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1. ICTP workshop on Structure and Function of Biomolecules, Trieste 1998.

2. INFM National Meeting on Computational Methods in Biological Systems, Catania, Italy 1999.

3. CECAM - PsiK workshop on Ab-initio modelling in the biological sciences, Lyon, France, 2001.

4. ICTP Conference on Interaction and Assembly of Biomolecules, Trieste 2001.
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6. CECAM workshop on ‘Ion Channels: from Biology to Physics’, Lyon, France 2002.
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INVITED LECTURES

In Conferences
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1. Workshop on Advanced Calculations in Chemistry, Montelivretti, Italy 

1993

2. SISSA Discussion Day, SISSA, Trieste, Italy. 

1994

3. September: European Bioinorganic Conference (EUROBIC II), Florence, Italy.

1995

4. June: ICTP International School of Computational Material Science, Trieste, Italy.

5. September: Italian National Congress of Crystallography, Taormina, Italy. 

1996

6. August: European Bioinorganic Conference EUROBIC III, Noordwijkerhout, The Netherlands. 

1997

7. March: NATO Advanced Workshop - Molecular Modeling and Dynamics of Biological Molecules Containing Metal Ions, S. Miniato, Italy

1998

8. May: CECAM Workshop on Combined Quantum Mechanical -Classical Hybrid Methods for the Simulation of Chemical Reactions, Lyon, France.

9. June: CECAM Workshop on Computational Exploration of Energy Landscapes in Protein Dynamics, Turin, Italy.

10. August: European Bioinorganic Conference (EUROBIC IV), Sevilla, Spain.

1999

11. January: Car-Parrinello Molecular Dynamics Conference, Schloss Ringberg, Munich, Germany 

12 .March: XVIII Congress of Theoretical Physics, Fai Della Paganella, .Italy 

13. July: CECAM workshop on Molecular Dynamics Simulations of Lipid Membranes and Membrane Associated Proteins, Lyon.

14 August: ICTP Workshop on Calculation of Material Properties Using Total Energy and Force Methods and ab initio Molecular Dynamics, Trieste, Italy.

15. September: Fifth European SGI/Cray MPP Workshop, Bologna, Italy 

2000

16. March: International Conference on Research Trends in Science and Technology, Beirut, Lebanon.

17. March: 15 Years of Car-Parrinello in Physics and Chemistry, Minneapolis, USA.

18. August: Psi-k 2000 Conference, Schwabisch Gmund, Germany. 

19. August: Statistical Mechanics of Complex Systems Conference, Bled, Slovenia.

20. October: CECAM workshop on Molecular modeling methods for the development of NMR in structural biology, Lyon, France.

2001

21. January Car-Parrinello Molecular Dynamics Meeting, Schloss Ringberg, Germany.

22. March: 2001 International Conference on Computational Nanoscience, Helton Head Island, SC, USA.

23. April: American Chemical Society Meeting, S. Diego, CA, USA.

24. June: CECAM workshop on New methods for combining Born-Oppenheimer ab initio calculations and empirical force fields in large scale simulation studies, Lyon, France.

25. June: Thirteenth Annual Workshop on Recent Developments in Electronic Structure Algorithms, Princeton, NJ, USA.

26. June: International Workshop on Protein Folding, Structure and Design, ICTP Workshop, Trieste, Italy.

27. September: 9th Swiss Workshop of Methodology in Receptor Research, Zurich, Switzerland.

28. October: ICGEB meeting on The Biology of the Post-Genomic Era, Trieste, Italy.

29. November: Workshop on Modeling Quantum Chemistry, Molecular dynamics and Spectroscopy of Blue Copper proteins and Their Protein Matrices, Leiden, The Netherlands.

2002

30. January: School on Biophysics: Water in Biomolecules, Venice, Italy.

31. March: US-Italy Workshop on Frontiers in Materials Research, Nanoscience and Nanotechnology Washington, DC, USA.

32. June: Italian Chemical Society Meeting, Verona, Italy.

33. July: Quantum Bioinorganic Chemistry Conference, Lund, Sweden.

34. August: WATOC Conference, Lugano, Switzerland.

35. September: EURESCO Conference on Computational Biophysics: Integrating Theoretical Physics and Biology, San Feliu, Spain.

36. December: COFIN meeting: Inorganic structural biology in the post-genomic era: methodologies and targeting, Florence, Italy.

2003

37. January: ICTP XI International Workshop on Computational Physics and Material Science: Total Energy and Force Methods, Trieste, Italy

38. July: Second Joint French - Swiss Meeting on Medicinal Chemistry, Beaune, France. 

39. September: Biocrystallography course: from gene to drug, Trieste, Italy

40. September: Workshop on Ab initio Electrons Excitations Theory: Towards Systems of Biological Interest, San Sebastian, Spain.

41. November: Argentine Chemical Society: Meeting of the Organic Chemistry Section, Rosario, Argentina.

42. December: Italian Chemical Society: Meeting on the Computational Chemistry Division, Siena, Italy

2004

43. March: EURESCO Conference on molecules of biological interest in the gas phase, Exeter, UK.

44. June: Workshop on Mathematical Virology, Oxford, UK.

45. June: Workshop on Soft Matter Physics, Dubrovnik, Croatia.

46. July: EMBO School of Biophysics, Verona, Italy.

2005

47. March International Conference on Research Trends in Science and Technology, Beirut, Lebanon.

48. March ACS National Meeting, San Diego, CA, USA.

49. April Workshop on Biophysics, Oxford, UK. 

50. May: Workshop on Beta-Lacamases, Leonessa, Italy.

51. June: Workshop on Drug Design, Siena, Italy.

52 July: ERICE School CSCM 2005, Erice, Italy.

53. August: Telluride Workshop on Protein Dynamics, Telluride, CO, USA.

54. August: ACS National Meeting, Washington, USA.

55. August: Nancy EUROCHEM conference, Nancy, France.

56. September: Biomolecular Simulations 2005 Meeting, Bordeaux, France.

57. September: CPMD Meeting, Ascona, Switzerland.

58. November: Biological Dynamics: from Molecules to Cell, Amsterdam, The Netherlands. 

59. December: Pacifichem, Honolulu, Hawai, USA.

2006

60. March: CINECA Meeting, Bologna, Italy. 

61. June: ICTP Conference on Drug development for the third world, Trieste, Italy.

62. June: Trieste Conference on van der Waals Interactions, Trieste, Italy.

63. July: Varenna School on Protein Folding and Design, Varenna, Italy.

64. August CCP 2006: Conference on Computational Physics, Gyeongju, Korea.

65. October: CECAM workshop on Recent Advance in Modeling DNA, Lyon, France

66. November: Argentinean National Biophysics Conference, Rosario, Argentina.

67. November: NMR Meeting of the Argentinean Biophysics Society, Rosario, Argentina.

68. November: EURESCO CONFERENCE on Inorganic Chemistry: Metal-Nucleic Acid interactions, Athens, Greece

2007

69. January: ‘Winter School on Physical Organic Chemistry’, Bressanone, Italy

69. April: Ab initio modeling of Biomolecules: Towards Computational Spectroscopy, Rome, Italy

70. May: International Drug Discovery Science and Technology (IDDST)Conference, Shangai, China.

71. August: Conference on Mathematical Virology, Edimburgh, UK.

72. September: CCP 2007: Conference on Computational Physics, Bruxelles, Belgium.

73. September: CECAM workshop Ionic Transport: from Nanopores to Biological Channels, Lyon, France.

74. September: International Conference of Computational Methods in Sciences and Engineering, Corfu, Greece

75. September: 2nd Opatija Meeting On Computational Solutions in the Life Sciences,Opatija, Croatia.

78. November: 5th Anniversary Congress of International Drug Discovery Science and Technology, Xi’an, China.

2008 

79. April: MGMS Spring Meeting: Bio-inorganic Chemistry, Cardiff, UK.

80. June: Drug Design and Discovery for Developing Countries, Trieste, Italy

81. June: Pushing the Boundaries of Biomolecular Simulations", Ascona, Switzerland

82. July: 1st World Summit on Antivirals, Kunming, China

83. September: 6th Congress on Electronic Structure: Principles and Applications - ESPA 2008, Palma de Mallorca, Spain.

84. October: 6th International Drug Discovery, Science and Technology (IDDST 2008), Beijing, China

85. December: Ab Initio Modelling in Applied Biosciences: Structure, Dynamics and Function, Uppsala, Sweden
86. December: ‘Winter Modeling 2008, Pisa, Italy

2009 

1. January : ‘Biomolecular Simulation Meeting 2009’, York, UK


2. June: ‘2nd Conference on Drug Development for the Third World: from Computational Molecular Biology to Experimental Approaches’, Trieste, Italy.

3. June: Training Course on Design and Discovery of Potential Drugs for Developing countries, Trieste, Italy

90. July: Gordon conference on Time-Dependent Density-Functional Theory Colby-Sawyer College, New London, NH, USA.

91. July: BIT Life Sciences' 2nd Annual World Summit of Antivirals, Beijing, China

92. July: 5th CBM Summer School on Personalized Medicine 2009 - "Nutrition and Health", Trieste, Italy

93. August: La Habana, Cuba Escuelas iberoamericanas de quimica computational y diseno molecular, La Habana, Cuba

94. August: 7th Seminars of Advanced Studies on Molecular Design and Bioinformatics: Molecular Interactions, Varadero, Cuba

95. October: Summer School on Dopaminergic Neurons, Trieste Italy

96. October: KITP Program: Excitations in Condensed Matter: From Basic Concepts to Real Materials, Santa Barbara, CA, USA.

 

In Universities and Research Institutes.

1995 

1. August: Pharmacy Department, ETH, Zurich, Switzerland. 

1996:

2. September: The Beckman Institute of the University of Illinois, Urbana-Champaign, IL, USA 

3. November: C4 Workshop -Use of Fast Computers in Molecular Chemistry - ETH, Zurich, Switzerland.

1997

4. February: Chemistry Department, Dortmund University, Germany

5. October: Biophysics Department, ETH, Zurich.

1998

6. January: Joint ICTP/SISSA Condensed Matter Seminar, Trieste;

7. July: Institute of Structural Biology Jean-Pierre Ebel', Grenoble, France. 

8. October: National Institute of Chemistry, Lubljiana, Slovenia

9. October:Department of Chemistry, University of Zagreb, Croatia. 

1999

10. January: Chemistry Department, Trieste University, Trieste.

11. July: The Beckman Institute of the University of Illinois, Urbana-Champaign, IL, USA.

12. July: Department of Theoretical Biophysics, Los Alamos National Labs, Los Alamos (NM), USA

13. July: Chemistry Department, University of Princeton, Princeton (NJ), USA; 

14. September: Biophysics Department, University of Rosario, Argentina,

15. September: Chemistry Department, University of Buenos Aires; Argentina. 

16. December: Chemistry Department, University of Siena, Siena, Italy. 

2000: 

17. March: Physics Department, UCSD, San Diego, CA, USA

18. March: Chemistry Department, UC Irvine, CA, USA.

19. March: The Beckman Institute of the University of Illinois, Urbana-Champaign, IL (USA)

20. April: Physics Department, University of Padua, Italy.

21. June: National Institute of Chemistry, Ljubljana, Slovenia.

22. July: Fritz-Haber Institute, Berlin, Germany.

22. September: Pharmacy Department, University of Madison, WC, USA.

23. October: Departmentt of Biology, University of Osnabrueck, Germany.

24. December: Department of Physics, University of Florence, Italy.

2001

25. March: Department of Biophysics, Wesleyan University, Middletown, CT, USA.

26. March: Chemistry Department, Univ. of Pennsylvania, Philadelphia, USA.

27. July: Department of Physics, University of Modena, Italy.

28. October: Chemistry Department, University of Lund, Sweden

2002

29. March: Glaxo Research Center, Verona, Italy.

30. September: Deptarment of Pharmacy, Genome Bioinformatics Research Laboratory, University Pompeu Fabra, Barcelona, Spain

2003

31. March: Venetian Institute of Molecular Medicine, Padua, Italy.

32. May: Department of Physics, University of Modena.

33. June: C4 Workshop -Use of Fast Computers in Molecular Chemistry - ETH, Zurich, Switzerland.

34. November: Department of Biophysics, University of Rosario, Argentina

2004

35. March: Department of Physics, University of Modena, Italyt.

36. March: Department of Chemistry, University of Palermo, Department of Chemistry

37. April: Italian Research Council, Pisa, Italy

2005.

38. March: Derpartment of Chemistry, Universiity of Cambridge, UK.

39. April: Department of Chemistry, University of Lubiana, Slovenia.

40. June: University of Linz, Austria.

2006. 

41. December: Department of Chemistry, University of Sussex, UK.

2007. 

42. February: Department of Physics, University of Ho-Chi-Min-City, Vietnam.

2008. 

42. February: Swinburne University, Melbourne, Australia

1. September: Scuola Normale Superiore di Pisa, Pisa, Italy

2009. 

1.  February: Swinburne University, Melbourne, Australia

2.  April: University of Catania, Italy

3.  October: University of Bari, Italy

TEACHING EXPERIENCE 

I started to teach graduate students when I joined SISSA in 1998. These are the course I have been giving:

(i) Computational Physics (15 hours): principles and applications of ab initio and classical molecular dynamics simulations, electrostatic modeling and molecular docking.

(ii) Molecular Biophysics (15 hours). Physical basis of biomolecular structure and function in the context of cellular processes.

SUPERVISED STUDENTS

-Supervised the undergraduate students:

Frank Alber (1996); Matteo dal Peraro (2000);Pietro Vidossich (2002);Paola Lupieri (2006); Michela Candotti (2007)

-Supervised the PhD Students: 

Frank Alber (1996-1998); Lorenzo de Santis (1997-1999); Leonardo Guidoni (1998-2000);Stefano Piana (1998-2000);Sergio Pantano (1999-2001); Maria Lore Sulpizi (1999-2001);Giovanni Settanni (1999-2001); Valeria Costa (1999-2002); Marco Punta (1999-2002); Matteo dal Peraro (2000-2004); Katrin Spiegel (2000-2004); Michele Cascella (2000-2004);Alejandro Giorgetti (2000-2004);Pietro Vidossich (2001-2006); Marco Berrera (2002-2006) Marilisa Neri (2003-2007);Giacomo Fiorin (2003-2006), Vincenzo Carnevale (2003-2007); Kamil Khafizof (2003-2008); Fernando Herrera (2004-2008); Attilio Vargiu (2003-2008). Agata Kranic (2004-2008); Fabio Simona (2004-2008);Leonessa Leone (2005-2009); Rolando Hong (2005-2009).

Current Supervising the PhD students: 

Guilia Rossetti (2006-); Valeria Lo Sasso (2006-);Salvatore Bongarzone (2006-), GianPaolo Chiriano (2007-); Trang Do (2009-), Chuong Nguyen (2009-); Chao Zhang (2009-); Qui Vo Cam (2009-), Hai Ngyuen (2009-).

POSTDOCS IN MY GROUP 

Frank Alber(1998-2000); David Frygyes (1999-2000); Andrea Cavalli(2000-2001); Claudio Anselmi (2003-2004);Jurai Kona(2005-2007); Arturo Robertazzi (2007-2009)

Emiliano Ippoliti (2007-), Yana Vereshchaga (2009-), Emmanuella Lima (2009-)

VISTING PROFESSOR EXPERIENCE

-Eight lectures on 'Molecular Modeling of Biological Systems', at the Department of Biophysics, University of Rosario, Argentina, September 1999.

-Eight lectures on ‘Protein Physics’ at the Department of Physics, University of Modena, Italy, March 2004.

-Three lectures on “ Principles and Applications of Biomolecular simulation””, Department of Physics, Hanoi University, February 2007

-Eleven Lectures on ‘Molecular Biophysics and Molecular Simulation’ Department of Physics, National University of Vietnam, Ho-Chi-Min-City, Vietnam, February 2008,

-Ten Lectures on “Biomolecular Simulation” at Swinburne University, Melbourne (February 2009) – funded by the Visiting Distinguished Researcher Awards- Swinburne University 2009

EXTERNAL EXAMINER EXPERIENCE

External examiner for the PhD thesis of: (i) E. Sigfridsson, Department of Chemistry, Lund University, Sweden (2002); (ii) Davide Provasi, Department of Physics, University of Milano, Italy (2002); (iii) Lars Olsen, Department of Mathematics and Physics, The Royal Veterinary and Agricultural University, Frederiksberg, Denmark (2003). (iv) J. Raber, Uppsala, Sweden, July 2007.

HIRING COMMITTEE EXPERIENCE

External member for hiring a full professor in theoretical biophysics at the University of Linz (Austria), October 2008.
1.2 Topic (Thema)

Current flow through a single channel protein of known structure, analyzed with multi-scale modeling. These include free energy calculations based on hybrid ab initio QM/MM methods, force-field based all-atom molecular dynamics, reduced theories including DFT-PNP (Density Functionals of Fluids-Poisson-Nernst-Planck), and Energetic Variational Calculus.

1.3 Code name (reference) (Kennwort)

 CHANNELSIM

1.4 Scientific discipline and field of work (Fachgebiet und Arbeitsrichtung)
Computational Physics of Ion Channels  

1.5 Scheduled total duration (Voraussichtliche Gesamtdauer) 

The project is designed for a total period of four years.
1.6 Application period (Antragszeitraum)

The grant is requested for a period of three years.

1.7 Previous Grant (Bisherige Bewilligung)

No previous grant. The main applicant has just moved to Germany from Italy.

1.8 Summary (Zusammenfassung)

Ion channel proteins provide an extraordinary opportunity to combine computations with physical and structural measurements on single protein molecules to provide important biology [1-10].

These proteins are the “nanovalves of life” controlling an enormous range of biological functions in health and disease much as the way transistors control computers [11]. Consequently, there is an enormous interest in the technological exploitation of ions in nanochannels in the world of electrochemistry and chemical engineering. There is even greater interest in manipulating channels in clinical medicine, since such a wide variety of diseases is caused directly by channels [12]. Indeed, few diseases or drug responses are not mediated by ion channels. Billions of dollars are spent in the health industries every year manipulating ion channels with drugs or other clinical interventions. 
Ion channels share common themes; insights into selectivity and gating mechanisms in one channel are likely help understanding hundreds of other channel types. Because of their importance, thousands of biologists study ion channels every day applying the powerful tools of molecular biology to describe and manipulate these molecules. However, research has been hampered by the lack of structural information, and thus the difficulty of doing atomic scale simulations. The study of the few channel proteins with known structure has not been as helpful as one would have wished. Indeed, experimental difficulties have prevented the measurement of current through single channel molecules in a sufficiently large number of ionic solutions, and consequently a reasonable comprehension of their functional mechanisms. To advance in our understanding it is therefore crucial to link structural and molecular biologists to groups involved in molecular simulation. 

In this respect, the porin NanC from E. coli is really an excellent system to work with. NanC is a bacterial porin easily induced by N-Acetylneuraminic acid involved in the transport of acidic sugars found in the outer membrane of E. coli. 

The protein allows for permation of Na+, K+ and Ca2+ ions, essentially in a nonspecific way (Tilman Schirmer, Biozentrum, Basel, personal communication) [13]. 

