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Physics of DNA Assembly, and applications

4 - 8 May 2009, Les Houches

Organizers :  Ralf Blossey (Lille), Ralf Everaers (Lyon), Michel Peyrard (Lyon)
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The meeting took place in the "Ecole de Physique des Houches" as planned in the period 4-8 May 2009 (most of the participants arriving on Sunday May 3rd).

It has been a small, lively, workshop with 33 registered participants, and only 31 actually coming due to last minute health problems for two of the participants (including one of the co-organisers, Ralf Blossey).

The participants came from 11 countries: France (11), Germany (6), USA (4), Belgium (2), Finland (2), Israel (1), Italy (1), Japan (1), Poland (1), Sweden (1), Usbekistan (1)

Summary

In 1953, James Watson and Francis Crick noted that the structure of DNA immediately suggested a copying mechanism for the genetic material. Today, in parallel to new insights into biological function like the nucleosome positioning code of DNA, the properties of the "molecule of life" open up new ways to construct nanomaterials. With DNA meanwhile allowing its manipulation so easily, catalogues of molecular "Lego" come within reach.  Some of the possibilities are: 

· DNA self-assembly into complex branched structures with predetermined, programmable two- or three-dimensional shapes 

· DNA controled nano-assembly : the development of a large variety of molecular "Lego" blocks with specific DNA linkers opens new ways for the construction of nano-materials 

· DNA Nano-machines and DNA computing

· RNA interference is a system within living cells that helps determine what genes are active and how active they are. RNAi is based on binding of messenger RNA (mRNA) to two types of small RNA molecules - microRNA (miRNA) and small interfering RNA (siRNA) 

· The design of new biochemical networks using synthetic DNA and RNA (synthetic biology) 

The workshop gathered experimentalists, theorists, and computational scientists with an extremely diverse background ranging from synthetic chemistry, field theory, mathematics and biology to computer science, bioengineering,   molecular genetics and public health research. These scientist shared their interest in DNA and came to Les Houches with the aim to 

· Discuss the state of the art, future perspectives and theoretical challenges of nanotechnolgical applications of DNA

· Incite the transfer of modeling and scale-bridging techniques developed for amphiphilic systems and proteins to the field of polynucleotide assembly.

The scale of the workshop, the time given to speakers  (1h independently if they were by confirmed scientists or doctoral students, two participants contributed two talks on different subjects), the informal style with frequent interruptions and discussions, the effort put by many participants into introducing their particular topic and technique, and the facilities and the unique setting of the Les Houches Physics School contributed to the success and the good atmosphere of this meeting. As all participants were sharing accommodation and restaurant (for breakfast, lunch, dinner) the discussions could take place at any time of the day. The beautiful scenery and the hike/excursion organised in one afternoon helped to put the participants in an ambiance that was not traditional for a scientific conference, and stimulated personal contacts. Many participants left with a renewed view of their field and with projects for future collaborations. There is also a tentative project of a follow-up meeting in Finland in two-years time.

Scientific content

· DNA chemistry: Thomas Carrell showed how to functionalize DNA using metal ions incorporated into chemically modified basepaires at predefined positions. This is an example for the role of DNA in the emerging field of Systems Chemistry, presented by Guenther von Kiedrowski.

· Physics of DNA and RNA assembly and folding: Basepair association is typically discussed on the secondary-structure level using the Poland-Sheraga model for polynucleotide melting and the Nearest-Neighbor model for oligonucleotide assembly. Ralf Everaers presented a unified approach valid for arbitrary chain length and salt concentration, which included semi-quantitative lattice models for the prediction of complex folding motives in RNA. A key to the success of such models is the determination of the numerous sequence-dependent parameters. Enrico Carlon showed a recent experimental attempt using DNA-microarrays, indicating their utility as well as yet unresolved kinetic issues . Complementary results from atomistic modeling were presented by Aleksei Aksimentiev. Oleg Krichevsky’s results on the kinetics of hairpin folding show the importance of often neglected  sequence effects in loop regions. Finally, we had a spectacular contribution from theoretical physics. In his presentation Henri Orland showed how to use matrix field theory to devise a semi-quantitative theory of RNA foding. 

