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Biological multi-layer logic gate systems and feedback mechanisms through the use of metabolite-expressing RNA-based gene regulatory devices
SUMMARY

Synthetic RNA devices, working on the same principle as naturally-occuring riboswitches, provide a powerful tool in gene regulation.  RNA devices implement a binary switch in which gene expression may be up- or down- regulated given an input ligand, representing the biological equivalent of a single-input logic gate in which the input is the presence of the ligand and the output is the gene expressed.  This system has been expanded to higher-order gates which express an output based on more than one input.  However, more complex biological computation will require circuits with multi-layer higher-order gate sequences. Theoretically, gates may be cascaded such that the output for one gate serves as the input for another; practically, however, none of the currently known output genes can directly serve as input for another gate.  To bypass this problem, I will create an RNA device to directly express a metabolite instead of the original gene such that the output of one RNA gate may be used as an input for itself or a subsequent gate.  This work will demonstrate the feasibility of positive feedback gate systems, negative feedback gate systems, and multi-layer logic gate systems and establish a foundation for complex multi-layer computation.  

BACKGROUND

Riboswitches are contemporarily defined to be RNA sequences that, by binding an input metabolite and changing conformation, thus up- or down-regulate gene expression.  Almost all riboswitches are composed mainly of two parts: a binding domain and an expression platform or actuator.  The binding domain is a highly complex, folded RNA structure that selectively binds a target ligand.  The change in RNA folding caused by a successful binding event allows the actuator to correspondingly control the translation of its gene sequence. The composition and mechanisms by which any one actuator controls gene expression can vary greatly.  Whereas in some expression platforms, repression is accomplished by controlling access to a transcription terminator and therefore preventing the transcription of a functional mRNA sequence, in others expression may be instead controlled at the transcription phase by mRNA stem structures that either restricts or allows access to the ribosome-binding site (Tucker & Breaker, 2005).  Despite the mechanistic differences, the basic concept of a sensor that triggers up- or down-regulation of gene expression remains constant across almost all instances in which riboswitches have been found.  Currently researched artificial riboswitch analogues that directly control gene expression are based off of this principle.  
The earliest engineered riboswitches are largely individually specialized and naturally did not contain interchangeable parts; while such devices worked on an individual bases, they have little significance in the search for simple, accessible communication and control of gene expression (Bayer & Smolke, 2005).  In 2007, Christina Smolke designed and developed the entirely modular RNA-based gene-regulatory device researched currently (Win & Smolke, 2007).

The entire sequence of a gene under the control of the RNA device is composed of the gene to be expressed, the RNA device and its spacer sequences, and the termination stem loop structure.  The relevant DNA coding sequence codes first for the gene of interest, then for spacer sequences that insulate the RNA device from surrounding sequences, the RNA device itself, a second spacer sequence, and then the rest of the 3’ untranslated region.  After transcription, the resultant RNA sequence folds to create the actual mechanisms by which the RNA device will regulate gene expression.  The RNA device itself is composed much like a riboswitch, containing an actuator and an immediately attached aptamer along with a transmitting mechanism that communicates between the two components and could itself perhaps be treated as a component.  The actuator, a hammerhead ribozyme which occurs naturally but is easily engineered, either represses gene expression by self-cleaving and exposing the RNA to enzymatic degradation within the cell or allows gene expression by restricting the cleaving.  A hammerhead ribozyme is said to be active if it allows self-cleavage (see L2bulge1 ribozyme, Win & Smolke, 2007) and inactive if it restricts self-cleavage (see L2bulgeOff1 ribozyme, Win & Smolke, 2007). The most common ribozyme used is active by default, but becomes inactive if its conformation is changed by an aptamer binding event.  The aptamer, a structure comprised of either RNA or DNA, acts as a sensor for a particular ligand by binding to that ligand and changing conformation.  After a successful binding event and subsequent conformation change, either strand displacement or helix slipping modifies the folding of the hammerhead ribozyme in such a way as to restrict self-cleavage and therefore allow translation and gene expression (Win & Smolke, 2007).  Thus the RNA device may be used to regulate gene expression at the flip of a switch, or more specifically, the easily controlled-presence of the target ligand.