The structure of the protein has recently been determined at high resolution by Schirmer and his co-workers [14]. It is closely related to other porins: it is a beta-barrel with side chains pointing into the pore that make it quite narrow (a good estimate of the inner radius is 0.4 nm). Several negatively charged residues (D125, D109, D131, E17, E186, D188, D4) are located inside the pore and form a putative binding site of the permeation cations (K+, Na+, Ca2+) [14].

The protein forms single channels, unlike other porins, e.g. OpmF, which form trimers [15]. This reduces enormously the complexity of the physiological and computational analysis related to the gating state of each unit. It also reduces to a great deal convergence issues in any numerical computation of ion permeation, because a beta-barrel is expected to be more rigid than alpha proteins – the most common architecture in ion channels for which structural information is available [16]. 

Prof. Eisenberg [17-20], a key collaborator in this project, has an extensive experience with ion channels. When studying single channels, there are always substantial problems inserting in a reproducible way the stable form of a channel protein into the lipid bilayer. Issues related to the control of the closing and opening with bacterial proteins introduce additional problems. Eisenberg’s group has been able to overcome insertion problems, and can reliably control the gating and record routinely single channel currents in a variety of solutions (unpublished data; See Appendix: experimentation is extensive and has already shown the channel to be easy to insert into bilayers, robust once inserted, easily controlled, and easy to deal with in general.). 

In addition, mutations of NanC channel that allow control of the chemistry and physics (electric charge) of the side chains lining the pore of the protein should be straightforward, as they are in other porin systems. Therefore, mutations will be designed to test the computations proposed here. A molecular biologist with considerable experience with mutagenesis techniques (Wayne Chen of the University of Calgary) has recently set up a laboratory in Bob Eisenberg’s department (spending ~20% of his time there). He and his collaborator (Andrea Koop) are eager to make the mutations and work has already started. Tilman Schirmer will crystallize those mutants with interesting function and then determine their structures with crystallographic methods, which he helped create.

Thus, the stage is really set for a complete calculation of the energetics associated with ion permeation, using the tools of quantum and molecular mechanics available in Paolo Carloni’s group.  We will focus here on the permeation of Na+ and K+ ions, as these ions are much easier to study computationally than Ca2+ [21,22].

The work will be complemented by and will profit enormously from the theoretical tools of Bob Eisenberg and his collaborators. These include Monte Carlo simulations (Dezső Boda, et al), Density Functional of Fluid-Possion-Nernst-Planck theory (DFT-PNP theory, Dirk Gillespie, et al), and the recently developed energetic variational calculus (EnVarA, Chun Liu, et al).  The theories will be used to calculate the current through the channel for different voltages across the channel and different concentrations of ions on both sides of the channel. Methods for doing this have been worked out in a series of some 40 papers by Dr. Eisenberg, Dr. Gillespie and their collaborators. The current voltage measurements can be converted to estimates of selectivity by standard experimental methods discussed in Hille’s book and used since Hodgkin and Huxley. The free energy of binding (one of the underlying thermodynamic variables determining selectivity) will be calculated directly by well-established Monte Carlo, DFT-PNP, or EnVarA methods documented in some 40 publications for L type calcium channels, ompF mutated calcium channels, sodium channels, and Ryanodine channels in native and mutated forms. In an ideal world, the energies would correspond precisely to the freee energies of permeation determined from MD and Quantum Chemical methods under the same conditions. The deviations that will in fact occur are the “meat and potatoes” of this proposal. Understanding them will lead to understanding of each of the methods, and of the channel itself. previse Then, using theory and experiments, we will attempt at engineering the protein so as it behaves as a Na+ channel. The principles of engineering the Na channel are already clear (reproduce the fixed charge pattern and excluded volume of DEKA in existing Monte Carlo simulations). The high resolution method will show what atomic features are needed and how to make them.
To implement such an ambitious program, support is needed for the computational groups and for exchange with the experimentalists involved. 
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2. State of the art, progress report (Stand der Forschung, Arbeitsbericht)
2.1 State of the art (Stand der Forschung)

1) Atomistic simulations
Molecular Dynamics (MD) simulation is a powerful tool for studying chemical and physical properties of biomacromolecule [1]. It helps to refine the structures obtained from experiments, like X-ray crystallography or nuclear magnetic resonance (NMR), and to extract the thermodynamics properties of the system, as well as to investigate the dynamics/kinetics of protein and reactions mechanism inside the catalytic pockets [2].

The methods of MD in different flavors ( coarse grained (GC) [3, 4], all-atom molecular mechanical (MM)[5-8], quantum mechanical (QM) [9-12] as well as hybrid QM/MM [13-18] and CG/MM approaches [19] ( have been used extensively by Paolo Carloni to analyze biological systems. In particular, a significant portion of its efforts has been devoted to ion channels [20-27] at and just as importantly the ions that interact with channel proteins to perform their biological function of carrying current. Paolo Carloni has enormous experience with the various programs available because he has had a group of some 25 extraordinary students (chosen competitively from the whole world) working with him daily for many years in SISSA, Trieste, Italy who have tried these programs on many different systems. Perhaps no one else in the world has had such intense experience with such a wide variety of programs. The focus forced by teaching naïve but brilliant students to apply these packages to particular problems was unique. The experience acquired in the strengths and weaknesses of the software systems is incomparable.

He has of course developed his own approaches as well, emphasizing the use of quantum mechanics to extend and where necessary replace the approximations of molecular mechanics [13-18].

Paolo Carloni and his collaborators are also very familiar to statistical mechanics approaches to free energy calculations. He has used thermodynamic integration and on metadynamics on a variety of systems, together with both classical MD [28-30] and QM/MM methods [13, 31, 32].

He has recently become interested in the vital but (relatively) neglected area of simulations of ions, stimulated by discussions and interactions with Bob Eisenberg, who has studied the flow of ions through tissues, cells, membranes, and now protein channels in his long career. Ions in water are “the liquid of life” and it is the interaction of these ions and proteins that performs most of life’s functions. Understanding ions without proteins is obviously uninteresting; understanding the protein without the ions is also limiting, since experiments generally show profound effects of ion type and concentration on protein function. For instance, biochemists routinely change the ionic strength of the solution to change the affinity between proteins in protein aggregates. Limitations in computational power made it natural to ignore this experimental fact, but those limitations have dissolved and the important role of interactions can now be studied. 

Ion channels are an ideal place to learn how these interactions occur and to learn to control them so we can use them for our benefit. Measurements can be made one channel protein at a time; current voltage measurements are equivalent to many (typically 8) measurements of biochemical rates of reaction, because changing electrical potential changes thermodynamic force as does changes in concentration. Ion type and concentration can be changed with relative ease. And as already discussed, simulation, theory, and structure are available in favorable cases.

Free energy profiles (PMFs) have been calculated for different kinds of permeating species through biological pores, including, e.g., K+ ions through the KcsA channel (33), water and glycerol through aquaporins and aquaglycero- porins (34–36), and ammonia through AmtB (3, 38), phosphate passing OprP [39]. The free energy barrier determines the selectivity of ion channels. The factors contribute to the final free-energy profiles of ion translocation are the intrinsic solvation properties of alkali metal ions [27,40], the local electrostatic and dynamics of the protein channel [41], as well as polarization [42] and charge transfer effect [43] along the permeation process. In addition, the ion-ion correlations inside the channel also account for the free energy properties of ions [44]. Classical MD will help to investigate the electrostatics and local dynamics of residues inside the channel, whereas QM/MM simulations will provide the venue to probe the many-body effect for ion selectivity [45, 46]. 

2) Variational Theories
Despite the obvious need for their study, proteins and ion channels pose a formidable multi-scale computational problem. Structural details of 0.1 nm or less control biological functions that start in µsec, last to milliseconds, seconds, or even years. Atoms move significantly in less than 10-16 sec and their positions are usually need to be computed on that time scale in simulations. The bridging of this gap of time scales is the central problem of computational (molecular) biology, in our view. One way to proceed is to construct reduced models of the energetics of atomic structures, in the spirit (but not with the methods) of thermodynamics, using modern variational methods to deal with the myriad of interactions, components and forces involved. Density Functional Theory of fluids has been extended to allow such treatments successfully [45-59] and will be used here. Energetic variational analysis has been developed by applied mathematicians to deal with the movement of droplets and balls in the complex environment of Navier Stokes fluids, which can flow in waves and spray, and can be computed successfully in that full detail. Chun Liu is the leader in this extraordinary mathematics [62-83] and he and Bob Eisenberg are using EnVarA (Energy Variational Analysis) to compute selectivity and time dependent current flow through channels. One of the great advantages of EnVarA is that it is an approach and not a theory. It is easily extended to include ANY system for which the energy functional can be written. Thus, as Carloni’s simulations mature, energy terms can be included in the variational analysis to describe the quantum and molecular motions that he identifies as important for channel function. 

2.2 Preliminary work (Eigene Vorarbeiten)

We have accumulated the experiences to study ion permeation in channels using an arsenal of theoretical and computational approaches. These include: classical (i.e. force-field based) molecular dynamics [26-27], first principle molecular dynamics and QM/MM [25, 43], Monte Carlo simulations [82-90], classical Density Functional and Possion-Nernst-Planck (DFT-PNP) theory [93-95]. 

We have performed the free energy calculations by classical MD simulation to assess non-ideal properties of commonly used ion models (Na+, K+, Cl-) along the increasing of ionic strength [44]. We found that the ion models obtained in the infinite dilution regime or neglecting ion-ion correlations do not properly reproduce excess chemical potential differences of single ionic species at finite ionic strength. As the ionic strength inside the channel can be much one or two magnitude higher than 150nM in the cytoplasm, the accuracy of force field based free energy calculations are a concern in studies of cation channels. This calls for the application of QM-based methodologies, which may overcome some of the limitations of force field based methods [2], although coming, of course, to a much larger computational cost. At the same time, the DOPC lipid bilayer [96], which is commonly used in experiments (included also those performed here), has been setup and tested. 
As the Energy Variational Approach is not well known in biology and our first papers in the field are just being completed on the subject so some details are required.  They are reported in the Appendix.

The crucial structural work at 1.8 Å atomic resolution is newly published [97]. The all-atom model is being built based on the X-ray structure.

The preliminary experimental work on single channel current measurement is reported in appendix.  It can be summarized here  
1. The experimental system of NanC porins in artificial bilayers is feasible, robust, and productive. Unlike many other systems involving channel proteins, stable recordings are possible for hours, with reproducible properties, and easy insertion of the protein.

2. Ion permeable channels are readily observed, solutions are easily changed and conductance over a range of voltages can be measured with reproducibility of better than 2% from day to day or week to week.
3. Gating can be controlled by voltage. The channel is normally open most (e.g., 80%) of the time, with enough closed time to clearly establish the “baseline” but with enough open time to allow efficient measurement
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3 Goals and work schedule (Ziele, Arbeitsprogramm) 
3.1 Goals (Ziele)
The ultimate goals of our project are: 1.  To have a complete understanding of how Na+ and K+ ions permeate through the NanC porin. 2. To engineering protein mutants that are more selective for Na+ than K+.
3.2 Work schedule (Arbeitsprogramm)

In the whole period of this project, we intend to study the energetics associated to permeation of Na+ and K+ ions in the bacterial porin NanC. We will focus on free energy calculations, which is in the central quantity for a quantitive understanding the biochemical physics of ion permeation and selectivity. In addition, using simplified models, we will provide an understanding at a molecular level for ion conductance in bacterial porin. 

The following multi-scale framework will be used:

 (i) Energy Variational Analysis (EnVarA) 

 (ii) all-atom Molecular Dynamics (MD)

 (iii) Quantum Mechanical/Molecular Mechanical (QM/MM) simulations. 

(i) A reduced structural model will be constructed at several resolutions giving the spatial variation of charge and the shape of the channel’s pore. The structure will be implemented as a volume distribution of permanent charge, excluded volume, with side chains mobile within certain regions, as has been done for some years in Eisenberg’s group. Both Lennard Jones and Density Functional representations of excluded volume will be used. Computations will proceed by solving the Euler Lagrange equations in the EnVarA method [1] described in the Appendix under a range of ionic conditions, yielding current-voltage curves. Examination of the potential at which current of individual ions is zero will allow extraction of tradition measures of the free energy of ‘binding’ under those conditions. The ion conductivity and current-voltage curves, calculated from explicit channel simulation with constant external electric field approximation [2-4] will be compared with single channel measurements under the same conditions, as well as the results from EnVarA method.

(ii) The same channel will be simulated at all-atom level with explicit DOPC lipid bilayer, SPC water and ions by classical MD. The lasted GROMOS96 fore field will be used for its improved lipid-protein interactions [5] and compatible with QM/MM interface addressed in the text section.


The following issues will be addressed:

· Outer mouth loops 

The L2 loop (HIS43-LEU52) in the NanC X-ray structure is lacking. This indicates the strong structural flexibility of this part in the molecule. We will model first the missing loops and thereby investigate the dynamics of outer mouth loops. The focus will be on how cations bind to the negative charged residue GLU44 and ASP48 in L2 loop and how the mobility of these loops influences ion permeation.

· Ion permeation and selectivity

The free energy barrier determines permeation and selection of K+ and Na+ ions through protein channel. We will calculate the free-energy profile of ion permeation under different ionic strength as a function of a single specific reaction coordinate, as similar ways done in ref. [6-11]. That is the z - component of the vector connecting the center of mass of single cation from the centroid of the channel:

[image: image1.png]



Chart I: 1-D reaction coordinate of ion permeation.

The free energy of ion permeation can be evaluated by integrating over x-y degrees of freedom, i.e. 
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. The position of ion in x-y plane is determined by the radius of pore. The radius of NanC is relative wider (~1.3nm in the periplasmic outlet and with mininum ~ 0.3nm) and lined largely by side chains comparing with the selectivity filter of KcsA channel, which is narrow (radius about 0.2nm) and lined by backbone carbonyl groups [6].  The single reaction coordinate free energy profile will provide sufficient insight about the molecular basis of ion selectivity. However, the mechanism of ion permeation may require additional reaction coordinates, e.g. hydration number [7]. 
 The free-energy profile will be then calculated here using the free energy methods umbrella sampling [12] and metadynamics [13].  

Umbrella sampling calculations apply a harmonic biasing potential..  on a single cation in each window 
[image: image3] along reaction coordinate 
[image: image4]. The force constant K used here will be 
[image: image5]=1000 kJ⋅mol-1⋅nm-2. 104 umbrella windows will be used at 0.05 increments in 
[image: image6]=[-2.6 nm, 2.6nm] spanning the cytoplasmic and the periplasmic sides of NanC. For each window, equilibration will be carried out for 100 ps prior to trajectory collections for the PMF. The final PMF will be reconstructed using the weighted histogram analysis method (WHAM) [14], which yields the best estimation of PMF by taking account of the simulation in each window.  Similar conditions have been used in ref. [7-12].
 Metadynamics consists in a continuous accumulation of a history dependent potential energy that enforces the samplings. The force acting on each atom is corrected by a history dependent contribution, obtained as the derivative of the history dependent Gaussian function 
[image: image7] with respect to a chosen reaction coordinate 
[image: image8]. The time interval between the addition of two Gaussian functions 
[image: image9]= 0.5 ps, the Gaussian height 
[image: image10] = 0.7 kJ/mol, the Gaussian width 
[image: image11]= 0.05 nm. A rigid wall will be inserted at 
[image: image12] = ( 2.6nm for well-defined PMF. Eventually, after exploring all the conformational space along the reaction coordinate, the free energy surface can be easily reconstructed as the opposite of the sum of all Gaussians.  Similar conditions have been used in ref. [15, 16].
This comparative study of PMFs calculated with different methodologies will be useful to assess the (statistical) reliability of the calculated free energies themselves. Agreement between the two methods will allow us to explain the contribution to ion transportation of individual of each residue inside the pore. At the same time, the influence of ion-ion correlation will be assessed.  

All of the calculations will be performed with GROMACS package [17] in our local cluster, which consists of 36 nodes connected by a 40Gbps Infiniband network, each equipped with two 64-bit Quad-core Intel Xeon 5520 Nehalem at 2.93 GHz and 24 GB DDR3 RAM, for a total of 288 cores and 864 GB of RAM memory. 

· Protein engineering for a Na+ selective ion channel

The wild-type bacterial porin normally show weak or non-specific selection for ions [18, 19]. However, site-directed mutagenesis inside porin may be performed to achieve highly selective ion channel.  The all-atom MD simulations and free energy perturbation calculations [20] will assist and guide the mutagenesis work.  The simulations will show which amino acid side chains are in critical positions for permeation. The simulations and free energy perturbation will show the energetic consequences of proposed mutations before they are done. Although the calculations are not trivial, they are cheaper than the months of effort (and thousands of dollars of supplies) needed by experimental “channologists” (i.e., molecular biologists doing the channel mutations). Thus, guidance in choice of mutations from simulations will help the productivity of the experimentalists a great deal. However, one should be clear that the simulations will have a catalytic effect on the experiments but they are not absolutely necessary: one of the great surprises of molecular biology in the last decades has been the success of site directed mutatgenesis designed by qualitative insight provided many mutations are tried and a good assay of success is available. Ion channels in general, and portins in bilayers in particular, have been very successfully analyzed this way (e.g., 
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The NanC system will in fact provide a much better assay (single channel currents) than those used up to now and its robust experimental utility is an important guarantor of the success of the mutations and projects.
(iii) When specific molecular and atomic interactions are found to be important, the full power of quantum mechanical calculations will be focused on the structures involved. 

· XC-functional for predicting ion selectivity

As the crucial step for density-functional based molecular dynamics, the XC-functional need to be validated as a priory. The primary plan is to test the performance of different XC-functionals, including BP86, B3LYP, PBE, PBE0 [21] to calculate the binding enthalpy of K+ and Na+ with crown ethers and N-Methylacetamide (NMA) [22]. The CPMD codes [23] will be used to compute. These two model molecules were chosen base on the facts that crown ether was shown to bind specifically with certain cations [24] and NMA is the simplest molecules containing the peptide linkage [25]. This is putatively a ligand for the metal ions.

· Many-body effects in free energy profile of ion permeation

The ambitious goal of the project is to obtain the free energy profile of the permeation of K+ ion from first-principle simulations. The full quantum mechanical (QM) simulation of a membrane protein system will need enormous computer power even for a few picoseconds. On the other hand, molecular mechanics (MM) has been used on the simulation of non-chemical events of proteins. Therefore, the two approaches can be combined in the so-called hybrid QM/MM simulations, by treating the biologically relevant part of the protein (typically less than 100 atoms) as QM and the rest of the system via MM. The “biologically relevant” part of NanC will include the charged residues responsible for selectivity as well as the cations, counterions and water molecules being transported (Total of about XX ‘QM’ atoms). QM/MM hybrid free energy simulation [26] based on metadynamics [27, 28] will be carried out with the same setup as the classical MD described before. Work together with A. Curioni (IBM Zurich Research Laboratory, Rüschlikon, Switzerland) is being carried out to improve the performance of the QM/MM code on the very large computer facility at Jülich, in a similar way as already done for the previous ultra-dense massively parallel IBM BlueGene/L computer [29]. JUGENE (72 racks with a total of 294,912 cores BlueGene/P system) [30] is the most powerful computational resource in Europe [31], and will allow us to carry out such challenging calculations. This work will provide the first benchmark for free energy simulation of ion permeation in a channel from ab-initio molecular dynamics perspective and illustrate how many-body effects and charge polarization [32] play the role in ion permeation comparing with non-polarizable force field.
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3.3 Experiments with humans (Untersuchungen am Menschen) No experiments with humans are performed in the course of this project.
3.4 Experiments with animals (Tierversuche)

No experiments with animals are performed in the course of this project.

