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FINAL PUBLISHABLE SUMMARY REPORT 
Through evolution, Nature has engineered diverse molecules programmed to be the active components in “key metabolic paths” of the oxygen metabolism in life. These molecules often contain copper and/or iron metal ions as operational engines; here, processes such as O2 binding and transport, reduction of O2 to peroxide coupled with oxidation of various types of substrates, or O2 detoxification take place. Understanding the functional factors that regulate the red-ox chemistry and hence the reactivity towards oxygen of the protein-caged metal ion/s and or molecular cofactors were the research objectives of Dr. Giorgio Zoppellaro biomedical/biophysical projects.  Two main classes of proteins and their interaction with molecular oxygen were explored within the fellowship period (24 months) together with synthetic functional biomimics. 
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The first class of proteins utilizes iron as metal cofactor (Project 1, 1-24 months), while the second class contains copper centers as active sites both in the native proteins and in their synthetically engineered counterparts (Project 2, 1-24 months). Both projects involved the extensive use of spectroscopy techniques but required further training of the fellow in biology and genomics. Dr. Giorgio Zoppellaro, within the fellowship period, has been embedded and furthermore strongly contributed to expand the in-house international collaborations between host institution (Department of Molecular Biosciences, University of Oslo) and several leading groups from both Europe such as (1) Karolinska Institute, Sweden; (2) University of Pavia, University of Padova and University of Milan, Italy; (3) Grenoble High Magnetic Field Laboratory, CNRS, France and USA such as Stanford University and University of Rochester. In the first project, Dr. Giorgio Zoppellaro dissected the oxygen activation path in several iron proteins involved in the medical domain of genomic integrity (DNA synthesis, repair) or associated to electron transfer processes. These molecules included ribonucleotide reductases (Project 1-RNR) from various sources, enzymes that catalyse the reduction of all four ribonucleotides to their corresponding deoxyribonucleotides, the recently discovered ALKBH4 protein (Project 1-ALKBH4), which is a member of the nine DNA encoded human homologue of AlkB (DNA repair enzyme), and a series of electron shuttling proteins, cytochrome c from bacterial sources (Project 1-cyt c). During the Project 1-RNR, the fellow analysed RNR protein over-expressed from Epstein-Barr virus (EBV). The EBV viral agent belongs to the gamma subfamily of herpes viruses and represents one of the most common pathogenic viruses in humans worldwide. The virus may induce development of several diseases such as infectious mononucleosis, and is associated with neoplastic diseases, including lymphomas and carcinomas. The R2 subunit of viral RNR contains a tyrosyl radical which is generated within enzymatic turnover and controls the synthesis of the building blocks necessary for viral transfection. This tyrosyl radical specie featured unique electronic fingerprints, falling in between those observed in mammals (mouse R2) and bacteria (e.g. E. coli R2) and indicated that EBV R2 contains a more “advanced/evolved” tyrosyl radical than those known in simple bacterial organisms, such as E. coli. Furthermore, its interaction with radical scavengers, such as hydroxy urea (HU) clinically used as inhibitors of RNR activity, and as anticancer drug since 1967, showed that the EBV active site has lower accessibility to the drug  as compared to mouse RNR R2. The importance of the work lies on the fact that the current pharmaceutical effort is devoted on the screening of small organic molecules that are thought to be potential inhibitors of herpes viral RNRs. Those can be used for the treatment of herpes viral infections by targeting the R2 tyrosyl radical site. However, understanding the specificity of these inhibitors requires detailed knowledge of the accessibility, reactivity and the electronic/magnetic characteristics of the tyrosyl radical site, which are given in our research. The second source of RNR proteins investigated by Dr. Giorgio Zoppellaro was obtained from Bacillus cereus (BC), an opportunistic pathogen responsible for food poisoning. The bacterium is commonly isolated from food and is accountable for wound and eye infections particularly in hospitals. The active state of the RNR Bacillus cereus R2F and its activity towards the synthesis of deoxyribonucleotides was studied after metal reconstitution with either iron (Fe) or manganese (Mn) metal ions with the use of X-band EPR, HF-EPR, resonance Raman spectroscopy and DFT theoretical analyses. The different rate of formation of deoxyribonucleotides showed that the RNR system from B. cereus has a much higher activity when manganese is used in comparison to iron, and suggested that manganese is the active metallo cofactor in vivo. Since antibiotics are the only existing treatments against many pathogens such as BC, our work contributed to lay down further knowledge of the BC RNR R2 system at atomistic level; alternative treatments to the use of antibiotic protocols may in fact benefit by focusing on the BC RNR R2 as the potential anti proliferative target for the bacteria, either by destroying the tyrosyl radical and/or disrupting/altering the electronic interaction between the radical site and the di-manganese centre. Within the Project 1-ALKBH4, Dr. Giorgio Zoppellaro analysed the completely uncharacterized ALKBH4 protein together with an array of newly engineered mutants (Figure 1). Ten years ago, bioinformatics analysis carried out on the human genome, predicted the existence of eight different mammalian homologues of AlkB, denoted ALKBH1-8. The FeII/2OG dioxygenase AlkB from E. coli is a DNA repair enzyme, which is induced as part of the adaptive response to alkylation damage. The fellow clearly addressed the characteristics (electronic and magnetic) of the Fe metal core in the human ALKBH4, and demonstrated that an intact H169–D171–H254 motif is necessary for productive Fe binding and for decarboxylation activity towards 2OG (Figure 1). Furthermore a transient FeIII specie trapped within the reoxidation process (FeII →FeIII) in presence of Na2S and 2OG has been discovered. This