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A.  Personal Statement
I have over forty years as an independent investigator with continuous NIH funding with grants in GM, NCI, ES, and NIA. In addition to single investigator grants, I have served as PI on two program project grants. I have mentored over 35 graduate students and 20 postdoctoral fellows. My students are trained at the interface of chemistry and biology. The central theme in the laboratory is to understand the biochemical basis of mutagenesis with current emphasis placed on DNA replication fidelity involving error-prone translesion polymerases and with DNA-dependent deoxycytidine deaminases, which are enzymes that initiate hypermutation in the human immune system, inactivate HIV-1, and can inadvertently cause a wide variety of cancers. Our work typically involves combinations of enzymology, physical biochemistry including presteady state kinetic analysis, light scattering and fluorescence analyses, single-molecule TIRF microscopy, structural studies, chemical synthesis of deoxynucleotide analogs and fluorescence probes, and theoretical modeling. 
Our work is summarized in the following four reviews as well as the 20 publications listed in Section C: 

1.  Echols, H., and Goodman, M.F. Fidelity Mechanisms in DNA Replication.  Annu. Rev. Biochem. 60, 477-511 (1991).
2.  Goodman, M. F.  Error-prone repair DNA polymerases in prokaryotes and eukaryotes.  Annu. Rev. Biochem.  70, 17-50 (2002).
3.  Chelico, L., Pham, P., Petruska, and Goodman, M. F. Biochemical basis of immunological and retroviral responses to DNA-targeted cytosine deamination by AID and APOBEC3G, J. Biol. Chem. MiniReview, 284, 27761-27765 (2009).
4.  McKenna, C. E., Kashemirov, B. A., Peterson, L. W., and Goodman, M. F. Modifications to the dNTP triphosphate moiety: from mechanistic probes for DNA polymerases to antiviral and anti-cancer drug design. Biochim Biophys Acta. 1804, 1223-1230 (2010).

B.  Positions and Honors
Positions and Appointments
1969 - 1973	National Cancer Institute Postdoctoral Fellow, The Johns Hopkins University, Department of     Biology, with Prof. M. J. Bessman
1973 - 1978	Assistant Professor, University of Southern California, Biological Sciences
1978 - 1980	Associate Professor, University of Southern California, Biological Sciences
1980 - 1998	Professor, University of Southern California, Biological Sciences                                                                            
1998 - Present	Head of Molecular and Computational Biology; Professor of Chemistry	

Honors, Awards, and Extramural Activities	
Golden Key Outstanding Research Award; 1985; Burlington Resources Outstanding Scholar Award, 1991;
Society of Scholars, Johns Hopkins University, 1993; NIH Merit Award, 1999; USC Associates Award for Creativity in Research and Scholarship, 2001; Joseph E. Coleman Memorial Lecture, Yale University, Sept. 15, 2003; Wayne State University, Frontiers in Chemistry Lecture Series Lecture, 2007; Albert S. Raubenheimer Outstanding USC Faculty Award teaching & research, 2007; Keyonote Speaker, Gordon Research Conference on Mutagenesis, 2008; Keynote Speaker, Gordon Research Conference on Genetic Toxicology, 2009; Fellow AAAS, 2009; Editorial Board J. Biol. Chem. 2 five year terms; Editorial Board DNA Repair; Board of Scientific Counselors NIEHS; ad hoc study member NIH study sections; review board Israel Cancer Research Fund; Distinguished Lecture, U. Texas MD Anderson Cancer Center, 2013; Keynote Lecture, Active DNA Modifications in Health & Disease, U. Toulouse, 2013; Plenary Speaker, Zing DNA Polymerases: Biology, Diseases and Biomedical Applications, Cambridge, UK, 2014; Recipient of 2015 Environmental Mutagenesis and Genomics Society (EMGS) Award; Elected Fellow in the American Academy of Microbiology, 2015. 