3.5 Experiments with recombinant DNA (Gentechnologische

Experimente)

No experiments with recombinant DNA are performed in the course of this project.

4 Funds requested (Beantragte Mittel) 4.1 Staff (Personalbedarf)
2 employees to be paid according to BAT IIa for two years.

Since our proposal relies on the use of sophisticated techniques requiring considerable personal skill, the schedule assumes an experienced researcher with an appropriate set of already developed skills. It is unlikely that a Ph.D. student could carry out the project within the given time frame. Therefore, two full positions adequate for postdoctoral researchers are requested for a successful completion of the project. One will be involved in classical MD-based free energy calculations and variational theories-based ion current predictions. The second will work on QM/MM-based free energy calculations.

4.2 Scientific instrumentation (Wissenschaftliche Geräte) No funds for scientific instrumentation are requested.
4.3 Consumables (Verbrauchsmaterial)

No Consumables are requested.

4.4 Travel expenses (Reisen)

During the course of this project, we expect the need of frequent traveling in particular of the employees between Chicago, Richland, Aachen-Juelich. We estimate the costs for these visits to be about 8,000 EURO per year.
It will be important for the project leaders to meet at least once a year.

We thus ask for a total sum of

16000 EUR+ MONEY FOR THE TWO POSTDOCS, HEINER COULD YOU HELP US 

4.5 Publication costs (Publikationskosten)

Almost all important scientific journals require publication fees. Therefore, we plan a contribution to publication costs of 200 Euro per year. The rest will be payed by our own fundings.
We thus ask for a sum of

400 EUR

4.6 Other costs (Sonstige Kosten) No funds for other costs are requested.
5 Preconditions for carrying out the project (Voraus- 

setzungen für die Durchführung des Vorhabens)
5.1 Our Team (Zusammensetzung der Arbeitsgruppe)
· Paolo Carloni, GRS, Juelich and University of Aachen

· Chao Zhang (PhD Student), GRS, Juelich and University of Aachen

· Emiliano Ippoliti (Postdoc), GRS, Juelich and University of Aachen

5.2 Cooperation with other scientists (Zusammenarbeit mit anderen Wissenschaftlern)
5.3 Foreign contacts and cooperations (Arbeiten im Ausland und Kooperation mit auslndischen Partnern)
· Prof. Bob Eisenberg, Rush University Medical Center, Chicago
· Dr. John Tang, Rush University Medical Center, Chicago
· Jahnavi Giri, Rush University Medical Center, Chicago
· Dr. Simone Raugei, Pacific Northwest National Laboratory, Richland
No DFG funds for these international partners are requested.

5.4 Scientific equipment available (Apparative Ausstattung)

The usual equipment needed for theoretical studies, such as desktop personal computers and local clusters, is available. The computer time will be supplied by the supercomputer facility of the Forschungszentrum Juelich (JUGENE). Based on the experience we had over the past decade, we are confident that the required computer time to carry out this challenging project is available.
5.5 Our institution’s general contribution (Laufende Mittel für Sachausgaben)
In accordance with the head of the GRS institute (Heiner Muller-Krumbhaar), funding for office equipment, copying, searching literature, etc., is paid from the institute’s general budget.
5.6 Other requirements (Sonstige Voraussetzungen)

None.
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6.3 All co-workers have been informed about this application.
6.4 No applicant belongs to a Max-Planck-Institute.
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Work co-ordinates 

Address
Department of Molecular Biophysics and Physiology 

Rush Medical College

1750 West Harrison, Room 1291 Jelke

Chicago IL 60612

Phone numbers
Voice: (312)-942-6467

Department FAX: (312)-942-8711

FAX to email: (801)-504-8665

Skype Phone Number (708)-459-8089

Email: beisenbe@rush.edu
Short Biography


Bob Eisenberg received his A.B. (summa cum laude) after three years of study at Harvard College with John Edsall as tutor. He started studying electrical properties of cells at that time, working under the direction of John Pappenheimer and Steve Kuffler. He went to University College London for his Ph.D. under Paul Fatt with Alan Hodgkin as his external examiner (and hero!), Bernard Katz as Chairman, and Andrew Huxley as mentor, for many years. Eisenberg’s Ph.D. thesis and later work for a decade or two used engineering methods (impedance measurements) to determine the electrical structure of cells and tissues (skeletal muscle, cardiac muscle, lens of the eye), developing mathematical models to describe the anatomy of the tissue (with the help of Julian Cole and Victor Barcilon), and to measure the structure with statistical sampling methods of stereology (helping Brenda Eisenberg). He served as Chairman of the Physiology Study Section of the NIH for several years, and Director of Research (etc) for the American Heart Association (Chicago Branch). After single channel recording was discovered, he was the inventor and senior designer of the AxoPatch patch clamp amplifier (working with Rick Levis, Jim Rae, and Alan Finkel) which is used by most workers in the field to this day. 


Bob has spent many years on multi-scale analysis of ion channels, seeking to predict the current through the channel, in a range of solutions of different composition, over a range of voltages. Working with Zeev Schuss, he showed how the flux over a potential barrier of arbitrary shape could be evaluated analytically, starting from a description of the stochastic trajectories of diffusion. “Eyring models” of transition state theory arise as a special case, hardly easier to compute than the general formulas. Eisenberg (with Wolfgang Nonner and Dirk Gillespie, et al) has shown how the properties of concentrated bulk solutions (as summarized in the Density Functional Theory of the Liquid State) can account for the selectivity of L-type calcium channels and voltage activated Na+ channels (of nerve membranes for example originally described by effects. Bob (helping Zeev Schuss and Boaz Nadler) has shown how mean field models can be derived from a model of the stochastic trajectories of ions in solution, using the techniques of probability theory and one easily justified physical assumption. 


Bob has also recently

(1) designed selective channels using nonselective bacterial channels (ompF porin) as the ‘substrate’ (with Hank Miedema, et al, from Groningen), 

(2) designed abiotic ionic channels (which Zuzanna Siwy builds), 

(3) helped Weishi Liu apply geometric perturbation theory to ion channels, 

(4) used the mathematics of inverse problems to design the selectivity and permanent charge of channels, assisting Heinz Engl and Martin Burger 

(5) worked with Dezső Boda, Doug Henderson, Dirk Gillespie and Wolfgang Nonner to extend the crowded charge model of selectivity from calcium channels to the Na channel of nerve, showing that the same model can explain both (very different) types of channels without changing any parameters, just by reproducing the mutation (known from experiment) to change one channel type into another, EEEA ↔ DEKA, i.e. Glu-Glu-Glu-Ala ↔ Asp-Glu-Lys-Ala. This work shows that a single model with just one set of never changing parameters can account for the selectivity properties of two very different types of channels (Na channel of nerve and Ca channel of muscle). When the side chains in the channel protein are changed in the model, the protein changes selectivity just as it does in life. This work also reveals simply control parameters for the Na channel: the dielectric coefficient changes the contents of the channel, and has almost no effect on Na+ vs. K+ selectivity. The diameter of the selectivity filter changes the Na+ vs. K+ selectivity and has almost no effect on the contents of the channel. 

(6) shown (with the same collaborators) that calcium selectivity does not arise from the Chung model of the L-type Ca channel because it does not allow its Glu residues to mix with ions. 

(7) suggested that the simple model of selectivity works so well because it computes the important structures of the selectivity filter. These models put the ‘side chains’ in the position that produces least free energy and thus determines the ‘optimal’ relation of side chains and permeating ions. These methods compute a self-organized selectivity filter in which the induced fit of side chains and ions is determined by the positions of the ions and side chains at thermodynamic equilibrium. The model computes the structure of the selectivity filter.


Along the way, Bob helped Amit Singer (working with Zeev Schuss) show why perturbations in the charge distribution of table salt (NaCl) do not produce sparks and electrocute those who touch it. Safety in salt is a consequence of probability theory, among other things, as all salt eaters should be glad to know.

Internet Coordinates

Web Sites
Departmental Site: http://www.rushu.rush.edu/molbio/
with a ‘Chairman’s Message’ at http://www.phys.rush.edu/physiomsg.html
leading to Personal Site http://www.phys.rush.edu/RSEisenberg/physioeis.html
Thanks to Nanohub at Purdue University, a lecture of Bob’s from 2008 is available for viewing at http://www.nanohub.org/resources/4726/ [Talk]: Ionic Selectivity in Channels: complex biology created by the balance of simple physics. Nanotechnology 501 Lecture Series: Purdue University.


Thanks to the IMA (Institute for Mathematics and its Applications), University of Minnesota, a lecture of Bob’s from December 2008 is available (along with accompanying slides) at link [Talks and PDF] or address
http://www.ima.umn.edu/2008-2009/W12.8-12.08/abstracts.html#Eisenberg-Robert 
PNP Online http://www.pnponline.org/ Interactive software for running Poisson Nernst Planck theory, with Brice Burgess.

FTP Sites
1) Reprints available on this hyperlink

or by anonymous ftp from ftp.rush.edu. 




(sign on as anonymous;, for password; use your email address)



Migrate to /MoleBio/Bob_Eisenberg/Reprints 



or just click on this hyperlink

2) PNP is available in various flavors, 

a. PNPonline is at http://www.pnponline.org/ thanks to Brice Burgess

b. from ftp.rush.edu at




/pub/Eisenberg/PNP; /pub/Eisenberg/Hollerbach; /pub/Eisenberg/Nonner, 




thank you: D. Chen, U. Hollerbach, W. Nonner and S-W. Chiu.

c. See a much more modern (2008) version from Department of Chemistry, Northwestern University, Laboratories of Mark Ratner and George Schatz labs https://www.nanohub.org/resources/2469 


3) Files of single channel currents with noise are in /pub/Eisenberg/Noise, written in



 collaboration with Rick Levis (deceased, 2005).

Education
Elementary School: New Rochelle, New York

High School, 1956-59. Horace Mann School, Riverdale, New York City, graduated in three years with honors and awards in Biology, Chemistry, Physics, Mathematics, Latin, English and History. 

Undergraduate, 1959-62. Entered Harvard College with Advanced Placement as a sophomore, concentrated in Biochemical Sciences, Prof. J.T. Edsall tutor and mentor; advisor in Physiology Prof. J.R. Pappenheimer; graduated in three years A.B., summa cum laude. 

Summer work, 1960-61. Nerve Muscle Program at Marine Biological Laboratory directed by Prof. S.W. Kuffler. 

Doctoral work: University College London 1962-65 (Ph.D. in Biophysics: B. Katz, Chairman); Supervisor, P. Fatt; External Examiner, A.L. Hodgkin. Mentor (over several decades): A.F. Huxley.

Personal
Home co-ordinates: 
Address: 7320 Lake Street, Unit 5, River Forest IL 60305

Phone: (708)-366-6332

Personal FAX: (801)-504-8665 and also (775)-256-9463

Born in Brooklyn, New York, April 25, 1942: Citizen of the United States. 

Social Security Number 075-xx-xxxx. 
Married Ardyth Eisenberg, 1991. 

Children (mother, Brenda Russell):


Benjamin Russell Eisenberg, born March 17, 1969.



Grandchild, mother Angelle Moutoussamy




Crystal Lynn Moutoussamy, born March 19, 1994


Emily Ruth Eisenberg, born February 8, 1973. Husband, Benjamin Taylor


Jill Anna Trowbridge (formerly Eisenberg), born November 7, 1974. 



Grandchildren, father John Trowbridge



 
James Louis Trowbridge, born August 15, 1997.




Holly Sophia Trowbridge, born July 11, 2000.




Henry Samuel Trowbridge, born January 15, 2004.




Alastair Solomon Trowbridge, born January 10, 2006


Sally Lynn Eisenberg, born June 20, 1979.

Family Christmas Letters: [2001] [2003] [2004] [2005] [2006] [2007] [2008]

Academic Positions

Main Positions

Rush Medical College, Chicago IL. Rush Employee ID 010207


1995- … 
Chairman of Molecular Biophysics and Physiology 


1976 -… 
Endowed Chair “The Francis N. and Catherine O. Bard Chair of Physiology ” 


1976-1995 
Chairman of Physiology 

University of California at Los Angeles


1975-1976
Professor of Biomathematics and Physiology, 




Chairmen: Carol Newton, W. Mommaerts


1970-1975
Associate Professor, Department of Physiology


1968-1970
Assistant Professor, Department of Physiology

Duke University, Durham NC


Associate, 1965-1968. Department of Physiology, Duke University, Chairman: D. Tosteson. Post-doctoral fellow of P. Horowicz, along with P. Gage, C. Armstrong, etc. 

Secondary Positions

Adjunct Professor, Department of Bioengineering, University of Illinois Chicago 2007- … 



UIN 658809751

Senior Scientist, Argonne National Laboratory (Mathematics and Computer Science Division, 2005 - … Badge number B0 56980 A

Schlumberger Visiting Professor, University of Cambridge (UK) 2002

Visiting Fellow, Corpus Christi College, University of Cambridge (UK) 2002

Visiting Professor, 2000-2003 Computational Electronics, Beckman Institute, University of Illinois, Urbana Champaign

Visiting Scientist, 1991-1995. Department of Physics, Brookhaven National Laboratory, Upton, Long Island, NY.

Honors
Editorial Board, Journal of General Physiology, 1970-1991

Editorial Board, Journal of Computational Electronics, 2001-…
Associate Editor, Comments on Theoretical Biology, 1987-…
Associate Editor, News in Physiological Sciences, 1988-1992

Harvard College Scholarship

A.B. received summa cum laude
Phi Beta Kappa: member of “Senior Sixteen” 

L.J. Henderson award for thesis in Biochemical Sciences

Senior Common Room Award for “Most Promising Scholar” 

Schlumberger Visiting Professor, University of Cambridge (UK)

Visiting Fellow, Corpus Christi College, University of Cambridge (UK)

Schlumberger Medal, Physical Chemistry

Plenary Lecture at European Mathematics Society/AMAM 2003 

Member Executive Board, American Physical Society (2002-2004)

Fellow, American Physical Society (Division of Biological Physics)

Argonne National Laboratory: Director’s Seminar

Senior and Life Member of the IEEE

Institute of Medicine of Chicago
Grant Support

Continuous Grant Support (without interruption) thanks to a combination of NSF, NIH, and DARPA from approximately 1970 to present. Miscellaneous additional grants from AHA, MDA, Chicago Heart, etc.

Scientific Administration

First Chairman of Department of Molecular Biophysics and Physiology, thriving, if not burgeoning after 32 years, see science at http://www.phys.rush.edu/physiofac.html
American Physical Society

Councilor (First term: 2000-2004)

Councilor (Second term: 2005-2009)

Member of Executive Board (2002-2004)

Member, Committee on Committees (2003- 2006, 2009)

Member, Audit Committee (2004 - 2007), Chair Audit Committee (2005 – 2006)

Division of Biological Physics


Executive Board (2001- …)

Biophysical Society 

Member of U.S. National Committee International Union of Pure and Applied 
Biophysics (1978-1983)

Member of Council (1983-1986).

Member of Executive Board (1983-1986).

Member of Program Committee (1984).

Chairman of Nominating Committee (1985).

Chairman of Science Public Policy Committee (1985-1987).

Chicago Chapter of Society for Neuroscience

Member of Council (1981-1984), Meeting Organizer, then President.

Chicago Heart Association 

Member, Vice Chairman, then Chairman of the Research Council (1982-1986).

Member, Vice Chairman, then Chairman of Research Review Committee (1976-1986; 1989).

National Institutes of Health

Member (1979-1981), then Chairman (1981-1983) of Physiology Study Section.

Member ad hoc (2004) Modeling and Analysis of Biological Systems (MABS) Study Section.

National Science Foundation

Member, Steering Committee on Biology and Mathematics (1989, 1996).

Pennsylvania Muscle Institute

Member (1980-1982; 1989-1990), then Chairman (1982-1987; 1989-1990) of the External Advisory Board, University of Pennsylvania, Director: A. Somlyo (1980-1987); Y. Goldman (1989-1990). 

Society of General Physiologists

Councilor; Chairman, Membership Committee.

University of Miami 

External review of Graduate Program, Department of Physiology (1988).

Invited Lectures

Albert Einstein College of Medicine

American Chemical Society, National Meeting, Division of Physical Chemistry

American Chemical Society, National Meeting, 2008, Division of Physical Chemistry Symposium: Water Mediated Interactions, Dor Ben-Amotz, H. Asbaugh, Organizers.

American Heart Association 

AMA Institute (1966)

American Physical Society (Division of Biological Physics) March Meeting, 2000

American Physical Society (Division of Biological Physics) March Meeting, 2006

American Physical Society (Division of Biological Physics) March Meeting 2009

American Chemical Society Meeting, San Francisco, 2000

American Physiological Society Meeting: 1978, 1979, 1983

Argonne National Laboratory Chemical Sciences

Argonne National Laboratory Material Sciences Division

Argonne National Laboratory Mathematics and Computer Sciences Division

Argonne National Laboratory Biology Division

Argonne National Laboratory: Director’s Seminar

Association of Chairmen of Departments of Physiology

Australian National University (Canberra)

Baylor University

Biological Chemists of the Federal Republic of Germany

Biophysical Society, 1991: in Symposium on Ion Channels in Intracellular Membranes

Biophysical Society, 2007: in Symposium on Modeling as a Tool in Biophysics; Sponsor American Physical Society (Division of Biological Physics)

Biozentrum (Basel, Switzerland): Minicourse on Electrophysiology

Biozentrum (Basel, Switzerland): Selectivity in Channels (Seminar in Structural Biology)

Boston University (Department of Mathematics)

Brandeis University (Department of Biochemistry, Host: Chris Miller, 1986; 

Department of Chemistry, Host: Judy Herzfeld, 2008)

Brigham Young University (Zoology)

Brookhaven National Laboratory (Department of Physics)

California Institute of Technology (Biology)

California Institute of Technology (Applied Mathematics)

Cambridge University (England) Physiology: Foster Club

Cambridge University (England) Chemistry, in the “Lennard Jones Lecture Series”

Cambridge University (England) Pharmacology

Cambridge (England): Schlumberger Lecture, 2002

Cambridge University (England) Centre for Computational Chemistry

CCNY, Department of Physics, Mike Lubell Chairman

CECAM: Ionic Transport: from Nanopores to Biological Channels (Organizers Mounir Tarek and Mark Sansom, Lyon (2007)

Centro de Investigacion y de Estudios del Avanzados (Mexico City)

Chicago Heart Association Cardiovascular Research Forum

Chicago Medical School

City of Hope, Duarte, California

K.S. Cole Symposium (FASEB, 1974)

Colorado State University (Fort Collins: Department. of Chemistry)

Columbia University, Department of Chemical Engineering

Conference on Fluctuations, Escape, and Optimal Control Traverse City MI

Conference of N.Y. Academy of Science, 1977

Cornell University Medical School: Department of Physiology

Cornell University: Department of Chemistry

Courant Institute (NYU) Seminar “Mostly Biomathematics” (2004)

DARPA (Defense Advanced Research Projects Agency)


Many workshops. 