specie witnessed very unusual spectroscopic fingerprints, similar to those observed in the non-heme ferric iron center present in photosystem II upon UV-B irradiation (280 – 320 nm). Although the biological function of ALKBH4 remains yet elusive, its ability to bind and decarboxylate 2OG after metal reconstitution together with the optical and spectroscopic fingerprints of its catalytic centre, confirmed for the first time that ALKBH4 truly belongs to the class of 2-oxoglutarate-dependent mononuclear non–heme iron proteins. In the arena of cancer research, the current strategic effort focuses on understanding the molecular and genetic basis of carcinomas. Recently, it became clear that the ALKBH proteins are involved in processes other than DNA/RNA repair, as ALKBH8 has been demonstrated to be a tRNA modification enzyme and ALKBH1 has been implicated in gene regulation. This work provided the necessary molecular basis for the future discovery of the functional action of ALKBH4 in metabolism. Within the broader context of oxygen activation processes, Dr. Giorgio Zoppellaro carried out in-depth studies of the electronic properties of a series of cytochrome c protein functioning in electron shuttling processes (Project 1-cyt c). Those proteins were over-expressed from [image: image5.emf]bacteria sources such as Pseudomonas aeruginosa (Pa c 551), Nitrosomonas europaea (Ne c 552), and Hydrogenobacter thermophylus (Ht c 552). The research was performed in collaboration with Prof. Kara Bren, University of Rochester (USA) and the theoretical group of  Prof. Ulf  Ryde from University of  Lund (Sweden), and demonstrated that upon perturbations of weak interactions among residues lying in the heme second coordination sphere (Figure 2) substantial alteration in the heme electronic configuration are triggered such as the reduction potential (E0), heme-methyl chemical shifts and heme-anisotropy (g-tensor and ligand field values).  Since the electronic properties of the heme core strongly influence the biological function of the system, such as the electron-transfer ability and efficiency as well as dictate the genetic selection of the red-ox partner, understanding how those properties are linked to the structural protein organization provided a deeper understanding of the evolutionary process followed by the aforementioned organism. In the second project (Project 2) Dr. Giorgio Zoppellaro set up a work in collaboration with two Italian groups (University of Milan, and University of Pavia), aiming the design of multicopper functional biomimics. In the specific of multicopper clusters able to activate molecular oxygen, the synthetic approach was particularly difficult, because it involved the assembly of polydentate ligand containing eight nitrogen donors, engineered in a fashion that can replicate the distribution of the octa-histidyl ligands found in ezymes like laccase and ascorbate oxidases. The engineered synthetic systems (trinuclear copper systems, Cu3L and binuclear copper systems, Cu2L) were able to perform stereoselective oxidations of hormonally active cathecols of pharmaceutically importance (L-dopa, L-norepinephrine, L-epicatechin) under mild conditions and in water/organic solvent environment, and provided a concrete example of a true “green streoselective chemistry”. In particular, a novel type of molecular recognition process has been found, termed as metal induced discrimination, which depended on the ability of one ancillary metal ion to interact with a substrate group distant from that undergoing the catalytic reaction (Figure 3). This type of recognition mechanism is different from the usual ligand induced discrimination that is generally found in chiral complexes used for stereoselective catalysis and in biomolecules, thus demonstrates the current potential of biomimetic chemistry, able to generate novel types of resourceful molecular recognition processes not encountered in natural systems. Overall, the research achievements attained under the IEF Marie Curie framework allowed Dr. Giorgio Zoppellaro to strengthen his expertise in a trans-disciplinary fields (chemistry/biology/biophysics/medicine) as evidenced by the number of peer reviewed publications and presentations of the scientific results in International conferences. In addition to the research work pursued, the fellow was actively involved in mentoring activities. Those constituted an essential part of his advanced training towards accomplishment of an independent academic position and included co-supervision of two PhD student (Dr. Ane Berg Tomter, obtained hers PhD degree from the University of Oslo on December 2010 and Mr Espen Harbitz has planned defense on 5th September 2011 with the fellow as thesis co-supervisor), as well as lecturing seminars on focused topics (copper/iron proteins, biomimetic systems). Furthermore the fellow completed within the IEF granted period a training course on intellectual property rights (laws and regulations of the EU patent system, copyrights, trademarks)  at The European Patent Office in Munich (EPO, Germany) which gave him additional awareness on how to translate and implement his research work in the context of the economic arena. In conclusion, the fellow experienced a networking of scientific exchanges with diverse research groups in Europe and USA belonging to the biophysical/medical realm and such an approach granted a worldwide-breath and audience to the research results obtained under the Marie Curie flag.
��








�





Figure 1. The catalytic centre of AlkB in presence of bound 2OG (PDBid: 2FD8). The amino acid residues that complex the Fe metal are indicated in black (H131, D133, H187). A water molecule (W) weakly interacting with the Fe ion is shown as well. The amino acid residues of ALKBH4 thought to form a similar Fe metal-binding triad (H169, D171, H254) are shown with enclosed magenta labels. Figure taken from the IEF fellow publication, Biochem J, 2011, 434, 391-398.
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Figure 2. The heme region and key residues of cytochrome c-552 from N. europaea. Figure taken from the IEF fellow publication Biopolymers, 2009, 91, 1064-1082. 
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Figure 3. Synthetic copper complexes as functional biomimics. Figure taken from the IEF fellow publication Journal Cover, Dalton Trans, 2011, 40, 5436-5457).
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