The significance of this particular RNA device lay in the creation of a modular, extensible system in which a library of aptamers could be inserted developed around the hammerhead ribozyme.  Whereas naturally occurring riboswitch mechanisms are specialized for one specific pathway, the modular platform built around the hammerhead ribozyme provides a universal system in which both the ligand (dictated by the aptamer) and the gene to be translated may be customized.  RNA devices mentioned hereafter are of the modular variety Smolke developed.

The resultant input-output relationship between the target ligand and the resultant gene expressed is analogous to that of a single- input “gate” in which the presence of an input (in this case, the target ligand) directly affects the presence of an output (gene expression).  Obviously this relationship reveals potential for not only a single input “gate” but also multi-input logic gates.  Though the current single-input – called “buffer” – RNA device allows for direct control of gene expression, the benefits and significance of higher-order gates are obvious; gates that take more than one input are analogous to logic gates found in digital circuits and would therefore allow for simple computation within a cell, though at a somewhat reduced speed  Smolke has shown that certain combinations of single or multiple ribozymes combined with aptamers can create higher-order gates in which several metabolites, instead of one, represent the inputs.  For example, one ribozyme that is active by default and connected to two aptamers with different input metabolites could represent an AND gate in which the inputs are the two different metabolites and the output is gene expression through the restriction of self-cleavage.  Were the ribozyme to be inactive and not allow cleavage by default, the resultant RNA device could represent an OR gate where either input must be detected before the gene is repressed.  Similarly, two RNA devices, connected to the same RNA strand and each comprised of a ribozyme inactive by default and a single aptamer, would also represent an OR gate in that either or both RNA devices would need to be triggered for gene repression.  Smolke details more examples of gates researched, as well as a basic understanding of RNA-devices as part of a logic-gate system (Win & Smolke 2008).
Whereas a single higher-order gate may be fashioned as described above, a multi-layer higher-order gate sequence which would consist of a number of multi-input gates like those listed above cascaded in series is remains possible only theoretically.  In a series, the output of one gate would need to be the input of another gate.  In RNA device terms, the gene expressed would need to code for the presence of a molecule that acts as the input ligand for the next gate, which in itself is not an easy task. Utilizing an aptamer that binds an arbitrary ligand resulting from the expression of a certain gene is problematic, given that designing an aptamer is difficult, expensive, and inconvenient, even through the use of systematic evolution of ligands by exponential enrichment (SELEX, see C. Lorenz et al., 2006) As the aptamer library grows, however, the current theoretical multi-layer design may become more plausible.  The same inability of the current gate design to directly express as output the input of another gate that renders multi-layer gate sequences infeasible also precludes the possibility of a simple feedback loop in which the output would also act as the input for the same RNA device.  A gate that expresses a given metabolite – instead of a gene – for which aptamers already exist could make both possibilities feasible and would have significant implications.  A gate which expresses as output a metabolite that acts as the input ligand for another gate may be used for a vast variety of applications in which multi-layer gate sequences are required.  Likewise, a gate which expresses as output a metabolite that acts as the input ligand for itself may be implemented as a either a positive or negative feedback device.

OBJECTIVE AND SIGNIFICANCE
To demonstrate the feasibility and determine the effectiveness of RNA-based gene regulatory devices – using metabolite expression instead of gene expression – in implementing two-layer logic gate systems and simple negative and positive feedback loops.  Success in these two areas will establish a foundation for complex multi-layer biological computation.
MATERIALS AND METHODS
Design of RNA devices

The experiment will take place in Christina Smolke’s lab and the modular RNA devices to be tested will be designed as detailed by Smolke in the original design and demonstration of the RNA devices (Win & Smolke, 2008).  The metabolite to be expressed will be the amino acid arginine, for which a number of RNA aptamers have been designed and sequenced (Hermann & Patel, 2000) and their 3-d structures determined (see Protein Data Bank, www.rcsb.org).  

A gate for a feedback mechanism will be comprised of a sequence coding for both arginine and green fluorescent protein and employ either an L2bulge1 ribozyme that by default maintains an active conformation (positive feedback) or L2bulgeoff1 ribozyme that by default maintains an inactive conformation (negative feedback), their corresponding spacer sequences, and an RNA aptamer chosen from the aptamer database (Riboapt DB: A Comprehensive Database of Ribozymes and Aptamers, mfgn.usm.edu/ebl/riboapt/) that takes arginine as its target ligand.  Sequences for the L2bulge1 and L2bulgeoff1 are included in supporting online material by Win and Smolke (supp. materials, Win & Smolke, 2008).