Director’s Seminar, 2001

DSRC (Defense Sciences Research Council) Workshop on Biosensors

Dominican University (River Forest IL)

DuPont Experimental Station, Wilmington DE

European Mathematics Society: Plenary Lecture at AMAM 2003 (Applied Math …)

Participant (not speaker) at EMBO Meeting in honor of retirement of Max Perutz 

at Kings College, Cambridge, 1980

Emory University

Fine Structure Society (Rosemont IL 1995)

Florida State University: Inaugural Workshop for Computational Science, 2000

FOCUS 2000, DARPA workshop, Session Leader, Speaker, Plenary Session

Free University of Berlin Instituteof Chemistry and Biochemical Modeling

Gordon Conference on Smooth Muscle, 1973

Gordon Conference on Skeletal Muscle, 1980

Gordon Conference on Skeletal Muscle, 1983

Gordon Conference on Skeletal Muscle, 1985

Gordon Conference on Solid State Ionics, 1990

Gordon Conference on Ion Channels, 1998

Gordon Conference on Ion Channels, 2000

Grinnell College, Department of Biology

Harvard University (Neurobiology)

Hebrew University, Jerusalem: Fritz Haber Lecturer in Physical Chemistry

Hebrew University, Jerusalem: Bat Sheva (de Rothschild) Seminar

Hebrew University, Jerusalem: Protein Dynamics and thermodynamics, participant and session chair.

Henderson Symposium (Basic and Applied Statistical Mechanics of Condensed Matter, Brigham Young University, 2004)

HRL (formerly Hughes Research Lab) Malibu: Physics Colloquium, 1999.

HRL (formerly Hughes Research Lab) Malibu: Colloquium, 2005.

ICIAM 6th International Congress on Industrial & Applied Mathematics Zurich 2007, Coorganizer, two minisymposia: Direct and inverse problems in channels and membranes. Organizer Martin Burger, Co-organizer Heinz Engl.

IEEE International Conference on Pattern Recognition (1994), presented by Amir Averbuch and Moshe Israeli

Intel Workshop on Early Disease Detection (Sept 2002)

Institute for Mathematics and its Applications (IMA), Solvation Workshop (December 2008) see link [Talks and PDF] or address
http://www.ima.umn.edu/2008-2009/W12.8-12.08/abstracts.html#Eisenberg-Robert
Institute for Pure and Applied Mathematics, IPAM, UCLA, Ion Channels (2002)

Institute for Pure and Applied Mathematics, IPAM, UCLA, Inverse Problems, Lecture and Workshop (2003)

Institute for Pure and Applied Mathematics, IPAM, Lake Arrowhead UCLA Conference: Inverse Problems Reunion (2005)

Institute for Pure and Applied Mathematics, IPAM, Lake Arrowhead UCLA Conference: Inverse Problems Reunion (2006)

Institute for Theoretical Physics, University of California, Santa Barbara, Conference on Electrostatic Effects in Complex Fluids and Biophysics, 1998 

International Conference on Circuit/System Theory, Sydney, Australia (1970)

International Conference on Computational Nanoscience 

International Conference on Unsolved Problems of Noise and fluctuations in physics, biology, and high technology, Bethesda, 2002

International Filter Symposium, Santa Monica, CA, 1972

International Workshop on Computational Electronics: IWCE-5, 1997, Notre Dame.

International Workshop on Computational Electronics, IWCE-6, 1998, Osaka

International Workshop on Computational Electronics, IWCE-8, 2001, UIUC

International Workshop on Computational Electronics, IWCE-9, 2003, Roma, Italia

International Workshop on Computational Electronics, IWCE-11, 2006, Vienna, Austria

Jacobs University Bremen Germany

Johns Hopkins (Department of Biology) 

Johns Hopkins (Department of Biomedical Engineering)

Kansas University (Mathematics, 2005, 2007)

Laboratory of Molecular Biology, MRC, Cambridge England

Lancaster University (Department of Physics)

Liblice Conference (5th) on Statistical Mechanics of Liquids, 1998

Los Alamos National Laboratory (Center for Nonlinear Studies)

Loyola University, Department of Physiology, Maywood, Illinois

Marquette University: Department of Biology

Marquette University: Department of Mathematics

Marine Biological Laboratory, Woods Hole

Max Planck Institute (Goettingen: Erwin Neher. Am Fessberg series) 2007

Max Planck Institute (Goettingen. MPI for Dynamics and Self-organization. Computational Neuroscience 2009)
Max Planck Institute (Heidelberg: Ken Holmes)

Max Planck Institute (Heidelberg, Bert Sakmann)

Mayo Clinic

McMaster University: Department. of Physics (Hamilton, Ontario)

Medical College of Virginia

Medical College of Wisconsin

Medical Research Council, Mill Hill, England

Merck, Sharpe, and Dhome 

Mesilla Conference on Physical Chemistry (2001), Las Cruces New Mexico 

MIT Bio-Informatics Seminar (with the Whitehead Institute)

Monash University, Australia: Electrical Engineering

Monash University, Australia: Department of Physiology

NASA Ames: Biomolecular Systems

National Science Foundation (first MOBS Seminar: Modeling of Biological Systems)

New York University Medical School (Physiology)

New York University (Biology: Tamar Schlick’s Group)

NATO Advanced Research Workshop. Ionic Soft Matter, Lviv, Ukraine

NIH NINCDS 

NIH Arthritis Institute

NIH GMS

NISTI-NIGMS Digital Biology Speaker (2003)

NIST Physical and Chemical Properties Division

Northwestern University: Evanston, Applied Mathematics

Northwestern Univ Evanston, Mathematics “Conversations in Mathematics & Biology”

Northwestern University: Evanston, Neurosciences

Northwestern University Evanston, Physics and Engineering Sciences

Northwestern University: Chicago, Physiology

Notre Dame, Department. of Electrical Engineering

Notre Dame, Department of Chemistry and Biochemistry

Novartis Foundation Symposium: Gramicidin and Related Peptides, 1998

Novartis Foundation Meeting: Physical Models of Ion Permeation, 2000

Oregon Health Sciences University (Vollum Institute)

Oxford University (England) Physiology

Oxford University Biochemical Society (England)

Oxford University Seminar in Physical and Theoretical Chemistry (England)

Oxford University Seminar in Chemistry (Hagan Bayley)

Oxford University OCIAM Mathematics in Medicine 5th Study Group (October, 2005)

Oxford University OCIAM Mathematics in Medicine: Ion Channels (March, 2006)

PacifiChem (meeting of American Chemical Society, 2000)

PacifiChem (meeting of American Chemical Society, 2005)

Polytechnic University (NY) Department of Chemical Engineering

Pierre & Marie Curie University (UPMC) Department of Physical Chemistry (Pierre Turq, Jean-Pierre. Hansen) 2009

Princeton University Program in Applied Mathematics (October 2009)

Purdue University: Department. of Biology

Purdue University: Department. of Electrical Engineering: Solid State Physics, 


Organizer: Mark Lundstrom

Purdue University Physical Chemistry Seminar Series, 2008, Organizer Dor Ben-Amotz

available at http://www.nanohub.org/resources/4726/ [PDF] 

Radon Institute (RICAM) EMS (European Mathematics Society) Linz, Austria (2006) Minicourse (3 days) Lectures on Ion Channels

Radon Institute (RICAM), Linz, Austria, Special Semester on Quantitative Biology (2007) Ionic Channels

Rensselaer Polytechnic Institute Department. of Mathematics

Rowland Institute (Cambridge MA)

Rush Medical College (Physiology, 1975)

Rush Medical College (Pharmacology, 2008)

Sandia National Laboratory (Laura Frink/Grant Heffelfinger)

Sandia National Laboratory Biophysical Discussion (Susan Rempe)

Satellite Meeting (Debrecen) of International Physiological Congress, 1980

Schlumberger Cambridge Research

Simon Fraser University (Vancouver) Department of Physics

SISSA and ICTP Trieste, Italy Theoretical Biophysics and Structural Biology
SISSA and ICTP Trieste, Italy. Challenge: correcting Einstein’s mistake

Society of Industrial and Applied Mathematics: 


Invited lecture, Conference on Applied Probability in Science & Engineering Society of Industrial and Applied Mathematics


Invited lecture, symposium on “Ionic Channels in Biological Membranes”. Annual meeting, 1993


Invited lecture, Symposium on Ionic Channels, 2001, Annual meeting


Invited lecture, Symposium Electrodiffusion: Modeling, Analysis, Simulation, and Applications, 2005, Annual Meeting


Invited lecture, Symposium Multiscale Modeling of Electrochemical Systems, 2006, Annual Meeting


Invited Lecture, Symposium, Multiscale Nonlinear Problems in Biology, 2007, Conference on Dynamical Systems

SPIE Annual Meeting (1994) in Symposium “Mathematical Imaging: Wavelet Applications” (presented by Amir Averbuch and Moshe Israeli) 

Stanford University (Department of Electrical Engineering)

State University of New York (Albany)

State University of New York (Stony Brook)

Taft School Centennial Symposium

Technical University of Vienna (Mathematics)

Telluride Science Research Center Symposium on Biological Ion Channels (2003)

Telluride Science Research Center Symposium on Biophysical and Biochemical Properties of Ion Channels in Epithelia (2004)

Telluride Science Research Center Symposium Biological Ion channels: Structure and Function (2005)

Texas Instrument Corporation (1966)

Thomas Jefferson University: Daniel Baugh Institute 

TIDS12 Transport in Disordered Systems 12th Annual Meeting, Marburg, 2007

TMR Meeting on Kinetics, Goteborg Sweden, 2000, Plenary Speaker

Tulane University (1967)

UCLA: Biology Department (1968)

UCLA: Jerry Lewis Muscle Disease Center

UCLA: Physiology Department

UCLA: Molecular Biology Institute

UCLA: Department of Anesthesiology

UCLA School of Engineering, Mechanics and Structures

UCLA Department of Bioengineering

University College (London): Biophysics

University College (London): Physiology

University of Buffalo (SUNY) Department of Physiology and Biophysics

University of Buffalo (SUNY) Department of Electrical Engineering

University of California (Berkeley) Chemical Engineering, Chakraborty Group

University of California (Berkeley) Colloquium in Physics Department (Marvin Cohen)

University of California (Irvine) Miledi Group

University of California (Irvine) Colloquium in Physics

University of California (San Francisco, Biochemistry, ~ 1970)

University of California (San Francisco, Biochemistry, 2007)

University of Chicago: Applied Mathematics. Organizer Victor Barcilon

University of Chicago ‘Computations in Science Seminars’,


Organizers, L Kadanoff & Wendy Zhang

University of Chicago: Department of Biophysics. Organizer, George Eisenman

University of Chicago: Department of Physics (Franck Institute), Leo Kadanoff

University of Chicago: Department of Physiology Organizer, Harry Fozzard

University of Chicago: Department of Chemistry Organizer, Graham Fleming

University of Colorado (Boulder): Applied Mathematics

University of Colorado (Denver): Physiology

University of Florida Department. of Chemistry, Charles Martin’s Nanogroup

University of Gröningen, Netherlands (Department of Chemistry)

University of Hawaii (von Bekesy Laboratory)

University of Heidelberg Bioquant-Vorlesung Seminar, 2007

University of Heidelberg: Bioms-Bioquant Lecture in the Workshop on Transport, Signaling and Structure Formation in Cellular Systems: Mathematics Meets Experiments

University of Illinois (Chicago): Department of Chemistry

University of Illinois (Chicago): Department of Physics

University of Illinois (Chicago): Department of Bioengineering, 2007, 2009 

University of Illinois Medical School (Chicago): Department of Biochemistry

University of Illinois Medical School (Chicago): Department of Ophthalmology

University of Illinois Medical School (Chicago): Department of Physiology

University of Illinois (Champaign-Urbana): Physiology

University of Illinois (Champaign-Urbana): Biological Physics

University of Illinois (Champaign-Urbana): Physics, Beckman Institute

University of Illinois (Champaign-Urbana): Computational Electronics

University of Linz, Oesterreich (Austria). Johan Radon Institute of Applied Mathematics.

University of Maryland (Baltimore): Physiology

University of Maryland (Baltimore): Biochemistry

University of Maryland (College Park): Electrical Engineering, Electrophysics Series

University of Maryland (College Park): Institute for Physical Science and Technology 

University of Maryland (College Park): CSCAMM

University of Massachusetts (Amherst) Department of Chemistry

University of Miami: Biophysics and Physiology

University of Michigan: Michigan Interdisciplinary Mathematics Meeting.

University of Michigan: Seminar in Applied and Interdisciplinary Mathematics

University of Münster, Westfälischen Wilhelms-Universität Germany, 


Department of Applied Mathematics

University of New South Wales, Australia

University of Notre Dame (Department. of Electrical Engineering)

University of Oklahoma

University of Pannonia (Veszprém Hungary): Department of Physical Chemistry Dezső Boda, 2009

University of Pennsylvania

University of Rochester (Physiology)

University of Rochester (Neurology)

University of Rochester (Neuromuscular Center)

University of Sydney, Australia

University of Texas (Austin), Texas Institute for Computational and Applied Mathematics

University of Texas (Austin), Physics and Mathematics Seminar

University of Texas (Austin), Colloquium in Physics (host: Harry Swinney)

University of Texas (Austin) ICES/Computational Life Sciences and Biology Seminar: “Ionic Selectivity: A Physical Analysis of Vital Chemistry” (host: Ron Elber)

University of Texas (Austin) Center for Nonlinear Dynamics (Harry Swinney)

University of Texas (Galveston)

University of Texas (Southwestern: Dallas)

University of Tokyo (Neuroscience)

University of Utah

University of Vermont

University of Vienna, Department of Mathematics

University of Washington

University of Wisconsin Madison (Electrical Engineering)

University of Wisconsin Madison (Contemporary Biochemistry)

University of Wisconsin Milwaukee

USA-Japan Seminar Excitation-Contraction Coupling, Tokyo 1971

Vanderbilt University Colloquium on Physics

Washington University, St. Louis, Physiology

Washington University, St. Louis, Center for Computational Chemistry

Weizmann Institute, Rehovot: Bat Sheva (de Rothschild) Seminar.

Weizmann Institute, Rehovot: Chemistry Department

Western Nerve Net (San Diego)

Westfaelisch Wilhelms University Muenster Applied Mathematics

Westfaelische Wilhelms University Meunster 

Multiscale Simulation for Ion Channels (2009)

Workshop on Wavelets: 16th International Conference of the IEEE Engineering in Biology and Medicine Society. 

World Congress on Medical Physics and Biomedical Engineering, 1994.

Yale University (Department of Physiology)

Yale University (Section of Neuroscience)

Yale University (Department of Mathematics and Computational Science)

Yangtze Conference on Fluids and Interfaces

Symposia Organized
Chairman, Mini-symposium on The Lens as a Syncytium, Biophysical Society Meeting, 1980.

Co-Chairman, with Brian Salzberg, Symposium on Fine Processing in the Fine Processes of the Nervous System, Biophysical Society Meeting, 1984.

Chairman of Symposium and Luncheon Calcium Signals in Muscle, Biophysical Society Meeting, 1985

Chairman of Symposium. Nerve Impulse: From Conduction to Channels by way of Conductance at the 100th Anniversary Meeting of the American Physiological Society, 1987. 

Chairman of Symposium. Skeletal Muscle Physiology: an Update at the 100th Anniversary Meeting of the American Physiological Society, 1987.

Chairman of Minisymposium. Moving through (Biological) Channels, Society of Industrial and Applied Mathematics Conference on Applied Probability in Science and Engineering, New Orleans, 1990.

Chairman of Minisymposium. Ionic Movement through Biological Channels. Society of Industrial and Applied Mathematics, Annual Meeting. Chicago, 1990.

Organizer of Workshop: From Structure to Permeation in Open Ionic Channels. Biophysical Society Annual Meeting, Washington D.C., 1993

Chairman of Symposium: Ionic Channels: Natural Nanotubes. American Physical Society Annual Meeting, 2000. 

Chairman and Organizer of Novartis Foundation Meeting: Physical Models of Ion Permeation, 2000

Chairman and Organizer of Symposium at International Conference on Computational Nanoscience, 2001: Nanostructure Simulation from thin oxides to biological ion channels. 

Co-organizer of Yangtze Conference on Fluids and Interfaces (Chief Organizers Kwong-Yu Chan and D Henderson). Chairman, Ion Channels Session, 2001. see J. Colloid Interface Sci. 2002 246: p.222.

Organizer and Chairman of Nanostructures: biological ion channels to thin oxides. Nanotech 2003, San Francisco. 

Co-organizer and Chairman (with Dirk Gillespie) of Physical Models of Ion/Protein Interactions, American Physical Society (Division of Biological Physics) March, 2003. Austin, TX.

Chairman (Organizer Maria Kurnikova) Physics of Ion Interactions with Proteins, March, 2004, American Physical Society, Montreal Quebec Canada.

Member, Organizing Committee, NATO Advanced Research Workshop. Ionic Soft Matter Lviv Ukraine, 2004.

Helper to Andrij Trokhymchuk and David Busath, Festschrift for Doug Henderson, Brigham Young University, 2004.

Co-organizer, with Heinz Engl, RICAM Seminar on Ion Channels, Johan Radon Institute of Applied Mathematics, University of Linz (Austria), 2004. 

Organizer and Chair, Multiscale Analysis in Biology: Computation, American Physical Society, March, 2005, Los Angeles.

Organizer and Chair: MultiScale Analysis of Ions in Solutions, Proteins, and Channels: Analysis, American Physical Society, March, 2005, Los Angeles.

Problem Presenter: Mathematics in Medicine Study Group, Mathematics Institute, Oxford University, Sept. 2005, March 2006

Organizer and Chair: Physical Models of Ion Channels, American Physical Society, March 2006, Baltimore.

Helper to Chris Breward: Oxford University OCIAM Mathematics in Medicine: Ion Channels, March, 2006.

Member, Organizing Committee for Special Semester on Quantitative Biology analyzed by Mathematical Methods: RICAM (Radon Institute for Computational and Applied Math); (Oct 2007- Jan 2008: Johannes Kepler Univ of Linz, Austria) http://www.ricam.oeaw.ac.at/ssqbm/ 



Co-organizer (with Martin Burger, Peter Pohl, Heinz Engl) of Workshop on Ion Channels, Oct 8-12, 2007

Co-organizer, with Martin Bazant of Symposium, Multiscale Modeling of Electrochemical Systems SIAM (Society of Industrial and Applied Mathematics), 2006.

Organizer of ARO Sponsored Meeting, Calibrating Simulations, at Rush University Medical Center, January 2007.

Facilitator of Annual Reciprocal Symposia between Biophysical Society and Division of Biological Physics of the American Physical Society, commencing 2007. Planned to be the first in a continuing series.