C.  Contributions to Science
1.	Biochemical basis of DNA polymerase fidelity
	We developed a widely used kinetic assay and analysis that enabled the measurement and interpretation of DNA polymerase deoxynucleotide insertion fidelity for any DNA polymerase, including those with exonuclease proofreading along with a full complement of replication machinery (processivity clamps and clamp loading proteins). A fundamental application of these studies was in determining the effects of sequence context on insertion fidelity and proofreading. We generalized the kinetic assay to develop the first analysis for measuring the efficiency extending correctly matched W-C base pairs vs non-W-C mismatched base pairs. Our base mispair extension analysis was applied successfully in designing strategies for allele-selective PCR amplification. 
1a.  	Boosalis, M. S., Petruska, J., and Goodman, M. F.  DNA Polymerase Insertion Fidelity:  Gel Assay for Site-Specific Kinetics J. Biol. Chem. 262, 14689-14696 (1987).
1b.  	Mendelman, L.V., Boosalis, M.S., Petruska, J., and Goodman, M.F.  Nearest Neighbor Influences On DNA Polymerase Insertion Fidelity.  J. Biol. Chem. 264, 14415-14423 (1989).
1c.	Mendelman, L.V., Petruska, J., and Goodman, M.F.  Base Mispair Extension Kinetics: Comparison of DNA Polymerase  and Reverse Transcriptase.  J. Biol. Chem. 265, 2338-2346 (1990).
1d.	Bloom, L. B., Chen, X., Kuchnir-Fygenson, D., Turner, J., O'Donnell, M., and Goodman, M. F.  Fidelity of Escherichia coli DNA Polymerase III Holoenzyme: The Effects of  Complex Processivity Proteins and  Proofreading Exonuclease on Nucleotide Misincorporation Efficiencies. J. Biol. Chem. 272, 27919-27930 (1997).
2.	Kinetic, thermodynamic, and electrostatic principles that distinguish “right from wrong” deoxyribonucleotides insertions at polymerase active sites
	A mechanistic understanding of DNA polymerase fidelity, which serves as a basis for mutagenesis, is central to elucidating the origins of virtually all types of cancer. The fundamental principles that determine how DNA polymerases discriminate between right and wrong insertions have been the subject of wide ranging structural, kinetic, synthetic chemical and computational modeling studies since the initial W-C papers elucidating the structure of DNA. Base pair free energy differences typically measured by comparing the thermal melting of DNA containing matched and mismatched base pairs are 2 to 3 orders of magnitude too low to account for high pol fidelities. We have proposed two general thermodynamic principals that can be exploited in “all” pol active site environments to amplify fidelity. The first shows how the presence of aqueous solvent affects base pair interactions. We’ve calculated that the partial exclusion of water in the active site environment provides a strong stabilization of W-C over non-W-C base pairs. The second shows how general geometric constraints in the pol active site coupled to partial water exclusion can account for the large free energy differences required to account for high polymerase base selection fidelity. A third basic principal was revealed from computer simulations, performed in collaboration with Arieh Warshel, which showed how how electrostatic interactions between specific amino acid residues in human DNA polymerase  and bacteriophage T7 polymerase with primer/template bases are used to calculate pol fidelity and the effects of base context on fidelity, concepts which apply to any DNA polymerase. In collaboration with Arieh Warshel, computational simulations were used to show how electrostatic interactions between specific amino acid residues in human DNA polymerase  and bacteriophage T7 polymerase with primer/template bases can be used to calculate pol fidelity and the effects of base context on fidelity, concepts which apply more generally to any DNA polymerase. 
2a. 	Petruska, J., Sowers, L. C., and Goodman, M. F.  Comparison of Nucleotide Interactions in Water, Proteins, and Vacuum: Model for DNA Polymerase Fidelity.  Proc. Nat. Acad. Sci. USA 83, 1559-1562 (1986).