Demonstrating the potential of directly expressing metabolites in multi-layer gates will require a series of two gates in which one supplies as output the input to the other.  The gates will employ L2bulge1 ribozymes.  The first gate will be attached to an RNA aptamer for theophylline (or any other arbitrary aptamer within reason from the database) and will control the expression of arginine, whereas the second gate will be attached to an RNA aptamer for arginine and will control the expression of GFP for characterization.  The two RNA devices will be transcribed separately but present together.
RNA device sequencing


As the design and function of the modified RNA devices to be tested will closely mirror those currently experimented upon by Smolke’s lab, the sequencing and construction process of RNA devices will parallel her already established methods.  Oligonucleotides will be synthesized by Integrated DNA Technologies.  RNA devices will be generated by PCR amplification.
Implanting RNA device and confirming proper sequencing

The RNA devices themselves will be cloned into the pRzS plasmid, which expresses green fluorescence protein under the control of a GAL1-10 promoter as described and used by Smolke as a characterization device (Win & Smolke, 2008).  After insertion the plasmid will then be transformed into an electrocompetent Escherichia coli strain.  Constructs that have been confirmed will be transformed into a Saccharomyces cerevisiae strain by standard lithium acetate procedures as detailed Smolke 2008, supplemental materials  The S. cerevisiae cells will be seeded into culture and grown overnight according to lab procedure.
Evaluation of effectiveness of multi-gate sequence


S. cerevisiae cells will be added to the input culture (various concentrations of theophylline or other metabolites are discussed by Smolke).  A successful transmission of input signal through two distinct RNA devices results in successful expression of GFP.  Output levels of GFP can then be measured on a Cell Lab Quanta SC flow cytometer currently used by Smolke’s lab for similar purposes and using laser line, bandpass filter, and photomultiplier tube settings specified by Smolke (supp. materials, Win & Smolke, 2008).  A non-modified strain will act as a control.  
Evaluation of feedback mechanism


S. cerevisiae cells will be added to an input culture containing various concentrations of arginine and observed for feedback.  Both positive and negative feedback mechanisms will be tested.  GFP output levels will correspond to output levels of arginine, which in the positive feedback strain will continue to rise and in the negative feedback strain will rise and fall accordingly.  Again, GFP levels will be measured on a flow cytometer, but in this case measurements will continue to take place incrementally.  Culture that keeps current cells living but discourages expansion will be added to maintain a constant cell count.
Brief Experimental Timeline
Present – March 30

I will review literature under the direction of Professor Smolke on the mechanisms involved in RNA gene regulatory devices.
March 30 – June 15


I will begin to be trained on the techniques I will need this summer.  At this time, I will also design the entire RNA device sequence and have oligonucleotides sequenced off- site.
June 15 – June 29


The RNA device will be transformed into an E. coli strain.  Constructs will also be tested for proper re-sequencing.
June 29 – July 27

The majority of work testing a two-layer gate arrangement will be done during this time.  The RNA devices will be transformed into S. cerevisiae, where the actual testing of signal transmission will take place.  Trials will be repeated until statistical significance is reached.
July 27 – August 17

The majority of work testing a positive feedback arrangement will be done during this time.

August 17 – August 31

The majority of work testing a negative feedback arrangement will be done during this time.

August 31 – September 18


Directed analysis of data.  I will also write up the experiment and results. I will organize the results for presentation on a poster or a short paper.

PREPARATION


I am currently enrolled in Bioe144: Lectures & Dialogue on Synthetic Biology, a class focused on RNA engineering and other topics, to learn more about general RNA engineering and to prepare myself to study this particular riboswitch.  Outside of the course, I have gotten to know Prof. Drew Endy, the professor of the course, and Prof. Christina Smolke, whose work revolves around RNA gene-regulatory devices.  I will be building upon Smolke’s ideas and will be working under her guidance.

I spent the summers of 2006 and 2007 working at Hewlett-Packard in mechanical engineering-focused research and development where I learned the basics of experimental design.  During each summer I identified and designed my own project, conducted it, and presented the results.

In addition, I have taken general coursework around biology, statistics, and data analysis.  I will also be taking a synthetic biology lab course in the spring.
RESOURCES


I will carry out this project under the supervision of Prof. Smolke.  In addition, access to all equipment, chemicals, and nucleic acids needed will be available through Prof. Smolke’s lab.  
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