Organizer of Symposium (Sponsored by American Physical Society Division of Biological Physics) Modeling as a Tool in Biophysics, at Biophysical Society Annual Meeting, 2007. Planned to be the first in a continuing series.

Coorganizer: Direct and inverse problems in channels and membranes, ICIAM 6th International Congress on Industrial & Applied Mathematics Zurich 2007, Organizer Heinz Engl; co-organizer Martin Burger, pair of minisymposia.

Lecturer Short course on Channel Biophysics, 10 hours, ICTP and SISSA Theoretical Biophysics and Structural Biology, Trieste, Italy, Organizer Paolo Carloni.

Co-organizer: Symposium on Inhomogeneous Electrolytes Northwest and Rocky Mountain Regional Meeting American Chemical Society Co-organizer Douglas Henderson, June 2008.

Organizer and Speaker: Workshop “Biophysics of Membrane Bound Channels” American Physical Society, Division of Biological Physics, March 2009.

Equipment and Software Designed 
Wide band amplifiers for microelectrode recording (with several collaborators, see publications 3, 9, 11, 16, 22, and 24).

Software for computing and analyzing impedance measurements with wide band amplifiers (ibid.)
Axopatch Amplifier for patch clamp recording, with R. Levis, J. Rae, and A. Finkel, sold by Axon Instruments, Burlingame CA, now part of Molecular Devices Sunnyvale CA. 

Perfusing Pipettes, a hardware kit available from ALA Scientific, for perfusing patch pipettes. 

PNP Online http://www.pnponline.org/ Interactive software for running Poisson Nernst Planck theory, with Brice Burgess

Patent Application, PCT/NL2003/000013 Liquid Based Electronic Device (from BioMade, Groningen, Netherlands.) Patent Application was subsequently withdrawn, but it is an interesting idea, nonetheless, in my biased view, PCT/NL2003/000013 Liquid Based Electronic Device (from BioMade, Groningen, Netherlands.) [PDF]

Patent Application, Mathematical Design of Ion Channel Selectivity via Inverse Problems Technology (with Heinz Engl and Martin Burger, from Rush University Medical Center.) [PDF]

Professional Societies
American Association for Advancement of Science

American Mathematical Society

American Physiological Society

American Physical Society, Fellow

American Society of Cell Biologists

Biophysical Society

Institute of Electrical and Electronic Engineering, Senior Member

Mathematical Association of America

New York Academy of Sciences

Physiological Society, England (Associate Member)

Royal Society of Chemistry (UK)

Society of General Physiologists

Society for Industrial and Applied Mathematics

Society of Neuroscience

Institute for Strategic Studies (London: 1963-1992)

Research Interests
1960’s-1980’s: 

Electrical properties of cells and tissues. The relationship between the structure of biological tissues and the pathways for current flow: measurements of linear electrical properties to determine equivalent circuits of skeletal and cardiac muscle, nerve, the lens of the eye, and epithelia.

The modeling of tissues of complex geometry and the solution—in physically meaningful form—of the differential (or difference) equations which describe such tissues. Thus, models of the three dimensional spread of current in spherical and cylindrical cells; models of the spread of current in the random network of transverse tubules in skeletal muscle; models of current flow in the clefts of cardiac muscle; models of current flow in epithelia; models of current flow in dendritic trees.

The use of advanced mathematical techniques (ranging from singular perturbation theory to—when all else fails—brute force numerical simulation) to provide insight into the physical meaning of complex theory.

1960’s-1990’s: 

Excitation-contraction coupling in skeletal and cardiac muscle; particularly, the junction between the tubular system and the sarcoplasmic reticulum and the mechanism of calcium release from the sarcoplasmic reticulum.

The electrical properties of the sarcoplasmic reticulum and its ionic channels as seen in patch clamp measurements from skinned muscle fibers.

1980’s – 2000’s -… : 

Analysis of ionic channels, experimental and theoretical: properties of single channels in epithelia, particularly “pressure activated” channels. Single channels in sarcoplasmic reticulum of skinned muscle fibers.

Design of patch clamp amplifiers, headstage, holders with “zero excess” noise. 

Optimal detection of single channel events using signal detection theory.

Measurement of open channel noise.

Theoretical analysis of ion movement through channels using an hierarchy of models from molecular dynamics to continuum electrostatics.

Simulations of the molecular dynamics of channel proteins.

Stochastic analysis of flux over barriers: first passage times, concentration boundary conditions and ionic fluxes. 

PNP model of the open channel. Poisson-Nernst-Planck model of open channels, in which the potential distribution through the channel is calculated not assumed. PH model of the open channel, the Poisson Hydrodynamic model including temperature changes.

Coupling of fluxes, active transport, gating, and gating currents in a permanently open channel of one conformation as predicted by the PNP model in complex geometries and the PH model. 

The stochastic generalization of the PNP model. 

Simulations of the molecular dynamics of the entry process models of gramicidin.

2000’s -… : 

Design and construction of ion channels as useful devices. 

Thus, building design tools for understanding current flow in bulk solution, ion channels, and proteins in general.

Computation of macroscopic properties of ionic solutions and channels from higher resolution models, using Langevin-Poisson, Monte Carlo Poisson, or Molecular Dynamics Poisson methods.

Mathematical analysis of macroscopic properties of ionic solutions and channels starting from higher resolution models, using Langevin-Poisson, Monte Carlo Poisson, or Molecular Dynamics Poisson methods.

Simulations and theories of gating and conformational change.

Construction of nonequilibrium statistical mechanics starting from the properties of chaotic trajectories computed with Poisson and molecular dynamics. Statistical mechanics as stochastic processes.

Crowded Charge model of protein function, specifically, ion selectivity and permeation in ion channels.

Administrative Work
UCLA
Member of Committee for Graduate Students.

First Year Advisor for Graduate Students.

Member of numerous review committees for promotions: received commendation from Vice Chancellor Saxon for work on review committees.

Member of Advisory Committee for the Jerry Lewis Muscular Dystrophy Center.

Rush Medical College
Chairman, Department of Physiology, then Department of Molecular Biophysics and Physiology. First holder of “The Francis and Catherine Bard Chair of Physiology”

Department has approximately 10 tenure track faculty since 1976 and approximately 7,000 sq ft of usable research space. All faculty with research space (i.e., 4 laboratories) have had NIH or equivalent funding without interruption, thanks to their significant personal productivity. Key members (alphabetical order) in research: Fred Cohen (viral fusion); Tom DeCoursey (H+ ion channels); Mike Fill (Ryanodine Receptor); Dirk Gillespie (selectivity); Josefina Ramos-Franco (IP3 receptor); Eduardo Rios (Ca++ movement); in Medical School Teaching, Joel Michael, Tom Shannon, and Dirk Gillespie; in Nursing Teaching Joe Zbilut.

Academic Administration.

Member of College Councils.

Chairman of Promotions and Appointments Committee.

Member, Vice Chair, then Chair of Search Committee for Microbiology Chair. 

Vice Chairman of Search Committee for Dean of the Medical College.

Member, Search Committee for Dean of the Graduate College.

Member, Search Committee for Pediatrics Chair.

Member, Search Committee for Microbiology Chair

Teaching
General responsibility for all teaching activities of the Department at Rush, including course and curriculum reorganization. Physiology Lectures for medical and nursing students. 

Graduate students:

J. Leung, R. Mathias, E. Engel, R. Levis, R. Milton (with R. Mathias), J. Tang, P. Gates, J. Wang, A. Hainsworth (with R. Levis), P. Dull (summer student), Dirk Gillespie, Amy Del Medico (summer student), Boaz Nadler (in significant part: Zeev Schuss, supervisor); Amit Singer (in significant part: Zeev Schuss, supervisor), Janhavi Giri (Bioengineering, University of Illinois, Chicago).

Post-doctoral fellows:

John Howell, Peter Vaughan, Bert Mobley, Art Peskoff, Richard Mathias, Eli Engel, Richard Levis, Richard Milton (with Rick Mathias), Kim Cooper, Peter Gates, Dunapin Chen, John Tang, Danuta Rojewska, Dirk Gillespie,; Trudy van der Straaten (with Umberto Ravaioli), Sheila Wigger-Aboud (with Marco Saraniti), Jim Fonseca.

Community Activity
Avenue Bank of Oak Park: Director, Member, then Chairman of Audit Committee, Executive Committee, and Marketing Committee (1987-1992).

American Heart Association of Metropolitan Chicago: Member, Board of Governors, Executive Committee, and President’s Cabinet (1984-1986). Member Research Council (1989-1990) and Chairman, Committee on Human Experimentation.

Taft School (Connecticut): Speaker at Centennial Symposium, and Seminar/Discussion Group.

President 7320 Condo Association. (1997– 2003; 2007; 2009)

Town Talk Telluride Science Research Center (part of Pinhead Lecture Series) 2003.
Army Research Office talk to North Carolina Ventures Program for High Schools 2005
ROBERT S. EISENBERG
PUBLICATIONS
Reprints available on this hyperlink
(Last update: November 18, 2009)

[Laboratory of Robert S. Eisenberg]

Electrical properties of tissues, mostly experimental:
1. Eisenberg, R.S. and Hamilton, D. Action of γ-aminobutyric acid on Cancer borealis muscle. Nature 198: 1002-1003 (1963). [PDF]

2. Eisenberg, R.S. Impedance of single crab muscle fibers. Ph.D. Thesis, University of London (1965).

3. Eisenberg, R.S. Equivalent circuit of single crab muscle fibers as determined by impedance measurement with intracellular electrodes. J. Gen. Physiol. 50: 1785-1806 (1967). [PDF]

4. Eisenberg, R.S. and Gage, P.W. Frog skeletal muscle fibers: change in the electrical properties of frog skeletal muscle fibers after disruption of the transverse tubular system. Science 158: 1700-1701 (1967). [PDF]

5. Gage, P.W. and Eisenberg, R.S. Action potentials without contraction in frog skeletal muscle fibers with disrupted transverse tubules. Science 158: 1702-1703 (1967). [PDF]

6. Horowicz, P., Gage, P.W. and Eisenberg, R.S. The role of the electrochemical gradient in determining potassium fluxes in frog striated muscle. J. Gen. Physiol. 51: 193s-203s (1968). [PDF]

7. Eisenberg, B. and Eisenberg, R.S. The transverse tubular system in glycerol treated muscle. Science 160: 1243-1244 (1968). [PDF]

8. Eisenberg, B. and Eisenberg, R.S. Selective disruption of the sarcotubular muscle: A quantitative study with exogenous peroxidase as a marker. J. Cell Biol. 39: 451-467 (1968). [PDF]

9. Gage, P.W. and Eisenberg, R.S. Capacitance of the surface and transverse tubular membrane of frog sartorius muscle fibers. J. Gen. Physiol. 53: 265-278 (1969). [PDF]

10. Eisenberg, R.S. and Gage, P.W. Ionic conductance of the surface and transverse tubular membrane of frog sartorius fibers. J. Gen. Physiol. 53: 279-297 (1969). [PDF]

11. Gage, P.W. and Eisenberg, R.S. Action potentials, after potentials, and excitation-contraction coupling in frog sartorius fibers without transverse tubules. J. Gen. Physiol. 53: 298-310 (1969). [PDF]

12. Eisenberg, R.S., Howell, J. and Vaughan, P. The maintenance of resting potentials in glycerol treated muscle fibers. J. Physiol. 215: 95-102 (1971). [PDF]

13. Vaughan, P., Howell, J. and Eisenberg, R.S. The capacitance of skeletal muscle fibers in solutions of low ionic strength. J. Gen. Physiol. 59: 347-359 (1972). [PDF]

14. Eisenberg, R.S., Vaughan, P. and Howell, J. A theoretical analysis of the capacitance of muscle fibers using a distributed model of the tubular system. J. Gen. Physiol. 59: 360-373 (1972). [PDF]

15. Leung, J. and Eisenberg, R.S. The effects of the antibiotics gramicidin-A, amphotericin-B, and nystatin on the electrical properties of frog skeletal muscle. Biochem. Biophys. Acta. Amsterdam 298: 718-723 (1973). [PDF]

16. Valdiosera, R., Clausen, C. and Eisenberg, R.S. Measurement of the impedance of frog skeletal muscle fibers. Biophys. J. 14: 295-315 (1974). [PDF]

17. Valdiosera, R., Clausen, C. and Eisenberg, R.S. Circuit models of the passive electrical properties of frog skeletal muscle fibers. J. Gen. Physiol. 63: 432-459 (1974). [PDF]

18. Valdiosera, R., Clausen, C. and Eisenberg, R.S. Impedance of frog skeletal muscle fibers in various solutions. J. Gen. Physiol. 63: 460-491 (1974). [PDF]

19. Mobley, B.A., Leung, J. and Eisenberg, R.S. Longitudinal impedance of skinned frog muscle fibers. J. Gen. Physiol. 63: 615-637 (1974). [PDF]

20. Mobley, B.A., Leung, J. and Eisenberg, R.S. Longitudinal impedance of single frog muscle fibers. J. Gen. Physiol. 65: 97-113 (1975). [PDF]

21. Eisenberg, R.S. and Rae, J.L. Current-voltage relationships in the crystalline lens. J. Physiol. 262: 285-300 (1976). [PDF]

22. Mathias, R.T., Eisenberg, R.S. and Valdiosera, R. Electrical properties of frog skeletal muscle fibers interpreted with a mesh model of the tubular system. Biophys. J. 17: 57-93 (1977). [PDF]

23. Eisenberg, R.S., Mathias, R.T. and Rae, J.L. Measurement, modeling and analysis of the linear electrical properties of cells. Ann. N.Y. Acad. Sci. 303: 343-354 (1977). [PDF]

24. Mathias, R.T., Rae, J.L. and Eisenberg, R.S. Electrical properties of structural components of the crystalline lens. Biophys. J. 25: 181-201 (1979). [PDF]

25. Rae, J.L., Eisenberg, R.S. and Mathias, R.T. The lens as a spherical syncytium. Ed. Satish K. Srivastava. Elsevier North Holland Inc. Red Blood Cell and Lens Metabolism. pp. 277-292 (1980). [PDF]

26. Mathias, R.T., Rae, J.L. and Eisenberg, R.S. The lens as a nonuniform spherical syncytium. Biophys. J. 34: 61-85 (1981). [PDF]

27. Eisenberg, B. and Eisenberg, R.S. The T-SR junction in contracting single skeletal muscle fibers. J. Gen. Physiol. 79: 1-20 (1982). [PDF]

28. Rae, J.L., Thomson, R.D. and Eisenberg, R.S. The effect of 2-4 dinitrophenol on cell to cell communication in the frog lens. Exp. Eye Res. 35: 597-610 (1982). [PDF]

29. Rae, J.L., Mathias, R.T. and Eisenberg, R.S. Physiological role of the membranes and extracellular space within the ocular lens. Exp. Eye Res. 35: 471-490 (1982). [PDF]

30. Eisenberg, R.S., McCarthy, R.T., and Milton, R.L. Paralysis of frog skeletal muscle fibres by the calcium antagonist D-600. J. Physiol. 341: 495-505 (1983). [PDF]

31. Levis, R.A., Mathias, R.T., and Eisenberg, R.S. Electrical properties of sheep Purkinje strands. Electrical and chemical potentials in the clefts. Biophys. J. 44: 225-248 (1983). [PDF]

32. Hui, C.S., Milton, R.L. and Eisenberg, R.S. Charge movement in skeletal muscle fibers paralyzed by the calcium entry blocker D600. Proc. Natl. Acad. Sci. 81: 2582-2585 (1984). [PDF]

33. Curtis, B.A. and Eisenberg, R.S. Calcium influx in contracting and paralyzed frog twitch muscle fibers. J. Gen. Physiol. 85: 383-408 (1985). [PDF]

34. Milton, R.L., Mathias, R.T., and Eisenberg, R.S. Electrical properties of the myotendon region of frog twitch muscle fibers measured in the frequency domain. Biophys. J. 48: 253-267 (1985). [PDF]

35. Eisenberg, R.S. Membranes, calcium, and coupling. Can. J. Physiol. and Pharmacol: 65 686-690 (1987). [PDF]

Theoretical Analysis and Modeling of Spread of Current:
36. Eisenberg, R.S. and Johnson, E.A. Three dimensional electrical field problem in physiology. Prog. Biophys. Mol. Biol. 20: 1-65 (1970). [PDF]

37. Eisenberg, R.S. and Engel, E. The spatial variation of membrane potential near a small source of current in a spherical cell. J. Gen. Physiol. 55: 736-757 (1970). [PDF]

38. Barcilon, V., Cole, J. and Eisenberg, R.S. A singular perturbation analysis of induced electric fields in nerve cells. SIAM J. Appl. Math. 21: No. 2, 339-354 (1971). [PDF]

39. Eisenberg, R.S. and Costantin, L.L. The radial variation of potential in the transverse tubular system of skeletal muscle. J. Gen. Physiol. 58:700-701 (1971). [PDF]

40. Engel, E., Barcilon, V. and Eisenberg, R.S. The interpretation of current-voltage relationships from a spherical cell recorded with a single microelectrode. Biophys. J. 12: 384-403 (1972). [PDF]

41. Peskoff, A., Eisenberg, R.S. and Cole, J.D. Potential induced by a point source of current in the interior of a spherical cell. UCLA Engineering Report #7259, 62pp. (1972). [PDF]

42. Peskoff, A., Eisenberg, R.S. and Cole, J.D. Potential induced by a point source of current inside an infinite cylindrical cell. UCLA Engineering Report #7303, 70pp. (1973). [PDF]

43. Peskoff, A. and Eisenberg, R.S. Interpretation of some microelectrode measurements of electrical properties of cells. Ann. Rev. Biophysics. and Bioeng. 2: 65-79 (1973). [PDF]

44. Peskoff, A. and Eisenberg, R.S. A point source in a cylindrical cell: potential for a step-function of current inside an infinite cylindrical cell in a medium of finite conductivity. UCLA Engineering Report #7421, 73pp. (1974). [PDF]

45. Peskoff, A. and Eisenberg, R.S. The time-dependent potential in a spherical cell using matched asymptotic expansions. Journal of Math. Biol. 2: 277-300 (1975). [PDF]

46. Peskoff, A., Eisenberg, R.S. and Cole, J.D. Matched asymptotic expansions of the Green’s function for the electric potential in an infinite cylindrical cell. SIAM J. Appl. Math. 30: 222-239, No. 2 (1976). [PDF]

47. Eisenberg, R.S., Barcilon, V., and Mathias, R.T. Electrical properties of spherical syncytia. Biophys. J. 25: 151-180 (1979). [PDF]

48. Mathias, R.T., Levis, R.A. and Eisenberg, R.S. Electrical models of excitation contraction coupling and charge movement in skeletal muscle. J. Gen. Physiol. 76: 1-31, (1980). [PDF]

Electrical Properties of Ionic Channels:
49. K.E. Cooper, Tang, J.M., Rae, J.L., and Eisenberg, R.S. A Cation Channel in Frog Lens Epithelia Responsive to pressure and Calcium. J. Membrane Biology. 93: 259-269 (1986). [PDF]

50. K.E. Cooper, P.Y. Gates, and Eisenberg, R.S. Surmounting barriers in ionic channels. Quart. Rev. Biophysics. 21: 331-364 (1988). [PDF]