2b.	Petruska, J., Goodman, M.F., Boosalis, M., Sowers, L.C., Cheong, C., and Tinoco, I.  DNA Melting Thermodynamics and DNA Polymerase Fidelity.  Proc. Natl. Acad. Sci. USA 85, 6252-6256 (1988).
2c.	Petruska, J., and Goodman, M. F. Enthalpy-Entropy Compensation in DNA Melting Thermodynamics. J. Biol. Chem. 270, 746-750 (1995).
2d.	Florian, J., Goodman, M. F., and Warshel, A.  Computer Simulations of Protein Functions: Searching For the Molecular Origin of the Replication Fidelity of DNA Polymerases.  Proc. Natl. Acad. Sci.  USA 102, 6819-6824 (2005).
3.	The biochemical basis of SOS mutagenesis and the discovery of error-prone DNA polymerases 
	The observation in 1953 by J. Weigle that bacteriophage  killed by irradiation with UV was brought back to life (i.e., reactivated) by UV irradiating the host E. coli initiated the field of SOS DNA damage-induced DNA repair and mutagenesis. Accompanying reactivation is a ~100-fold increase in UV mutagenesis. However, in the absence of the UV mutagenesis proteins UmuC and UmuD, mutations do not occur above spontaneous background levels in UV irradiated cells.   We discovered one of the first of a new class of Y-family error-prone translesion synthesis (TLS) DNA polymerases, E. coli DNA polymerase V. We showed that pol V = UmuD2C. Pol V is essentially dead in the absence of a RecA nucleoprotein filament (RecA*), but becomes activated by abstracting a RecA molecule from the 3-filament tip along with a molecule ATP to form an activated pol V mutasome, pol V Mut = UmuD2C-RecA-ATP. Pol V Mut contains an intrinsic ATPase activity, having a heretofore unknown hydrolytic pocket formed by UmuC-RecA interacting surfaces. A bound ATP is required for pol binding to primer-template DNA, and following lesion bypass, ATP hydrolysis releases pol V  Mut from the DNA, thereby limiting low fidelity DNA synthesis to regions proximal to the lesion. Earlier, we showed that E. coli pol II was induced in response to UV radiation and was capable of copying DNA template damage.   
3a.	Bonner, C.A., Hays, S., McEntee, K., and Goodman, M.F. DNA Polymerase II is Encoded by the DNA Damage-Inducible dinA Gene of Escherichia coli.  Proc. Natl. Acad. Sci. USA  87, 7663-7667 (1990).
3b.	Tang, M., Shen, X., Frank, E. G., O’Donnell, M., Woodgate, R., and Goodman, M. F.  UmuD’2C is an error-prone DNA polymerase, Escherichia coli pol V.  Proc. Natl. Acad. Sci. USA 96, 8919-8924 (1999).
3c.	Jiang, Q., Karata, K., Woodgate, R. Cox. M. M., and Goodman, M. F. The active form of DNA polymerase V is UmuD’2C-RecA-ATP. Nature 460, 359-363 (2009). 
3d.	Erdem, A., Jaszcazur, M., Bertram, J. G., Woodgate, R., Cox, M. M., and Goodman, M. F. DNA polymerase V activity is autoregulated by a novel intrinsic DNA-dependent ATPase. eLIFE DOI: 107554/eLife02384 (2014).
4.	Synthetic chemistry and biochemistry to develop selective anticancer inhibitors of human DNA polymerase  in base excision repair 
	A gaping hole in our understanding DNA polymerase fidelity is the actual deoxynucleotide selection mechanisms taking place in the transition state. The high-resolution X-ray structural studies on many different DNA polymerases have focused principally on ground state structures, although more recently, real-time observations of insertion chemistry in the crystals provide important new insights into individual reaction steps, such as metal cation stabilization mechanisms for dNTP substrate and product molecules. In collaboration with Charles E. McKenna and Samuel H. Wilson, we have performed kinetic and high-resolution structural studies using a series of new dNTP analogs that directly probe the transition-state by modifying leaving group electrostatic charge. The analogs contain replacements of the  and/or  bridging oxygen molecules with 13 different halo-methyl derivatives. By using an extensive “toolkit” of these analogs, we have been able to deduce the mechanisms governing deoxynucleotide selection occurring in the transition state of human pol . Most importantly, we have developed a strategy to further modify the analogs to selectively inhibit pol  activity. The use of these analogs provides a powerful new strategy to strongly enhance the efficacy of DNA intercalating antitumor compounds that are rendered useless by their removal during base excision repair by pol .   
