HEIDELBERG KNOT THEORY SEMESTER

DE WITT SUMNERS

LECTURES:  SCIENTIFIC APPLICATIONS OF KNOT THEORY

LECTURE #1:  4:00 PM Tuesday, December 2, 2008.  

TITLE:  Introduction to DNA Topology

ABSTRACT:  This lecture will give an introduction to the topology and geometry of DNA.  Cellular DNA is a long, thread-like molecule with remarkably complex topology.  Enzymes that manipulate and carefully control the geometry and topology of cellular DNA perform many important cellular processes (including segregation of daughter chromosomes, gene regulation, DNA repair, and generation of antibody diversity).  Some enzymes pass DNA through itself via enzyme-bridged transient breaks in the DNA; other enzymes break the DNA apart and reconnect it to different ends.  In the topological approach to enzymology, circular DNA is incubated with an enzyme, producing an enzyme signature in the form of DNA knots and links. By observing the changes in DNA geometry (supercoiling) and topology (knotting and linking) due to enzyme action, the enzyme binding and mechanism can often be characterized. This talk is intended for a general mathematical audience, and will discuss topological models for DNA strand passage and exchange, including the analysis of topoisomerase experiments on circular DNA using knot theory.

READING: D.W. Sumners. DNA Topology: Experiments and Analysis. In Knot Theory for Scientific Objects, Proceedings of the International Workshop on Knot Theory for

Scientific Objects, A. Kawauchi, ed., OCAMI Studies 1 (2), 213-237 (2007).
LECTURE #2:  4:00 PM Wednesday, December 3, 2008.

TITLE: The Tangle Model for DNA Site-Specific Recombination

ABSTRACT:  DNA site-specific recombination is a vital step in cellular metabolism, essential in the life cycle of viruses and gene regulation.  In site-specific recombination, a recombinase enzyme binds to two duplex DNA segments, makes two double-strand breaks, and reconnects the DNA to different ends, thus changing the genotype of the organism.  Topological enzymology experiments place both recombination sites on the same unknotted substrate DNA circle, and recombination on that substrate produces a product spectrum of an enzyme-specific family of DNA knots and links.  The tangle model uses the methods of geometric topology to compute enzyme binding and mechanism from the observed family of DNA knots and links.  Electron micrographs of product DNA knots and links are used to pose equations whose unknowns are 2-string tangles; taking the 2-fold branched cyclic covers of these equations yields equations in Dehn surgery on knots in the 3-sphere, and the cyclic surgery theorem is used to prove that the unknown tangles are rational tangles.  The tangle calculus is then used to calculate the rational solutions to the tangle equations.

Reading: C. Ernst and D. W. Sumners.  A calculus for rational tangles: applications to DNA 

recombination, Math. Proc. Camb. Phil. Soc. 108(1990), 489-515.
LECTURE #3:  2:00 PM Friday, December 5, 2008.

TITLE:  Random Knotting and Macromolecular Structure

ABSTRACT: At the interface between statistical mechanics and topology, one encounters the very interesting problem of length dependence of the spectrum of topological and geometrical properties (knotting, linking, writhing, etc.) of randomly embedded circles in 3-space.  This talk will discuss the proof and some generalizations of the Frisch-Wasserman-Delbruck conjecture:  the longer a random circle, the more likely it is to be knotted.  The talk will discuss how to measure the entanglement complexity of randomly embedded circles, arcs and graphs, and some scientific applications which use these measurements.

Reading: D.W. Sumners. Random Knotting: Theorems, Simulations and Applications. In

Topological Fluid Mechanics, Springer Lecture Notes in Mathematics, R. Ricca, ed. (to appear).

LECTURE #4:  2:00 PM Monday, December 8, 2008

TITLE:  DNA Topoisomerase: How Does it work?

ABSTRACT:  DNA topoisomerase is a family of enzymes which act locally to find and fix potentially lethal entanglement (knotting and linking) of DNA in the cell.  Topoisomerase acts locally, but with global consequences—the reduction of DNA entanglement well below thermodynamic equilibrium values.  This talk will describe a number of interesting experiments on DNA topoisomerase, and models and simulations which attempt to elucidate the mysteries of topoisomerase action.

Reading: R.W. Deibler, J.K. Mann, D.W. Sumners, L. Zechiedrich. Hin-Mediated 
DNA Knotting and Recombining Promote Replicon Dysfunction and Mutation, BMC Molecular Biology 8 (2007), 44.
LECTURE #5:  4 PM Wednesday, December 10, 2008

TITLE: Spiral Waves in Excitable Media

ABSTRACT: Self-organizing rotating spiral wave patterns are a signature of unstirred oscillating chemical reactions (the Belusov-Zhabotinsky reaction, and AMP pulses in slime mold), and are believed to be involved in heart fibrillation and neural siezures.  The organizing centers for spiral wave patterns are points in 2-dimensional media,  and curves in 3-dimensional media, so codimension 2 topology (knot theory) is useful in the analysis of these patterns.  This talk will discuss a mathematical characterization of these spiral wave patterns and their time evolution, in terms of phase maps and the homotopy of phase maps. A quantization condition that is necessary and sufficient for the (mathematical) existence of a rotating spiral wave pattern will be derived.

WORKSHOP TITLE: Random Knotting and Viral DNA Packing 

Abstract: Bacteriophages are viruses that infect bacteria. They pack their double-stranded DNA genomes to near-crystalline density in viral capsids and achieve one of the highest levels of DNA genome condensation found in nature. Despite numerous studies, some essential properties of the packaging geometry of the DNA inside the phage capsid are still unknown. Although viral DNA is linear double-stranded with sticky ends, the linear viral DNA quickly becomes cyclic when removed from the capsid, and for some viral DNA the observed knot probability is an astounding 95%. This talk will discuss comparison of the observed viral knot spectrum with the simulated knot spectrum, concluding that the packing geometry of the DNA inside the capsid is non-random and writhe-directed.  Simulations of DNA knotting in confined volumes with and without volume exclusion will be discussed.

