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Goals of this project is to utilize the DNA nanotechnology developed by the Seeman and Winfree labs with polymer synthesis techniques developing in the Canary lab and simulation technologies developed in the Goddard lab to synthesize and characterize functional nanomachines and devices. Significant progress has been achieved. 
The Seeman lab has developed general strategies for synthesizing DNA structures that self organize to provide a scaffold designed to produce polymers with the diversity and precision that ribosomes exhibit in building proteins.  This is based on the development of a translation system able to translate DNA sequences into polymer assembly instructions, [1] which has been simplified [2] to a system based on double crossover (DX) motifs, as shown below.
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to emulate biological polymerization processes, we are organizing the translation system using chemistry based on DNA walkers.  Our walkers originally walked on the ends of DNA triple crossover molecules, but they walk along the lengths DX molecules, leading to longer walks.  We have developed stiff half-helix bundles, which we can assemble into both longer units and into 6-helix bundles [3] which form a nice potential sidewalk for walking and offer sheathing for other nanorod-like species.  
Canary previously produced 2' derivatives that contain short units of nylon [4] and now has generalized this chemistry to make much longer derivatized molecules. The chemistry is now sufficiently robust that nucleotides containing all bases (not just T) can be used to flank the nylon molecules.  Furthermore, chemistry has been developed that incorporates polyethylene glycol (PEG) derivatives.  These molecules prototype the types of 'polymer ribosome' products that we wish to develop.  These have been used to crosslink DNA strands across the minor groove and offer the potential to develop polymers whose topology can be directed by the single-stranded DNA topology of unusual motifs.

After synthesizing the polymer (nylon) it must be separated from the DNA.  Canary has developed a method to release coupled oligoamides from the nucleic acid template, which completes the technology required for oligonucleic acid templated assembly of nylon-like polymers. Phosphoramidite reagents were prepared containing pendant moieties as chain propagating and chain terminating groups for amide polymerization.  Automated phosphoramidite nucleic acid synthesis produced oligomers with two or four modified uridine nucleotides that were coupled with a chemical coupling reagent.  Synthetic nylon-nucleic acid ladder polymer was cleaved into nucleic acid and amide oligomers by reductive desulfurization with Raney nickel. The Figure illustrates the overall synthetic process used to assemble a tris-amide from phosphoramidite building blocks.  
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A second issue is stability of nylon-nucleic acid to pair with DNA and RNA complementary molecules.  Canary showed that the amide linkage enhances significantly the binding affinity of nylon nucleic acids towards both complementary DNA (up to 26˚C increase in the thermal transition temperature (Tm) for 5 linkages) and RNA (around 15˚C increase in Tm for 5 linkages) when compared with non-amide linked precursor strands.  For both DNA and RNA complements, increasing derivatization decreased the melting temperatures of uncoupled molecules relative to unmodified strands; by contrast, increasing lengths of coupled copolymer raised Tm from less to slightly greater than Tm of unmodified strands.

Canary finds that PEG-containing amide tethers provide excellent crosslinking of nucleic acids.  We have developed technology required to attach organic oligomers to DNA molecules in parallel to the helix axis.  Structure-activity relationships were explored between reactive groups of varying lengths placed in proximity on the face of a helix.  Nucleic acid strands with amine and carboxylate containing pendent groups attached by small (Un, Uc), medium (Un4, Uc4), and long (Un12) linkers were prepared. Crosslinks could be formed across the minor or major groove of B-form DNA using Un4 and Uc4 groups.  However, Un4/Uc4 could not bridge one full turn of DNA to allow intrastrand coupling.  This was finally achieved using a coupling reaction in a molecule with suitably positioned Un12 and Uc4.  These longer linkers will be required for the polymer nanoassembly device.  

Winfree is developing programmable biochemical networks to control the behavior of synthetic DNA nanomachines.  This is based on their general approach to synthetic biochemical networks based theoretically on neural networks and based experimentally on in vitro transcription and degradation of RNA [5.6] Here each DNA molecule serves as a template for transcription that can be regulated allosterically by RNA transcripts, thus acting as a transcriptional switch. It is straightforward to design DNA switches that produce any chosen output transcript sequence and that are regulated by any chosen input sequence; hence, in principle arbitrary circuits can be synthesized. To be useful for driving DNA nanomachines this system must be extended to exhibit a rich range of dynamic behaviors.   Winfree has focused on oscillatory dynamics that – in analogy to the cell cycle – could drive a synthetic biochemical system through an ordered sequence of chemical events.  As oscillatory dynamics requires transcriptional regulation with high gain as well as fast production and degradation of RNA, we investigated several transcriptional circuit architectures to identify ones whose oscillations are robust to imperfections.  Three oscillating circuits have been experimentally demonstrated: a two-node activation/inhibition circuit, a two-node activation/inhibition circuit with positive excitatory autoregulation, and a three-node ring oscillator.  Future work will demonstrate coupling of these oscillators to nanomechanical DNA devices. 
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[image: image5.emf]At the right are the results for a 2-node oscillatory circuit based on an activation/inhibition loop.  (A) Simulation and experimental data showing switch states over the course of a 20 hour reaction (black lines: simulation; red, green lines: fluorescent read-out of switch states; red points: gel read-out of Sw21 state).  (B) Simulation and experimental  data showing RNA transcript concentrations for the rI2 species in the same reaction, illustrating the robust maintenance of oscillation despite the build-up of interfering waste product species resulting from degradation of RNA transcripts.  (C) Gel data.

Recent advances in the field of DNA self-assembly [7,8,9] have allowed the generation of 6 nm resolution patterns on highly uniform 10,000 nm2 crystals for the cost of approximately one dollar per 1012 crystals.  These crystals would become powerful and flexible tools for studying the physics of multi-component nanoscale devices and enable future nanoelectronic architectures if they could direct the assembly of nanowires, nanoparticles, quantum dots and macromolecules into precise geometries that result in electronic and photonic functionality.  

[image: image6.emf][image: image7.emf]To study the complex multiscale interactions between assembling nanoscale components and create a practical method of precise multi-component device assembly for a high performance material, Goddard, Winfree, and Bockrath have self assembled an all-single wall carbon nanotube (SWNT) field effect transistor (FET) on DNA origami using solution phase molecular linker mediated attachment.  Assembly begins by the dispersal of SWNTs using special DNA linker complexes that display a specific DNA sequence for efficient Watson Crick base pairing. Rows of DNA hooks on DNA origami templates attach to the linkers and cooperatively position and orient the SWNTs with better than 15 nm precision.  Since template attachment is sequence specific, one-pot reactions can localize SWNTs of different properties to different parts of a geometric design.  DNA templates remain stable post assembly and post deposition on SiO2, allowing the attachment of electrodes using standard ebeam lithography methods.  The FETs show clear switching behavior and exhibit signal gain. The efficiency of the assembly process allows approximately 1011 devices per dollar in material costs with little additional equipment costs. 
In order to design the optimum structures to be assembled experimentally, it is essential to be able to predict the details of the structures and their properties. Since these nanoscale systems may involve millions to billions of atoms, it is essential to build coarse grain or mesoscale methods based on the atomistic forces. Goddard has been developing these techniques and validating by comparison to atomistic descriptions. This is illustrated here where each color represents one element of the coarse grain description (6 beads per base pair, including the sugar and phosphate). We find that this provides an excellent description of the dynamics of the various Seeman DNA structures.
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Figure � SEQ Figure \* ARABIC �1�, clockwise from top left, a SWNT assembled in the “red” position on the DNA origami, a SWNT in the “blue” position, a SWNT FET on SiO2, and the same structure after electrode fabrication.
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