4a.	Sucato, C. A., Upton, T. G., Kashemirov, B. A., Batra, V. K., Martinek, V., Xiang, Y. Beard, W. A., Pedersen, L. C., Wilson, S. H., McKenna, C. E., Florian, J., Warshel, A., and Goodman, M. F.  Modifying the  leaving group bridging oxygen alters nucleotide incorporation efficiency, fidelity and catalytic mechanism of DNA polymerase , Biochemistry, 46, 461-471 (2007). 
4b.	Sucato, C. A., Upton, T. G., Kashemirov, B. A., Osuna, J., Oertell, K, Beard, W. A., Wilson, S. H., Florian, J., Warshel, A., McKenna, C. E., and Goodman, M. F. DNA Polymerase beta Fidelity: Halomethylene-Modified Groups in Pre-Steady-State Kinetic Analysis Reveal Differences at the Chemical Transition State. Biochemistry 47, 870-879 (2008).
4c.	Oertell, K., Wu, Y. Zakharova, V. M., Kashemirov, B. A., Shock, D. D., Beard, W. A., Wilson, S. H., McKenna, C. E., and Goodman, M. F. Effect of -CHF- and -CHCl-dGTP Halogen Atom Stereochemistry on the Transition State of DNA Polymerase . Biochemistry 51, 8491-8501 (2012).
4d.	Oertell, K., Chamberlain, B. T., Wu, Y., Ferri, E., Kashemirov, B. A., Beard, W. A., Wilson, S. H., McKenna, C. E., and Goodman, M. F. Transition State in DNA Polymerase  Catalysis: Rate-Limiting Chemistry Altered by Base-Pair Configuration. Biochemistry 53, 1842-1848 (2014).
5.	Biochemical basis of B-cell somatic hypermutation and general mathematical and single-molecule analysis of scanning and catalysis of APOBEC-family DNA dC deaminases  
	Activation-induced deoxycytidine deaminase (AID), a member of the APOBEC-family of cytidine deaminases, is responsible for antibody affinity maturation in B cells by initiating somatic hypermutation (SHM) and class-switch recombination (CSR). We discovered that that AID uses single-stranded DNA as its substrate. We showed that AID is highly processive, while exhibiting very low catalytic efficiency (~ 5%) when confronting its most favored trinucleotide deamination motifs. Poor efficiency is what’s needed to generate a high degree of antibody diversity. Yet despite having low catalytic efficiencies, the high degree of processivity exhibited by the APOBEC proteins is responsible for generating clustered mutational patterns. These clustered mutational patters, termed “kataegis” have been associated with a wide variety of cancers attributed to APOBEC proteins acting off-target. We’ve carried out single molecule resolution TIRF-FRET studies on APOBEC proteins. We have developed a random walk mathematical analysis showing that APOBEC scanning on ssDNA is strongly coupled to catalytic activity, thereby allowing us to identify spatial mutational signatures. These mutational signatures are unique to each APOBEC and can be used to analyze the etiologies for many different types of APOBEC-initiated cancer. In collaboration with Xiaojiang Chen, we’ve obtained the first two X-ray crystal structures for APOBEC proteins, Apo2 and the Apo3G catalytic subunit. 
5a.	Bransteitter, R., Pham, P., Scharff, M. D., and Goodman, M. F.  Activation-induced cytidine deaminase deaminates deoxycytidine on single–stranded DNA but requires the action of RNase.  Proc. Natl. Acad. Sci. USA 100, 4102-4107 (2003).
5b.	Pham, P., Bransteitter, R., Petruska, J., and Goodman, M. F.  Processive AID-catalyzed cytosine deamination on ssDNA simulates somatic hypermutation.  Nature 424, 103-107 (2003).
5c.	Prochnow, C., Bransteitter, R., Klein, M. G., Goodman, M. F., and Chen, X. S.  APOBEC2 Crystal Structure and Functional Implications for AID.  Nature 445, 447-451 (2007).	
5d.	Mak, C. H., Pham, P., Afif, S. A., and Goodman, M. F. A Mathematical Model for Scanning and Catalysis on Single-stranded DNA, Illustrated with Activation-induced Deoxycytidine Deaminase. J. Biol. Chem. 288, 29786-29795 (2013).