51. K.E. Cooper, P.Y. Gates, and Eisenberg, R.S. Diffusion theory and discrete rate constants in ion permeation. J. Membrane Biol. 106: 95-105 (1988). [PDF]

52. J.M. Tang, J. Wang, and Eisenberg, R.S. K+ selective channel from sarcoplasmic reticulum of split lobster muscle fibers. J. Gen. Physiol. 94:261-278 (1989). [PDF]

53. P.Y. Gates, K.E. Cooper, J. Rae, and Eisenberg, R.S. Predictions of diffusion models for one ion membrane channels. in Progress in Biophysics and Molecular Biology. 53: 153-196 (1989). [PDF]

54. P.Y. Gates, K.E. Cooper, and Eisenberg, R.S. Analytical diffusion models for membrane channels. in Ion Channels, Volume 2 (editor. T. Narahashi), Plenum Press (1990). [PDF]

55. D. Junge and R.S. Eisenberg. Uniqueness and interconvertibility among membrane potassium channels. Comments on Theoret. Biology. 11: 45-55 (1990). [PDF]

56. Tang, J.M., Wang, J., F.N. Quandt, and R.S. Eisenberg. Perfusing pipettes. Pflügers Arch. 416:347-350 (1990). [PDF]

57. Chen, D.P., Barcilon, V., and R.S. Eisenberg. Constant fields and constant gradients in open ionic channels. Biophysical J. 61:1372-1393 (1992). [PDF]
58. Barcilon, V., D.P. Chen, and R.S. Eisenberg. Ion flow through narrow membrane channels. Part II. SIAM Journal of Applied Mathematics 52:1405-1425 (1992). [PDF]

59. Wang, J., Tang, J.M., and R.S. Eisenberg. A calcium conducting channel akin to a calcium pump. J. Membrane Biology 130:163-181 (1992). [PDF]

60. Barcilon, V., D.P. Chen, R. Eisenberg, and M. Ratner. Barrier crossing with concentration boundary conditions in biological channels and chemical reactions. J. Chem. Phys. 98(2) 1193-1211 (1993). [PDF]

61. Chen, D.P. and R.S. Eisenberg. Charges, currents, and potentials in ionic channels of one conformation. Biophysical Journal. 64:1405-1421 (1993a). [PDF]

62. Chen, D.P. and R.S. Eisenberg. Flux, coupling, and selectivity in ionic channels of one conformation. Biophysical Journal 65:727-746 (1993b). [PDF]
63. Hainsworth, A.H., Levis, R.A., and R.S. Eisenberg. Origins of open-channel noise in the large potassium channel of sarcoplasmic reticulum. J. Gen. Physiol. 104:857-884 (1994). [PDF]

64. Eisenberg, R.S., Klosek, M.M., and Schuss, Z. Diffusion as a chemical reaction: stochastic trajectories between fixed concentrations. J. Chem. Phys., 102(4): 1767-1780 (1995). [PDF]

65. Elber, R., Chen, D., Rojewska, D., and Eisenberg, R.S. Sodium in gramicidin: an example of a permion. Biophysical Journal, 68: 906-924, (1995). [PDF]

66. Chen, D., Eisenberg, R., Jerome, J., and Shu, C. Hydrodynamic model of temperature change in open ionic channels. Biophysical J. 69: 2304-2322. (1995). [PDF]

67. Barkai, E., Eisenberg, R.S., and Schuss, Z. (1996). A bidirectional shot noise in a singly occupied channel. (Physical Review E(2), 54 1161-1175). [PDF]
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4. EXPERIMENTAL WORK: STATE OF THE ART
5. EXPERIMENTAL WORK: STATE OF THE ART
A) Measurements of single channels. Control of solutions and gating. The analysis of channel function requires measurements of currents through the single open channel in solutions with a variety of ion types and concentrations. One of the keys to our project is that such measurements are straightforward, with bilayer (or patch clamp) recording methods used by many laboratories including Bob Eisenberg’s for many years. (Bob Eisenberg is the senior designer of the AxoPatch amplifier used in more than 10,000 laboratories.) These are tricky methods 


(179-182, 226-230) ADDIN EN.CITE , and are not being widely taught anymore; nonetheless, they are straightforward if precautions are followed necessary to measure picoamp currents reproducibly and reliably. Few of the channel proteins of known structure permit measurements of single channel currents.


Channel proteins function by modulating the flow of ions through a pore in the protein. The energy gradient that drives the flow is in the solutions, not the protein, and is maintained by an elaborate control mechanism of pumps and sensors in a real biological cell (39), or by experimental apparatus in the laboratory. The channel opens (127) to allow this flow by a process thought to include changes in shape of the protein, although recent work suggests that this gating process involves time dependent changes in the concentration (i.e., number density) of ions in the channel, as well. The opening process of the channel is thus like the conformation changes involved in the function of many proteins. It is ‘biological’ involving structural changes; each channel type (of the thousands of types in an animal) is likely to have its own ‘sensor’ module (part of the protein) and mechanism of gating. Gating is modulated by many of the molecules that control channels (e.g., Ca2+, cyclic AMP, etc); a substantial fraction of all drugs act by controlling gating of one type of channel or another gating is very sensitive to temperature.


The properties of the open channel are quite different, however. The open channel resembles nanochannels in physical systems 


(120, 121, 268-270) ADDIN EN.CITE , a column of salt ions in water. Once the channel is open, it is an experimental fact, checked in hundreds if not thousands of papers, that the mean current (averaged over many openings of channels) is independent of time, and in fact, where examined the current showed no correlations even within 100 µsec of the opening or closing. Channels are very narrow ~ 3× the diameter of the ions and electric forces are very large on this scale, particularly compared to the electrical forces involved in the selectivity of channels. Any structural change (e.g., 0.01 nm) maintained 50 µsec would be noticeable in the current record. Much smaller structural changes are likely to produce correlations. Neither correlations nor current fluctuations (correlated with duration of opening) of this sort have been seen. We conclude that the channel protein has one structure within a tight tolerance (e.g., 0.01 nm) on the biological time scale, with thermal fluctuations to be sure, but no correlations with the opening or closing event. 


The work we propose here involves simulations of the quantum and molecular dynamics of ions in the already open channel. Such computations are feasible with methods and computers used today. We do not propose (yet) to study the opening process of gating. Computations of gating need to last msec and need to be repeated many times since the opening of single channels is a widely dispersed stochastic event. It would be difficult to perform enough gating computations to study the effects of ions, mutations, and electrical potential (and modulators and so on) on channels. These are the important biological and experimental phenomena of gating and they are inaccessible to the kind of simulations we are discussing here.


But the processes that determine permeation and selectivity in the already open channel are accessible to the simulations and theories we describe here, even in a range of experimental conditions and that is why we restrict our work to the open channel.


To study the open channel, one must control the driving force of ions through it, and that means controlling the electrical and chemical potential, i.e., the concentrations of ions on both sides of the channel. Bob Eisenberg is the senior designer of f the patch perfusion apparatus sold by ALA instruments, that allows perfusion without significant increase in noise or artifact. The knowledge and skills developed 


(273, 274) ADDIN EN.CITE  allow easy control of solutions and voltage when measuring currents through single channels of NanC.

B) Crystallization and x ray crystallography. Understanding the atomic basis of protein function begins with the structure of the protein, primary, and more importantly tertiary, established usually by x-ray crystallography. Few structures are available of channel proteins but we are fortunate that our colleague and collaborator Tilman Schirmer has determined a number of those, most notably for us the recent structure of NanC (292), see earlier work describing the protein 


(63, 64) ADDIN EN.CITE . Tilman is eager to try to crystallize mutants that have interesting single channel properties and then determine their structure. Few groups are as fortunate as we are to have such experienced, successful, and commited structural biologists as collaborators.

C) Mutational analysis. Site directed mutagenesis allows the manipulation of the amino acids of a protein and thereby the charge distribution along with the spatial distribution of polarization charge (what the biochemists call the chemical nature of the side chains, e.g., the polar or nonpolar nature of the amino acid side chains). Such manipulations have allowed the construction of a calcium channel 


(197-199, 285) ADDIN EN.CITE  starting from ompF porin, which has no sequence or structural homology with calcium channels of eurkaryotes, and bears no resemblance to them, except being a channel protein. (OmpF is constructed of a β barrel with a constriction zone. It is in fact a timer of three channels made of three identical polypeptide chains, intertwined so two of them make a single channel 


(160, 189, 219, 249, 250) ADDIN EN.CITE .) Similar mutations are needed of NanC and we are fortunate that Wayne Chen and his collaborator Andrea Koop are making such mutants with us. They have extensive experience ….. [insert here]

6. PRELIMINARY EXPERIMENTAL RESULTS

Here we detail preliminary work not described in publications. Demonstrating.  Single Channel Recording of NanC, simulations of properties of ions, and the Energy Variational Approach. The mutation work is just beginning and preliminary work is not yet available.

1) Preliminary Work on Single Channel Recording
Single channels of NanC were reconstituted into lipid bilayers by standard methods and single channel currents recorded using our standard AxoPatch setup. Fig. 1 shows a typical gating experiment, without retouching where a voltage pulse of – 200 mV was applied as shown (dotted line) producing an opening of the channel (deflection of current downwards to “noisy” baseline. The ‘overshoot’ in current is electrical artifact.) followed by spontaneous (stochastic) openings and closings marked “open” and “closed”. The current was measured at wide bandwidth (~5 kHz) and so we see instrumentation noise when the channel is closed (upper horizontal part of record) and instrumentation noise plus open channel noise plus gating between substates when the channel is open (lower horizontal record). These can be low passed filtered to look “nicer” but we do wish to show this early work in full detail, leaving filtering until later.
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Current voltage relations are best measured by the response to a ramp voltage, see Fig. 2 which shows the response of a ramp from  .−100 mV to +100 mV in about 2 sec.
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Fig. 3 documents measurements of current (I), voltage (V), concentration (C) relation in 6 KCl solutions from 100 mM to 3 M. It is straightforward to make measurements of single channel currents from NanC in many solutions. Such is not the case with most channels of known structure.

interesting mathematics and computational science along the way.

7. THEORY OF   ENERGETIC VARIATIONAL APPROACHES

Our collaborator Chun Liu (Associate Director, Institute for Mathematics and its Application, and Professor of Mathematics Pennsylvania State University) is one of the prime movers and founders of the Energetic Variational approach in complex fluids as we now document.



Complex fluids refer to fluids with molecular-scale microstructures that interact with macroscopic flow to give rise to a variety of interesting and useful physical phenomena and properties. Polymer solutions and melts, liquid crystals, gels, micellar solutions, membranes and vesicles, and electrorheological fluids are all complex fluids. These materials often have great practical value because their micro and nanostructures can be designed and tuned to produce technologically valuable mechanical, optical and/or thermal characteristics that cannot be made any other way. The most common anomalous phenomena in complex fluids are different “elastic” effects (175) like the elasticity of deformable particles; elastic repulsion between charged liquid crystals, polarized colloids or multi-component phases; elasticity due to microstructures, or bulk elasticity endowed by polymer molecules in viscoelastic complex fluids. These elastic effects can be represented in terms of certain internal variables, for example, the orientational order parameter in liquid crystals (related to their microstructures), the probability density function in the dumbbell model for polymeric materials, the magnetic field in magneto-hydrodynamic fluids, the volume fraction in mixture of different materials, etc. The different rheological and hydrodynamic properties can be attributed to the special coupling between the transportation of the internal variable and the induced elastic stress. In our energetic formulation, the special coupling is a competition between kinetic and elastic energy. In complex fluids, interactions between (microscopic) elastic properties and (macroscopic) fluid motions that create not only complicated rheological phenomena, but also create formidable challenges in analysis and numerical simulations of the materials. In electro- and magneto-rheological fluids, material inhomogeneity and electro-magnetic effects can also lead to viscoelastic phenomena 


(23, 24, 99, 175, 235) ADDIN EN.CITE . In particular, how the deformation tensor 
[image: image13.wmf]F

 transports in the flow field and how elastic energy described by a functional of 
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,competes with the kinetic energy in the flow play an important role in the study of complex fluids. In principle, the deformation tensor 
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 carries all the transport/kinematic information of the microstructures, patterns and configurations in complex fluids.

As an example, for an isotropic viscoelastic fluid system, consider the following action functional summarizes the competition between the kinetic and elastic energy: 
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 is the mapping between the Lagrange coordinate and the Eulerian coordinate system of the fluid, 
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 represents the ratio between the kinetic and elastic energies, 
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 is the initial domain occupied by the material in the Lagrange coordinate. The fluid incompressibility implies 
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. Using the Least Action Principle, Liu et al derived the momentum transport equation 


(3, 5, 70, 175) ADDIN EN.CITE  
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where 
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 is the pressure, 
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 These constitute a closed hydrodynamical system describing isotropic viscoelastic fluids. Without viscosity, the system provides an Eulerian description of incompressible elasticity (117, 186). In the case of “linear” elasticity, where 
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, the system describes the infinite Weissenberg number Oldroyd-B viscoelasticity (175, 217). Note that viscous stress can be derived by postulating the dissipation functional 


(76, 77, 92, 99) ADDIN EN.CITE  or using a stochastic approach (111, 218). The latter is consistent with the fluctuation-dissipation theorem (168). With this, the system satisfies the energy estimate: 
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Ref (270, 271, 276) study the wellposedness of the above system.The general framework we developed for this partial dissipative system reveals underlying structure arising from physical coupling between different quantities. In (118, 223, 265), we also study the micro-macro version of these systems. Besides the theotetical analysis, we also systematically developed PDF-based moment closure procedures to derive coarse grained reduced models that still maintain the energy dissipative nature of the original system. These viscoelastic models have been applied to various real materials; other elastic complex fluids can be framed in the unified energetic variational approaches. Note that the above isotropic viscoelastic systems only reflect the transport part of the material. For other specific complex fluids, elastic energy will take other more specific forms, in particular those for MHD (69) and electro-kinetic fluids (224). These energy contributions change the microscopic configuration and evolution equations.

Electrorheological fluids. Electrorheological fluids have bulk properties strongly affected by their microstructures. Hydrodynamical properties in electrokinetic flow are determined by the coupling of the transport of the concentration of charges and induced elastic force (the Lorentz force called the Coulomb force in chemistry). The mathematical system can be illustrated as 


(12, 20, 21, 61, 224, 242, 243) ADDIN EN.CITE ]: 
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Equation 
(4)

 represent the momentum equation where  GOTOBUTTON ZEqnNum479340  \* MERGEFORMAT  is the fluid velocity, 
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 is the pressure, 
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 is the fluid density and 
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 the fluid viscosity. In equation 
(4)

,  GOTOBUTTON ZEqnNum479340  \* MERGEFORMAT  is the macroscopic Lorentz (or Coulomb) force. Equations 
(7)

 form the Nernst-Planck-Poisson system of a binary charge system, (5)

- GOTOBUTTON ZEqnNum698628  \* MERGEFORMAT  and 
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 are the densities of diffuse, negative and positive charges respectively. 
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 are related by Einstein's relation and the valence of charged particles. The elastic energy combines both electric energy and entropy (that contributes to the diffusion of the charge density). These different energy functions will generate various microstructures, as in other elastic complex fluids. The induced Lorentz force is also produced by the kinetic transport of the charged particles and electric energy balance.

The above system is very important in understanding complicated behaviors of electrorheological blood suspensions. It is known that proteins and lipid bilayers are built from molecules with permanent charge (acids or bases) and permanent dipoles (‘polar’ molecules). The resulting surface charges attract counterions from the electrolyte to form a Debye layer of charge near the surface. Although this Debye layer is thin (< 5 nm), the electric force in the layer drives much of the hydrodynamic flow responsible for the microstructure formations. The effect of this thin boundary layer, together with the deformation of the cell boundary, gives the interesting aggregate microstructures under the external electric fields.

In (245), Liu et al studied stationary configurations of stationary Poisson-Nernst-Planck PNP equations and limiting behavior as for small (non-dimensional) Debye constant. Liu et al give rigorous proof of different Debye layer configurations between electrical neutral and non-neutral cases. These special boundary layer properties are crucial in applications 


(21, 284) ADDIN EN.CITE . In (246) Liu et al reformulated the above hydrodynamical system of ER fluids, using different variational procedures. The method reveals fundamental structures of coupling and transport in these systems. Recent work (195, 216) on convection-diffusion equations is relevant. Liu et al obtained well-posedness results based on our energetic variational approach. Moreover, combined with diffusive interface methods, Liu et al developed systems/numerical algorithms to model deformation of vesicle membranes that select between ions. In (471), the theory was generalized to the ER fluids with finite size particles and induced dipole interactions.
Energy Variational Analysis of Ions in Solutions and Proteins. Over the years, there have been many work in modeling the dynamics of action potential models and the ion channels that produce them 


(13-19, 59, 115, 159, 178, 201, 237) ADDIN EN.CITE . In this proposal, we study the physics of individual channels and we only use an energy variational analysis distinct from other variational principles that have been used to analyze the Poisson-Boltzmann equation (e.g., (94, 299) or the Vlasov equation 


(40, 46, 190, 204) ADDIN EN.CITE . We start with thermodynamics, in the linear form of the energy dissipation law and use both dissipative force balance and conservative force balance
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where we use the dissipation functional 
[image: image48.wmf]D

 of Onsager (173), Chung: p. 94 (62). Systems constrained to follow other ‘laws’ can be included in energy variational analysis easily, essentially by adding them into eq. 
(8)

, b GOTOBUTTON ZEqnNum653236  \* MERGEFORMAT ecause the theory of optimal control (p. 42 of (98);(163, 271)) uses variational methods to apply constraints or penalty functions (p. 120 of (234)) just as does our variational analysis. Eq. (233)(8)

 is nearly identical to eq. (26) of Rayleigh  GOTOBUTTON ZEqnNum653236  \* MERGEFORMAT . We go beyond Rayleigh by actually solving the resulting Euler-Lagrange partial differential equations, together with the physical boundary conditions. We use the modern theory of the calculus of variations and corresponding numerical algorithms that reflect the underlying variational structures, all implemented by computational resources not available in the 19th century. Our dissipation function (like Biot’s (22)) departs from Onsager’s—loosely defined between eq. 5.6 & 5.7 on p. 2227 of (215)— because we use variations with respect to two functions (67, 173). The conservative (Hamiltonian) part of the expression uses a variation with respect to position  (in Lagrangian coordinates). The dissipative—Onsager(ian)—part of the expression uses a variation with respect to velocity 
[image: image50.wmf]r

u

 (in Eulerian coordinates (173)). Onsager tried to use a single variation for both. 

Primitive Model as a Complex Fluid. We treat an ionic solution as a complex composite. One component is a macroscopic fluid phase—a type of primitive model of ionic solutions. Ions are represented as solid spheres following a classical equation of state ((125), see eq. 


