceptually our process of off-target identification begins with the equivalent of reverse engineering the drug discovery process. Rather than considering how a combinatorial library of potential lead compounds binds to an identified protein receptor as used in high throughput screening (HTS), we consider what receptors an identified drug or lead compound might bind to in a given proteome, human or pathogen. Since we require a 3-dimensional structure of the possible receptor, either defined experimentally or modeled, we can currently only search approximately 40% of what comprises the complete “drugable proteome.” Even with this incomplete coverage, identifying such sites might indicate a possible side effect of the drug or possibly the ability to reposition an existing drug to treat a different condition. The process is as follows:

1. Start with a 3-dimensional structure (either experimental or modeled) of the lead-receptor complex – the primary binding site.

2. Search the drugable proteome for similar (secondary) binding sites using a Sequence Order Independent Profile-profile Alignment (SOIPPA) algorithm [1] which locates sites and sub-sites considering both chemical and evolutionary constraints and, as the name suggests, does not rely on a conserved linear relationship to the primary sequence. 

3. The search space defined by the drugable proteome is kept manageable through the use of a geometric potential [2] that discriminates potential binding from non-binding sites in the individual proteins comprising the drugable proteome. 

4. Extract known ligands from primary and secondary sites.

5. Perform cross-docking studies to validate the secondary sites. That is that the drug or lead bound to the primary site binds to the secondary site and any small molecule bound to the secondary site also binds to the primary site where the drug or lead is binding. 

6. Use molecular dynamics simulations to further analyze the promising cross-docking results.

7. Analyze the docking scores and chemical features to establish whether the secondary sites are significant.

8. Review all available clinical and literature information to attempt to confirm the secondary sites.

9. Review the secondary sites in the context of biological pathways in an attempt to define (or confirm) the physiological outcomes. 

10. Where possible use existing metabolic of other reconstructions e.g. based on flux balance analysis, to model off-target action dynamically.

We has been successfully applied this protocol to explain side effects of existing drugs through single and multiple off-targets, proposed alternative uses (repositioning) for existing drugs and helped select among lead compounds for clinical trial. Here is a summary of some findings to date:

· Propose a secondary binding site for the class of drugs known as Select Estrogen Receptor Modulators (SERMs), which includes the popular anti-cancer treatment tamoxifen and offers an explanation for the side effects observed in these drugs [3]. 

· Reposition the existing drugs encapalone and tolcapone used in the treatment of Parkinson’s disease. We suggest, and have some experimental in vivo and in vitro experimental support, that these inhibitors may be effective against extreme drug resistant tuberculosis [4]. 

· We have proposed a mechanism for why torcetrapib, a Pfizer cholesterol-controlling drug taken out of stage III clinical trials after 15 years and $800M of development failed [5]. In this case the drug is suggested to bind to up to 12 off-targets which have been mapped to biological pathways and subsequently used to explain the observed outcome. The related drugs anacetrapib and JTT705 have different binding profiles and biological outcomes that map to those differences by pathway and literature analysis. This study highlights the role that systems biology plays in the future of drug discovery. 

· We have identified several secondary targets of 4,5-dihydroxy-3-(1-naphthyldiazenyl)-2,7-naphthalenedisulfonic acid, a known micromolar inhibitor of Trypanosoma brucei RNA editing ligase 1 for treatment of sleeping sickness. On-going work is attempting to improve the efficacy of this drug and reduce side effects [6].
· In collaboration with Bernhard Palsson’s group we have used a metabolic network model to explore the off-target effects of the failed phase III clinical trial drug torcetrapib [7].
· We have computed the complete drug-target network for Mycobacterium tuberculosis revealing new targets and potential drug repositioning options [8].
· Raloxifene is an estrogen receptor modulator that has been shown in animal models to positively impact Pseudomonas aeruginosa infection. In collaboration with Fiona Brinkman’s group we have suggested reasons that have been experimentally tested [9].

· Nelfinivir is a protease inhibitor that also has a positive effect on a number of solid tumor types and a clinical study is underway. We have found low-affinity binding of nelfinivir to a number of human protein kinases and provided a hypothesis for the observed phenotype [10].

Beyond collaborative academic search we have collaborated with the following pharmaceutical companies:

· Limerick BioPharma

· Optima Pharmaceuticals

· Johnson and Johnson
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Examples of press generated by the above papers can be found at:

· Science Now http://news.sciencemag.org/sciencenow/2011/04/computer-algorithm-may-speed-dru.html?ref=hp
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