Complete List of Published Work in MyBibliography: 
http://uscnorriscancer.usc.edu/Publicationviewer/AuthorListView.aspx?Author=81







D.  Research Support

ACTIVE
1 P01 CA105010-05 (M. F. Goodman, PI)	8/15/08-8/31/18	
NIH/CA	
DNA Polymerase Fidelity Mechanisms: Theory and Experiment
The major goals of this program project are to combine structural information on DNA polymerases with theoretical computational analysis and presteady state kinetic analysis to determine the atomic and molecular basis of DNA polymerase fidelity.  There are three senior investigators (M. F. Goodman, PI; A. Warshel, Sr. Investigator; S. H. Wilson. Sr. Investigator), three consortium participants (J. Florian, Loyola U; J. Sweasy, Yale), three projects, two scientific cores and one administrative core.  Project 3, “Kinetic Analysis of Normal and Error-prone DNA polymerase Fidelity Mechanisms”, is to study the mechanisms responsible for the fidelity of DNA synthesis by human DNA polymerase , using presteady state kinetic analysis.  Project 3 proposes to test quantitative predictions stemming from Project 2, “Computer Simulation Studies on the Origin of DNA Polymerase Fidelity”, A. Warshel, Sr. Investigator, and the data obtained from Project 3 will be used to refine the theoretical models. A principal goal of the integrated program project is to design dNTP analogs that selectively inhibit pol  activity. The use of these analogs provides a powerful new strategy to strongly enhance the efficacy of DNA intercalating antitumor compounds that are rendered useless by their removal during base excision repair by pol .   

	1 R01 ES013192-10 (M. F. Goodman, PI)	8/1/09-7/31/15	
NIH/ES	
Biochemical Basis of Somatic Hypermutation
The major goals of this project are to determine how activation-induced cytidine deaminase (AID), which is required for both class-switch recombination and somatic hypermuation, acts to target mutations to the variable region of immunoglobulin genes to generate high affinity antibodies.  Somatic hypermutation requires active transcription, and an important goal is to reconstitute somatic hypermutation using purified protein components in vitro to study the action of AID on DNA undergoing transcription. The involvement of APOBEC dC deaminases AID, Apo3A, and Apo3B in human cancer, caused by inadvertent hypermutation in the genome, is a new avenue of research. 

	9 RO1 ES012259-25 (M. F. Goodman, PI)	4/1/08-5/31/18	
	NIH/ES					
	Biochemical Basis of SOS-Induced Mutagenesis
The major goals of this project are to determine the biochemical basis for SOS-induced error-prone repair in E. coli, involving DNA polymerase V, and to determine the role of DNA polymerase II in replication and repair DNA synthesis.

[bookmark: _GoBack]	2 R01 GM 21422-38 (M. F. Goodman, PI)	12/1/99-11/30/15		
	NIH/GM
	Error Correction in DNA Synthesis: A Biochemical Study		
This project is focused on identifying activated and deactivated conformational states of a new form of E. coli DNA polymerase V that we identified in 2009, which contains RecA•ATP as an integral component in a stable enzyme complex, pol V Mut (UmuD’2C-RecA•ATP). This study features the incorporation of non-canonical amino acids site-specifically within each subunit of pol V Mut to which fluorescent probes are attached. This strategy is used throughout the proposal to identify interacting subunit surfaces, via photo-crosslinking, and to investigate the mechanisms of polymerase activation, DNA synthesis, deactivation and reactivation, using stopped-flow FRET and rotational anisotropy analyses.
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