(28, 100-105, 107, 118, 124, 166)(11)

). Another component is a plasma in which ions are represented on an atomic scale as charged Lennard-Jones spheres in a frictional dielectric. Excluded volume of the spheres can be handled on the macroscopic scale or the atomic scale, and we will compare these treatments. The third component is an incompressible fluid, the solvent (water). Our energy variational approach can use more realistic models of the solvent and ion—such as density functional theory of solutions  GOTOBUTTON ZEqnNum853507  \* MERGEFORMAT —and extend them to nonequilibrium conditions. Our approach yields multifaceted correlations without invoking complex, many parameter particle-particle force laws 


(119, 128, 162, 220, 221, 275) ADDIN EN.CITE . (Of course, the energy variational principle might not compute all the correlations that actually occur in the real world, if it uses an incomplete or inadequate description of the energy or dissipation of the system.) 

Primitive Ion Phase. The energy of the entire primitive phase of our composite model (macroscopic and atomic) is written in the Eulerian framework before it is substituted into energy dissipation principle eq. (8)

. 
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We use symbols 
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 is mass density, 
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r

r

u

 is hydrodynamic kinetic energy of the Ionic (primitive) Phase, 
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w

r

 is hydrodynamic potential energy; 
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 is dielectric constant (dimensionless); 
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 is the coupling constant (that links different scales and physical processes). It is the ratio of hydrodynamic (macroscopic) energy to microscopic (atomic) energy and acts as a Lagrange multiplier. In general, 
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 is determined by specific measurements in experiments, as in rheology (243, 246). In the special case of liquid interfaces, 
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 turns out to be a surface tension 


(251, 296) ADDIN EN.CITE . The hydrodynamic term of eq. (70, 171, 172)

 is in  GOTOBUTTON ZEqnNum679553  \* MERGEFORMAT . The solid sphere term was first used by (298), as far as we know.

Electrochemical potentials. To apply these ideas to specific problems, we introduce the customary chemical variables, the electrochemical potential 
[image: image59.wmf]n

m

 (of species 
[image: image60.wmf]n

) often described in channel biology as the ‘driving force’ (for the current of species 
[image: image61.wmf]n

), following (137). Without loss of generality, we illustrate these ideas by writing equations for monovalent salts like NaCl, where 
[image: image62.wmf]n

c

 is the number density of chloride and 
[image: image63.wmf]p

c

 is the density for sodium. However, all programming has been done for mixtures of any number of species, with arbitrary valence and includes the permanent charge of the protein or doping background of semiconductors. 
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Here,
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 is renormalized time. and 
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 are diffusion coefficients that must not be set equal lest singular simplifications be produced, like those that minimize liquid junction potentials in salt bridges when KCl is the electrolyte 


(9, 208) ADDIN EN.CITE . In the present implementation we are using a constant dielectric coefficient 
[image: image73.wmf]e

 to represent the water (as is always done in the implicit solvent (or generalized Born) model of molecular dynamics 


(41, 71, 108-110, 122, 123, 144-146, 156, 165, 203, 231, 241, 244, 254, 257-259, 264, 272, 288-291, 299) ADDIN EN.CITE  and almost always done in the primitive model of physical chemists 


(2, 10, 28, 44, 68, 74, 75, 91, 93, 114, 164, 174, 176, 177, 222, 223, 236, 261-263, 278) ADDIN EN.CITE . Later we  will use more  sophisticated  models of the polarization of water in (298) 


(10, 74, 75, 93, 176, 177) ADDIN EN.CITE work on  electrorheology fluids. The importance of  computing  the  potential from  charge 
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 cannot be overstated 


(116, 157, 255, 283) ADDIN EN.CITE . Forcing a potential to adopt a value independent of conditions requires injection of energy and charge that is likely to perturb and substantially distort the system (89, 90). In particular, an ion channel protein (and many other proteins) cannot be described as a surface of fixed potential (126, 127)—as a Dirichlet boundary condition—because a channel protein cannot inject charge into a system (138, 139). 

Solid Spheres: finite size ions. The PNP equations (11)(10)

 have a long history in physical chemistry  GOTOBUTTON ZEqnNum637832  \* MERGEFORMAT , physics 


(6, 112, 154, 155, 161, 169, 191, 196, 255, 283) ADDIN EN.CITE  and biophysics since they were named (87) but the finite size effect was ignored 


(10, 38, 74, 75, 93, 177) ADDIN EN.CITE . We have included these in our variational analysis in three different ways, (1) on macroscopic scale we include an equation of state, (2) on atomic (microscopic) scale, we include a Lennard-Jones term, and (3) on atomic (microscopic) scale, we include a term (for uncharged spheres) from Density Functional Theory (DFT) of liquids, in particular uncharged terms from 


(100-102) ADDIN EN.CITE . We will compare calculations using each treatment of excluded volume. We could combine them with distinct coupling constants. 

Equation of State treatment of solid sphe
[image: image75.wmf]n

c

res. One way to include the finite size effect in our energy is to use the generalized van der Waals expression (eq. (20) in (125)), as a macroscopic approximate description of the effects of finite volume of solid ions
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Lennard Jones treatment of solid spheres. The excluded volume of solid spheres can be treated in another way by including the energy of an excluded volume term at the atomic scale, with the energy written as that of purely repulsive Lennard-Jones spheres
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where 
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 is a chosen energy constant. An attractive term could be added into eq. 
(12)

 with respect to (12)

 if needed. We derive drift force by variation of eq.  GOTOBUTTON ZEqnNum502682  \* MERGEFORMAT . This variation determines the  component of flux 

[image: image85.wmf](

)

(

)

(

)

(

)

14

12

,

()12()

nnnnnn

caacd

e

--

+

éù

+

ëû

ò

rrrr

rrr

xyxy

xyy
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due to finite size effects of 
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 and 
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. The equation for 
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c

 has a similar form. Details are available on request. The component of flux appears inside the divergence operator in the Fokker Planck equation.

Dissipation on the atomic scale. We turn next to the dissipation in the primitive atomic scale phase so we can take its variation with respect to velocity and thus determine the corresponding dissipative force. 
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Here 
[image: image91.wmf]Ñ

r

u

 is the strain rate tensor; 
[image: image92.wmf]n

 is the dynamic viscosity coefficient; and chemical potentials are written as Greek mu’s, following the nomenclature of physical chemistry (202). 

DFT treatment of solid spheres. Another way to handle the excluded volume of hard spheres is by including a term (for uncharged spheres) from Density Functional Theory (of liquids) in the atomic scale energy. We use the uncharged terms from 


(100-102, 239) ADDIN EN.CITE . We simply replace the Lennard-Jones terms by the corresponding terms (details available on request).
Primitive Model of Ionic Phase. Now we are in a position to write the primitive model of just the ionic fluid (without solvent water). The system will include the macroscopic (continuum) hydrodynamic variable 
[image: image93.wmf]r

, the mass density of the ionic phase (without solvent), velocity 
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u

 of the ionic phase (without solvent,) and hydrostatic pressure 
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 determined by the equation of state for ions (which form a compressible fluid without solvent). On the atomic (microscopic scale) both the Lennard-Jones model and DFT model have been implemented. Explicit formulae for 
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and 
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 have been worked out for both. Explicit formulas for 
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 and 
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m

 are not possible because they are nonlocal, involving the electrical potential and finite volume effects throughout the global system. Macroscopic conservation of mass and force balance are
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In the above equation, the second term on the right hand side is the electric force which is the effect of charge on the macroscopic ionic phase (fluid). The second and third lines are the Body Forces due to the finite size effect. Notice the concentration variables 
[image: image101.wmf]()

n

c

r

x

 and 
[image: image102.wmf]()

p

c

r

x

 in the Body Force terms cannot be moved inside the divergence. Their location implies that the divergence theorem (i.e., Green-Gauss formula) cannot put those concentration terms on the boundary. Thus these forces must be evaluated inside the bulk of the system and are given the name Body Force. 

PNP for solid spheres. The time dependent PNP equations modified to include finite size effects are


[image: image103.wmf]12

12

,

,

1414

=

6()()

12()()

()

()()

||||

n

nnnn

B

npnp

nnnn

n

np

B

ce

cDcc

tkT

aa

aa

c

cdcd

kT

f

e

e

éù

æö

¶

+ÑÑÑ-Ñ

êú

ç÷

¶

èø

ëû

éù

ìü

+-

+-

ïï

-Ñ+

êú

íý

--

ïï

êú

îþ

ëû

ó

ó

ô

ô

õ

õ

××

×

r

rr

rr

r

rrrr

rrrr

u

xy

xy

x

yyyy

xyxy


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (16)


[image: image104.wmf]1212

,,

1414

=

()12()()6()()

()()

||||

p

pppp

B

pppppnpnp

pn

B

c

e

cDcc

tkT

caaaa

cdcd

kT

f

ee

éù

¶

æö

+ÑÑÑ+Ñ

êú

ç÷

¶

èø

ëû

éù

ìü

+-+-

ïï

-Ñ+

êú

íý

--

ïï

êú

îþ

ëû

ó

ó

ô

ô

õ

õ

××

×

r

rrrrr

rrrr

rrrr

u

xxyxy

yyyy

xyxy


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (17)

The second terms on the left hand side of eq. (15)

 represent the balance of internal forces (Newton’s third law). It is important to verify Newton’s third law in problems of this sort. We deal with water (solvent on the macroscopic scale), the ionic phase (fluid on the macroscopic scale), and the ionic particles (on an atomic scale). Newton’s third law has to be satisfied for each phase and all interactions among phases. 
(17)

 represent the transport of the ions by the fluid. These and the last two terms of eq. (16)

 and 
Solvent water. We turn now from the ionic phase to the solvent water. The solvent is treated traditionally as an incompressible fluid density 
[image: image105.wmf]f

r

 and velocity 
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r

u

 (although treatment as a compressible fluid is possible if needed), using energy and dissipation
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where 
[image: image108.wmf]0

f

r

Ñ=

×

 for an incompressible fluid. Applying the force balance law eq. 
(8)

 to the equations for the incompressible solvent gives the Navier-Stokes partial differential equations for an incompressible fluid with dynamic viscosity  GOTOBUTTON ZEqnNum653236  \* MERGEFORMAT  
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Finally, we can deal with the entire electrolyte, namely the ionic solution consisting of the solvent and the primitive phase of ions by combining the energy and the dissipation of the individual components using a simple model for the interaction of the components. Details are available on request.
Variational analysis on Macroscopic (fluid dynamics) and Atomic (microscopic) scales. Combining macroscopic and atomic energies as we have, using just one coordinate 
[image: image111.wmf]r

x

, is a drastic simplification not used in more complete and sophisticated multiscale analyses (23, 24, 70), see for example the ‘micro-macro’ energy variational analysis (295) where the transformation of scales is done explicitly, with two different coordinates, one, 
[image: image112.wmf]r

1

y

 for the macroscopic scale, and the other, 
[image: image113.wmf]2

r

y

 for the atomic scale. In the full micro-macro expression that then takes the place of our eq. 


 an extra nested integral  GOTOBUTTON ZEqnNum679553  \* MERGEFORMAT would appear, because an integration must be done over the atomic scale 
[image: image115.wmf]2

r

y

 before the energies of the atomic (microscopic) and macroscopic (hydrodynamic) scales can be combined. More detailed treatments of solution flow (i.e., solvent plus solute), or coupled transport of ions in channels, may require a more complete micro/macro analysis that does this integration explicitly. Here, we use the mesoscopic variable
[image: image116.wmf]r

x

 for both macroscopic and atomic coordinates 
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 and 
[image: image118.wmf]2

.

r

y

 


Equation 


 is on macroscopic scale 

 states the physics of our analysis of ions in solutions and channels. In the present analysis, the hydrodynamic scale contributes only energy; no entropy terms are involved. The atomic scale, however, contributes both energy and entropy terms reflecting thermal fluctuation and Brownian motion. The entropy term in eq.  GOTOBUTTON ZEqnNum679553  \* MERGEFORMAT  and represents a crude averaging of the energetic consequences of Brownian motion (occurring on atomic scale 
[image: image120.wmf]r

2

y

 not shown here). A full micro-macro treatment would produce more complete (but complex) results by explicitly averaging the Brownian trajectories 


(252, 265, 266) ADDIN EN.CITE . It can embed Monte Carlo simulations (295)—perhaps even of ions in channels 


(36, 37) ADDIN EN.CITE —in the variational integral itself, as part of the integrand in eq. (247, 248)

. The energy variational approach was established previously in  GOTOBUTTON ZEqnNum679553  \* MERGEFORMAT . A related approach that inspired ours is used in (184). Simplified approaches using a single coordinate like our eq. 


(58, 147, 153)

 can be found in  GOTOBUTTON ZEqnNum679553  \* MERGEFORMAT . Full micro-macro analysis is available for polymeric fluids (23, 24, 70), electrokinetic fluids (247, 248), and liquid crystals (286) although they do not use the dissipation principle. If the simplified treatment of atomic scale in eq. 


 is accurate, no (macroscopic) equation of state term  GOTOBUTTON ZEqnNum679553  \* MERGEFORMAT  is needed and can be omitted. The physics would be computed from an averaging of the atomic (microscopic) scale. However, equations of state can give very accurate and useful descriptions (185, 206) of complex phenomena and are widely used (256) for that purpose in technology, e.g., chemical engineering. It would be unwise in our opinion to ignore these results just because they lack esthetic appeal, sometimes contain hundreds of parameters (158), or have only incomplete derivations. The theory of excluded volume on the atomic (microscopic) scale would have to be very successful indeed to predict macroscopic phenomena as precisely as equations of state. We include an adjustable parameter, the coupling constant λ, in our expression (153)

 will have minimal values of both dissipation and action, even if the same physical process appears in two components of the integrand 

 twice. The mathematics of the energy variational process guarantees that any solution of eq. 

 can be used, a model of energetics and dissipation must be stated. In many cases, λ may turn out to have a specific physical meaning as it does in surface science, where it is a Lagrange multiplier and also the surface tension. The energy variational approach is helpful here because applying it prevents us from counting components of eq. 

 so we can include both the macroscopic and atomic scale descriptions of the energy produced by the excluded volume of solid spheres. λ must be applied, of course, to an explicit model describing how the energetics and dissipation arise. Before λ is determined and before eq.  GOTOBUTTON ZEqnNum679553  \* MERGEFORMAT . However, there is no magic in the variational method. The variational approach would not prevent other quantities—beyond the least action and dissipation included in eq. 


—from being double counted or otherwise mishandled. Variational approaches only constrain variables that they vary (like  GOTOBUTTON ZEqnNum679553  \* MERGEFORMAT  and 
[image: image123.wmf]r

u

 in eq. 


(45, 72, 153, 184, 187, 188, 295-297)

) and that then appear in the resulting Euler-Lagrange equations. The energy variational approach is also a natural way to combine descriptions of phenomena on different scales  GOTOBUTTON ZEqnNum679553  \* MERGEFORMAT . The energy variational approach combines (variation of) energy on the one hand and (variation of) dissipation on the other. It uses two variations, each with respect to a different variable to determine Euler-Lagrange differential equations of the merged system. The resulting equations are different from those produced by directly combining partial differential equation describing each phenomenon. Combining partial differential equations directly can be problematic. It may not be clear which partial differential equations (or variables) should be connected, and whether they should be added or otherwise combined. If different scales are merged as in eq. 


(252, 265, 266)

, variables in different partial differential equations may not be comparable or have the same units (e.g., concentrations of species and distribution functions of locations of atoms of that species  GOTOBUTTON ZEqnNum679553  \* MERGEFORMAT ). Merging differential equations may not be unique and may even violate overarching thermodynamic constraints 


(45, 72, 153, 184, 187, 188, 295-297) ADDIN EN.CITE . In energy variational procedures, energies and dissipations that are added are usually easily defined and can be added across scales or between phenomena, at least as a first approximation.

Variational Procedure as an optimization: coupling constant. The variational procedure is a kind of optimal control that produces optimal mixing of atomic and macroscopic scales. Eq 


(22, 98, 163, 234, 271)

 can be viewed as an optimal control  GOTOBUTTON ZEqnNum679553  \* MERGEFORMAT , as written, without change. The cost function is the macroscopic (hydrodynamic) part of energy. The constraint function is the atomic (microscopic) part of energy, the part multiplied by λ. If we want to strictly enforce (control of energy by) the atomic scale, then λ becomes a Lagrange multiplier. If we relax the constraint on the atomic scale, then λ can be viewed as the relaxation parameter where the magnitude of λ represents the tolerance allowed for the constraint. Determining the tolerance of the constraint is a major topic for experimental investigation, and cannot be decided by mathematical arguments alone. In our applications to channels, it is clear that focus should be on atomic/mesoscopic scales, and eq. (183)

 is written that way. Other formulations of ‘penalty functions’ (p. 181 of  GOTOBUTTON ZEqnNum679553  \* MERGEFORMAT ;(234)) are possible besides those shown in eq. 
Generality of the Energy Variational Approach. An energy variational treatment allows a more generality and (possible) complexity than is usual in theories of ionic solution because (1) it includes all the bulk hydrodynamic behavior of an incompressible fluid described by the (incompressible) Navier Stokes equations; (2) it includes all the bulk hydrodynamic behavior of a compressible phase of ions; (3) it includes the atomic scale behavior of a PNP system including the effects of finite size ions, and the electrical potential produced by the atomics scale behavior; (3) it allows boundary conditions that can drive flow, for example, when they are spatially nonuniform; (4) it automatically computes interactions between all components and scales included in the models that describe dissipation and energy. In most models of ionic solutions 


(10, 60, 73, 95-97, 119, 162, 238) ADDIN EN.CITE , these interactions have to be put into the model ‘by hand’. The electrical potential is present on all scales and directly couples atomic and hydrodynamic bulk behavior. This generality—which does even distinguish between thermodynamic equilibrium and thermodynamic nonequilibrium—is a major potential advantage of the energy variational approach. For example, energy variational treatments will automatically reveal correlations in the flows of any of these components across all sales, even if pairwise interactions (like force laws of molecular dynamics) are not explicitly included in the energy function. The energy variational method also deals with double counting better than most (see discussion some three paragraphs previous). It allows (in the future) combination of (for example) our three models of excluded volume—Equation of State, Lennard-Jones, and Density Functional—each weighted with separate coupling constants, Lagrange Multipliers, if we choose to handle them that way. One can choose coupling constants to fit data optimally using methods of inverse problems, if necessary, as we have in fitting PNP-DFT to properties of channels (42).