· DNA in a biological context: While often seen as an information carrier, it is an intriguing question, how the macromolecule DNA performs its biological function. Nils Becker presented an nano-mechanical analysis of DNA-protein complexes, revealing how the histone octamer bends DNA in the nucleosome core particle. Christophe Lavelle described the effects of topological constraints on DNA replication, while Françoise Livolant presented experimental results on the packing of DNA in viral capsids at different densities.

· DNA as a model  polymer and micromanipulation device: On scales beyond the double-helical pitch, DNA can be described as a “wormlike chain.” The static properties of the model are well understood and in excellent agreement with results of single-molecule experiments on DNA stretching. Roland Netz and his co-workers Michael Hinczewski and Yann von Hansen presented the results of combined analytical and numerical studies of  DNA dynamics complemented by experimental results by Oleg Krichevsky from fluorescensce correlation spectroscopy.

· Applications of DNA assembly: The lectures of Eric Winfree and Fred Russel Kramer were the high lights of the conference. Fred Russel Kramer is one of the inventors of ``molecular beacons:’’ short, DNA strands carrying a flurophor and a quencher, which emit light when bound to a complementary DNA sequence. By carefully  choosing binding sites in pathogen genomes and by designing beacon sequences with different affinities for different pathogens, it is possible to  screen blood samples within one hour for the presence of a wide range of bacterial infections to allow for the targeted application of suitable antibiotics. Applications of DNA assembly in nano-technology were presented by Eric Winfree, besides Ned Seeman one of the most influencial scientists in the field. In particular, he showed how to combine the Rothemund Origami techniques for the folding of long DNA strands into designed shapes with “intelligent” DNA tiles whose computer science inspired assembly is determined by the mutual affinity of a small set binding sites.  
· DNA and computing: The interplay with computer science was also stressed by Akira Suyama in his lecture on applications of the Autonomous DNA computer developed in his group and in Eric Winfree’s second presentation on the design of logical elements using strand displacement cascades. Last but not least, Erik Aurell presented the reverse side of the medal, the use of complex optimization procedures for the co-prediction of non-coding RNAs and their targets in the genome.

Assessment of results / Impact on the field

We would like to emphasize the success of the particular SIMBIOMA angle put forward in our proposal: We had several presentation on simulation approaches to DNA on different length scales (atomistic: Aksimenti ; basepair scale : Becker, Everaers, Isambert and, to some extent, Orland ;  coarse-grained : Netz, Hinczewsk, von Hansen) complemented by a lecture by Marek Cieplak on coarse-grained models of proteins and virus capsids. We received a lot of positive feedback for our decision not to simply address these issues as a technical challenge, but to embed them in a wide range of experimental talks to help focus the discussion. 

The workshop identified a number of important challenges 

· Compilation of larger sets of calibration experiments for thermodynamic and kinetic models of DNA and RNA assembly under the wide range of relevant experimental conditions

· Ab-initio prediction of folding free-energies

· Theories and computational tools for rational sequence design for self-assembly or dynamic mechanical tasks. 
· Prediction of folding and association kinetics

· Inverse problem: design of “easily foldable large structures”?
· DNA origami outcompete the secondary structure of the M13mp18 genome (Rothemund, 2006, Supplementary note S8). Hence, unique sequences might not be absolutely necessary for DNA origami, if the ground state (desired folding) dominates the local minima.

· Suppose one can use other (longer) genomes than M13mp18, to find the best one for a given task. There are thousands of sequenced organisms out there, and there will only be more.
· Beacon design
· Stabilization and functionalization of structures built by DNA assembly. For example, if DNA origami is used as a ``breadboard’’ for circuit design, how to optimize it for reusability
Finally, we think that it speaks for the success of the workshop that two of the participants, Erik Aurell and Pekka Orponen, started to discuss the possibility of organising of a follow-up meeting in Finnland.