Methods of Numerical Computations. We are developing numerical algorithms that reflects and take advantage of the underlying energetic variational structure of the ion channel dynamics. The most natural methods in exploiting variational structures in numerical simulations are those of finite element methods (FEM). Hyon is a numerical analyst specialized in various FEM algorithms 


(45, 72, 148-153, 167, 225) ADDIN EN.CITE . He had collaborated with Chun Liu on many projects on the modeling and simulations of complex fluids 


(72, 150-153) ADDIN EN.CITE . The PNP equations have also been applied in the theories of semiconductors 


(161, 194, 195, 255, 260) ADDIN EN.CITE .  The PI has been applying this equation in ion channels studies for many years 
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(1, 7, 8, 42, 47-57, 78-85, 87-90, 100, 140-143, 207, 210, 211, 252, 253, 267, 279-282) ADDIN EN.CITE , along with many others 


(11, 43, 54, 65, 66, 113, 170, 192, 193, 205, 300, 301) ADDIN EN.CITE . The coupling of ions (PNP equations) and flow (Navier-Stokes equations) has been well studied for ionic solution dynamic in analysis and computations by Ryham (247, 248), a former Ph.D student of co-PI Chun Liu, who successively employed a “mini” finite element for solving the Stokes dynamics. We want to continue and generalize this work to the more general situations. In this case, generalized “mini” elements, the standard
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 can be applicable to solve our model (232). To solve Nernst-Planck equations, we apply no-flux boundary conditions that can be naturally derived through variational procedures. For drift-diffusion equation, the Nernst-Planck equations, we use an efficient finite element method that is called edge averaged finite elements EAFE. The method had been proposed in (293) and studied extensively in (20)


 ADDIN EN.CITE <EndNote><Cite><Author>Ryham</Author><Year>2008</Year><RecNum>7912</RecNum><DisplayText>(247, 248)</DisplayText><record><rec-number>7912</rec-number><foreign-keys><key app="EN" db-id="s5rzxept6frddle9ft3pexxowspvpw5p2efx">7912</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Ryham, Rolf J.</author></authors></contributors><titles><title>Global existence and long term behavior of 2d electro-hydrodynamics, available as arXiv:0810.2064v1 </title></titles><dates><year>2008</year></dates><urls></urls></record></Cite><Cite><Author>Ryham</Author><Year>2006</Year><RecNum>7132</RecNum><record><rec-number>7132</rec-number><foreign-keys><key app="EN" db-id="s5rzxept6frddle9ft3pexxowspvpw5p2efx">7132</key></foreign-keys><ref-type name="Thesis">32</ref-type><contributors><authors><author>Ryham, Rolf Josef</author></authors><tertiary-authors><author>Chun Liu</author></tertiary-authors></contributors><titles><title>An Energetic Variational Approach to Mathematical Moldeling of Charged Fluids, Charge Phases, Simulation and Well Posedness</title><secondary-title>Mathematics</secondary-title></titles><pages>83</pages><volume>Ph.D.</volume><dates><year>2006</year></dates><pub-location>State College</pub-location><publisher>The Pennsylvania State University</publisher><work-type>Ph.D.</work-type><urls></urls></record></Cite></EndNote>(247, 248) GOTOBUTTON ZEqnNum606796  \* MERGEFORMAT . The method is based on the nature of the monotonicity of its operators. For the time discretization we are employ the Euler method.  Now, we present the pseudo algorithm based on finite element discretization to solve Poisson-Nernst-Planck equations including the ion finite volume effects. 
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Step 3. Solve the finite dimensional equation for 
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where 
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 are the chemical potential obtained from the finite volume energy.
Step 4. Solve Poisson equation for given for 
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To prevent oscillation behavior in this iterative scheme we apply the following convex iteration scheme: 
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Step 5. Check the self-consistency between 
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Otherwise 
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Step 6. Check the error between 
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 with a criterion.

If the error is less than a criterion, then print solution 
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 These methods have been used to do substantial (i.e., hundreds) of calculations on the reduced model of the selectivity of calcium and sodium channels 
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(26, 27, 29-38, 80, 86, 100-107, 197, 198, 209-214, 240, 285, 287, 294) ADDIN EN.CITE  under a wide variety of conditions and a series of papers will be written in the course of this proposal. Here we present preliminary numerical results to demonstrate feasibility of the numerical methods. First the selectivity of ion channels is presented through the binding curves, showing binding as a function of ionic concentration for the DEEA, calcium channel, and DEKA, sodium channel. The computation involved all the ions Ca2+, Na+, K+, and Cl– as well as the reduced channel structure including side chains. This work demonstrates that we can reproduce results of Monte Carlo simulations in some detail, although we are of course using entirely different mathematics. We thank Dezső Boda for help (the author of the MC reduced model 


(25-38, 105, 236, 277) ADDIN EN.CITE ).

Hodgkin Huxley type currents Time dependent currents through channels produce the signals of the nervous system 


(129-131, 135, 137, 139) ADDIN EN.CITE  and their study earned 5 Nobel Prizes in my lifetime, to Alan Hodgkin and Andrew Huxley, Bernard Katz, Erwin Neher and Bert Sakmann, and Rod MacKinnon. The time dependence of these currents has always been explained (as far as I know) by time dependent changes in the shape (‘conformation’) of the sodium channel molecule except for some (unsupported) speculations in (88, 89). The power of energy variational methods is seen in the calculation of time dependent currents through a sodium DEKA channel, using precisely the same system used to calculate equilibrium selectivity. Here we show that a channel with fixed unchanging structure gives time dependent currents that resemble the sodium current recorded in voltage clamp experiments from squid axons 


(132-136) ADDIN EN.CITE  and many other nerve and muscle cells (4, 127). This pattern is called activation, then inactivation. The current calculated in a sodium channel (DEKA) for single step pulse using the PNP system with finite volume effects is shown in Fig. 2. The calculation for a number remains preliminary in a biophysical sense. We have not yet checked that the (many) specific characteristics of sodium currents found experimentally are present in the model current, see extensive literature reviewed in (276). 

2) Mutational Analysis. The following is the plan for site directed mutagenesis prepared by our collaborator Andrea Koop.
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Removal of positively charged amino acid residues in the Nanc channel pore. Aim: To construct a NanC channel with high selectivity for Ca2+. In order to achieve this, we will first remove all positively charged residues within the pore of NanC and substitue them by alanine. If this Arg- and Lys-less pore of NanC remains intact, we will then introduce negatively charged residues into strategic locations within the pore in an attempt to create Ca2+ binding sites within the pore and to turn NanC into a Ca2+ permeable channel. The residues to be mutated to alanine are: Arg6, Arg10, Arg19, Lys21, Lys91, Arg105, Arg107, Arg129, Arg208.


The outline of the mutation strategy is as follows: the mutagenesis of the nine amino acids named above is performed by polymerase chain reactions (PCRs), in particular ‘overlap extension PCR’ (fig. 1). As the mutations are located in different domains of the protein, several individual PCR reactions will be necessary (fig. 2) whose PCR products will be joined to form the final full length PCR product.


The following paragraph and figure 1 illustrate the procedure ‘overlap extension PCR) to create one single mutation, in the next paragraph an overall diagram is shown how the mutagenesis of all 9 amino acids will be carried out.


To introduce one mutation two PCR reactions are being performed. In each of these reactions (PCR1a and 1b) the desired mutation is introduced into both template DNA strands. PCR product 1a comprises the 5’ end of NanC DNA (including 5’restriction site ) up to the position of the desired mutation whereas PCR product 1b starts at the mutation site and reaches from the position of the mutation downstream till the 3’ end of the NanC DNA (including 3’ restriction site). Each PCR 1a and 1b will be performed using the original NanC DNA plasmid pKSM717, one outer (forward or reverse) and one mutagenesis primer (forward or reverse). The inner mutagenesis primers are designed in order that there is an overlapping region of about 12 bp in the area where the mutation is located. This overlapping region allows to join the two PCR fragments 1a and 1b in a consecutive PCR reaction (‘Fusion PCR’). The choice of the outer primers determines the total size of the amplified PCR product
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In order to mutate all residues I will follow this strategy and create individual PCR products between each mutation (‘walking’ downstream from 5’ -> 3’). Thereby two neighboring PCR products are generated in order that they overlap in one region and can be joined in a second PCR reaction. Further these products will be joined in another PCR reaction and so on until the final full length NanC PCR product is amplified. After all, the final PCR product will be purified, restricted with the flanking enzymes (NcoI-AccI65I), purified via agarose gel electrophorese (QiaExII gel extraction kit), and ligated to the original plasmid construct (T4 DNA ligase) that was restricted and gel purified accordingly.


All PCRs will be carried out using PfU polymerase (stratagene) which has a proofreading activity which guarantees a very low error rate( 1:10-4 -1:10-5) and PCR products will be purified from the PCR reaction sample using QIAGEN PCR purification kit


After introduction of the first mutation the purified PCR product A will be used in this and all following PCR reactions instead of the forward outer primer. This leads to an elongation of the mutated PCR product A further downstream up to the second codon that is to be mutated. Subsequently all 9 mutations will be created in the NanC DNA sequence. After all, the final PCR product will be purified, restricted with the flanking enzymes (NcoI-AccI65I), purified via agarose gel electrophorese (QiaExII gel extraction kit), and ligated to the original plasmid construct (T4 DNA ligase) that was restricted and gel purified accordingly.


To obtain amplified plasmid DNA an aliquot of the ligation reaction will be used to transform chemically competent DH5α Escherichia coli cells which will be selected via according to the antibioticum resistance of the host plasmid pKSM717.

Figure 2: NanC DNA sequence 

Reference: http://www.lgcstandards‑atcc.org/ATCCCulturesandProducts/MolecularBiology/Vectors/tabid/1000/Default.aspx
[image: image156.wmf]  

t


A) Measurements of single channels. Control of solutions and gating. The analysis of channel function requires measurements of currents through the single open channel in solutions with a variety of ion types and concentrations. One of the keys to our project is that such measurements are straightforward, with bilayer (or patch clamp) recording methods used by many laboratories including Bob Eisenberg’s for many years. (Bob Eisenberg is the senior designer of the AxoPatch amplifier used in more than 10,000 laboratories.) These are tricky methods (179-182, 226-230), and are not being widely taught anymore; nonetheless, they are straightforward if precautions are followed necessary to measure picoamp currents reproducibly and reliably. Few of the channel proteins of known structure permit measurements of single channel currents.


Channel proteins function by modulating the flow of ions through a pore in the protein. The energy gradient that drives the flow is in the solutions, not the protein, and is maintained by an elaborate control mechanism of pumps and sensors in a real biological cell (39), or by experimental apparatus in the laboratory. The channel opens (127) to allow this flow by a process thought to include changes in shape of the protein, although recent work suggests that this gating process involves time dependent changes in the concentration (i.e., number density) of ions in the channel, as well. The opening process of the channel is thus like the conformation changes involved in the function of many proteins. It is ‘biological’ involving structural changes; each channel type (of the thousands of types in an animal) is likely to have its own ‘sensor’ module (part of the protein) and mechanism of gating. Gating is modulated by many of the molecules that control channels (e.g., Ca2+, cyclic AMP, etc); a substantial fraction of all drugs act by controlling gating of one type of channel or another gating is very sensitive to temperature.


The properties of the open channel are quite different, however. The open channel resembles nanochannels in physical systems (120, 121, 268-270), a column of salt ions in water. Once the channel is open, it is an experimental fact, checked in hundreds if not thousands of papers, that the mean current (averaged over many openings of channels) is independent of time, and in fact, where examined the current showed no correlations even within 100 µsec of the opening or closing. Channels are very narrow ~ 3× the diameter of the ions and electric forces are very large on this scale, particularly compared to the electrical forces involved in the selectivity of channels. Any structural change (e.g., 0.01 nm) maintained 50 µsec would be noticeable in the current record. Much smaller structural changes are likely to produce correlations. Neither correlations nor current fluctuations (correlated with duration of opening) of this sort have been seen. We conclude that the channel protein has one structure within a tight tolerance (e.g., 0.01 nm) on the biological time scale, with thermal fluctuations to be sure, but no correlations with the opening or closing event. 


The work we propose here involves simulations of the quantum and molecular dynamics of ions in the already open channel. Such computations are feasible with methods and computers used today. We do not propose (yet) to study the opening process of gating. Computations of gating need to last msec and need to be repeated many times since the opening of single channels is a widely dispersed stochastic event. It would be difficult to perform enough gating computations to study the effects of ions, mutations, and electrical potential (and modulators and so on) on channels. These are the important biological and experimental phenomena of gating and they are inaccessible to the kind of simulations we are discussing here.


But the processes that determine permeation and selectivity in the already open channel are accessible to the simulations and theories we describe here, even in a range of experimental conditions and that is why we restrict our work to the open channel.


To study the open channel, one must control the driving force of ions through it, and that means controlling the electrical and chemical potential, i.e., the concentrations of ions on both sides of the channel. Bob Eisenberg is the senior designer of f the patch perfusion apparatus sold by ALA instruments, that allows perfusion without significant increase in noise or artifact. The knowledge and skills developed (273, 274) allow easy control of solutions and voltage when measuring currents through single channels of NanC.

B) Crystallization and X-ray crystallography. 

Understanding the atomic basis of protein function begins with the structure of the protein, primary, and more importantly tertiary, established usually by x-ray crystallography. Few structures are available of channel proteins but we are fortunate that our colleague and collaborator Tilman Schirmer has determined a number of those, most notably for us the recent structure of NanC (292), see earlier work describing the protein (63, 64). Tilman is eager to try to crystallize mutants that have interesting single channel properties and then determine their structure. Few groups are as fortunate as we are to have such experienced, successful, and committed structural biologists as collaborators.

C) Mutational analysis. 

Site directed mutagenesis allows the manipulation of the amino acids of a protein and thereby the charge distribution along with the spatial distribution of polarization charge (what the biochemists call the chemical nature of the side chains, e.g., the polar or nonpolar nature of the amino acid side chains). Such manipulations have allowed the construction of a calcium channel (197-199, 285) starting from ompF porin, which has no sequence or structural homology with calcium channels of eurkaryotes, and bears no resemblance to them, except being a channel protein. (OmpF is constructed of a β barrel with a constriction zone. It is in fact a timer of three channels made of three identical polypeptide chains, intertwined so two of them make a single channel (160, 189, 219, 249, 250).) Similar mutations are needed of NanC and we are fortunate that Wayne Chen and his collaborator Andrea Koop are making such mutants with us. They have extensive experience ….. [insert here]
8. PRELIMINARY EXPERIMENTAL RESULTS

Here we detail preliminary work not described in publications. Demonstrating. Single Channel Recording of NanC, simulations of properties of ions, and the Energy Variational Approach. The mutation work is just beginning and preliminary work is not yet available.

1) Preliminary Work on Single Channel Recording
Single channels of NanC were reconstituted into lipid bilayers by standard methods and single channel currents recorded using our standard AxoPatch setup. Fig. 1 shows a typical gating experiment, without retouching where a voltage pulse of – 200 mV was applied as shown (dotted line) producing an opening of the channel (deflection of current downwards to “noisy” baseline. The ‘overshoot’ in current is electrical artifact.) followed by spontaneous (stochastic) openings and closings marked “open” and “closed”. The current was measured at wide bandwidth (~5 kHz) and so we see instrumentation noise when the channel is closed (upper horizontal part of record) and instrumentation noise plus open channel noise plus gating between substates when the channel is open (lower horizontal record). These can be low passed filtered to look “nicer” but we do wish to show this early work in full detail, leaving filtering until later.

Current voltage relations are best measured by the response to a ramp voltage, see[image: image157.wmf]  
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 Fig. 2 which shows the response of a ramp from .−100 mV to +100 mV in about 2 sec.

Fig. 3 documents measurements of current (I), voltage (V), concentration (C) relation in 6 KCl solutions from 100 mM to 3 M. It is straightforward to make measurements of single channel currents from NanC in many solutions. Such is not the case with most channels of known structure.

interesting mathematics and computational science along the way.

2) Mutational Analysis. 

The following is the plan for site directed mutagenesis prepared by our collaborator Andrea Koop.

Removal of positively charged amino acid residues in the Nanc channel pore. Aim: To construct a NanC channel with high selectivity for Ca2+. In order to achieve this, we will first remove all positively charged residues within the pore of NanC and substitue them by alanine. If this Arg- and Lys-less pore of NanC remains intact, we will then introduce negatively charged residues into strategic lo[image: image161.png]09804175 abf Cis : 500mM KCI, pH 7.4 8/4/2008, 14:56:41
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cations within the pore in an attempt to create Ca2+ binding sites within the pore and to turn NanC into a Ca2+ permeable channel. The residues to be mutated to alanine are: Arg6, Arg10, Arg19, Lys21, Lys91, Arg105, Arg107, Arg129, Arg208.


The outline of the mutation strategy is as follows: the mutagenesis of the nine amino acids named above is performed by polymerase chain reactions (PCRs), in particular ‘overlap extension PCR’ (Fig. 4). As the mutations are located in different domains of the protein, several individual PCR reactions will be necessary (Fig. 5) whose PCR products will be joined to form the final full length PCR product.


The following paragraph and fig illustrate the procedure ‘overlap extension PCR) to create one single mutation, in the next paragraph an overall diagram is shown how the mutagenesis of all 9 amino acids will be carried out.

   Fig.4 Schematic diagram of ‘overlap extension PCR’ protocol.

To introduce one mutation two PCR reactions are being performed. In each of these reactions (PCR1a and 1b) the desired mutation is introduced into both template DNA strands. PCR product 1a comprises the 5’ end of NanC DNA (including 5’restriction site, Fig.6) up to the position of the desired mutation whereas PCR product 1b starts at the mutation site and reaches from the position of the mutation downstream till the 3’ end of the NanC DNA (including 3’ restriction site). Each PCR 1a and 1b will be performed using the original NanC DNA plasmid pKSM717, one outer (forward or reverse) and one mutagenesis primer (forward or reverse). The inner mutagenesis primers are designed in order that there is an overlapping region of about 12 bp in the area where the mutation is located. This overlapping region allows to join the two PCR fragments 1a and 1b in a consecutive PCR reaction (‘Fusion PCR’). The choice of the outer primers determine[image: image162.jpg]NanC Single Channel IVC in Symmetrical KCI, pH 7.0 Il 100mM
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s the total size of the amplified PCR product

In order to mutate all residues I will follow this strategy and create individual PCR products between each mutation (‘walking’ downstream from 5’ -> 3’). Thereby two neighboring PCR products are generated in order that they overlap in one region and can be joined in a second PCR reaction. Further, these products will be joined in another PCR reaction and so on until the final full length NanC PCR product is amplified. After all, the final PCR product will be purified, restricted with the flanking enzymes (NcoI-AccI65I), purified via agarose gel electrophorese (QiaExII gel extraction kit), and ligated to the original plasmid construct (T4 DNA ligase) that was restricted and gel purified accordingly.

All PCRs will be carried out using PfU polymerase (stratagene) which has a proofreading activity which guarantees a very low error rate( 1:10-4 -1:10-5) and PCR products will be purified from the PCR reaction sample using QIAGEN PCR purification kit


Fig.5 Production of full length PCR


After introduction of the first mutation the purified PCR product A will be used in this and all following PCR reactions instead of the forward outer primer. This leads to an elongation of the mutated PCR product A further downstream up to the second codon that is to be mutated. Subsequently all 9 mutations will be created in the NanC DNA sequence. After all, the final PCR product will be purified, restricted with the flanking enzymes[image: image163.png]Overlap extension mutagenesis PCR
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 (NcoI-AccI65I), purified via agarose gel electrophorese (QiaExII gel extraction kit), and ligated to the original plasmid construct (T4 DNA ligase) that was restricted and gel purified accordingly.
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To obtain amplified plasmid DNA an aliquot of the ligation reaction will be used to transform chemically competent DH5α Escherichia coli cells which will be selected via according to the antibioticum resistance of the host plasmid pKSM717.

Fig.6 : NanC DNA sequence 

(Source:http://www.lgcstandardsatcc.org/ATCCCulturesandProducts/MolecularBiology/Vectors/tabid/1000/Default.asp)
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