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Abstract

       Theophylline is a methylxanthine produced in caffeine catabolism and is one of the most widely prescribed drugs for asthma and chronic obstructive pulmonary disease (COPD; Barnes, 2010). Theophylline is produced in small amounts in the cacao beans of the coffee plant (Coffea arbica) and tea leaves of the camellia plant (Camellia sinensis), making its production dependent upon cultivation of plants. Therefore, my research was part of a larger project to optimize theophylline biosynthesis in E. coli for proof-of-concept of Programmed Evolution, avoiding inherent limitations of engineering an optimal metabolic pathway. To optimize theophylline biosynthesis, I developed a bioinformatics tool to generate potential riboswitch sequences that could be built and tested for any known aptamer sequence. I successfully cloned and tested potential caffeine and theophylline riboswitches predicted by my suite of python scripts. I successfully identified a new theophylline riboswitch but was unable to identify a riboswitch for caffeine. Without a full understanding of the mechanistic nature of riboswitches, the parameters that define a riboswitch may change depending on the aptamer. Therefore, a new riboswitch can be generated from an understanding of the aptamer’s secondary structure.






Introduction
Metabolic Engineering of Metabolic Pathways
With the use of recombinant DNA technology, metabolic engineering improves cellular capacity through introductions of orthogonal biochemical reactions (Stephanopoulos, 1998). Metabolic engineering provides the potential to start with simple, readily available, and inexpensive materials to produce proteins or metabolites important to biofuels, pharmaceuticals, and chemicals (Keasling, 2010). An area of active research in metabolic engineering is maximizing the production of a desired metabolite through evolution and continuous adjustment to cellular metabolism (Campbell et al., 2013). Synthetic biology is an approach to metabolic engineering that attempts to maximize production of a desired metabolite through evolution by designing standardized biological parts. Similar to how metabolic engineers construct biological “pipes” for conversion of substrates to desired compounds, synthetic biologists combine modular biological “parts” to generate high-order devices. A primary goal of synthetic biology is to translate the current understanding of biological systems into a method for building living devices out of standardized biological parts (Silvers and Boyle, 2011). 
Advances in metabolic engineering stem from the cloning of genes or entire metabolic pathways from genetically intractable organisms into well-known, safe, and industrial microorganisms that can be readily engineered (Campbell et al., 2013). However, sustained metabolic output has been difficult through the traditional “rational” approach. The rational approach, or a quantitative understanding of a pathway, allows for optimal production of a pathway element, a priori. Using a priori of the pathway, a modeled prediction for the best way to optimize a metabolic pathway can be made (Silvers and Boyle, 2011). A “forward engineering” approach, or process of moving from high-level abstractions to implementation of a system, is limited by the lack of control over the coordination of many post-transcriptional processes that affect gene expression (Keasling et al., 2006; Gomez-Perez and Rojas-Amaya, 1999). As a result, there is a disconnect between the modular parts of a biological system and the holistic system functioning as predicted (Campbell et al., 2013). 
Alternatively, the “rationally irrational” approach, which uses natural tools of selection and evolution to optimize metabolic pathways, provides a greater advantage to engineering biological systems (Silvers and Boyle, 2011). For example, riboswitch metabolite biosensors were used to conduct high throughput screens of libraries of alleles coding for the production of caffeine demethylase through directed evolution (Michener and Smolke, 2012). Another method used codon optimization and a stronger promoter to improve limitations of mass spectrometry in the biosynthesis of sesquiterpene (Redding-Johanson et al., 2011). Global Transcription Machinery Engineering (gTMe) randomly mutates transcription factor genes in an effort to effectively optimize the production of heterologous genes involved in the phenotypes of ethanol tolerance and metabolite overproduction compared to host genes (Alper et al., 2006). Tunable intergenic regions (TIGR) was used to improve mevalonate production by tuning the expression of two genes within an operon via RNA synthetic constructs enabling screening for optimal translation expression ratios (Pfleger et al., 2006). Multiplex automated genome engineering (MAGE) was used to produce lycopene by optimizing the deoxyxylulose phosphate (DXP) biosynthesis pathway in E. coli, via introduction of alternative ribosomal binding (RBS) elements into four pathway genes (Wang et al., 2009). By simultaneously introducing nonsense mutations into the genes of four competing pathways, Wang et al. (2009) produced combinatorial genomic diversity optimizing the DXP biosynthesis pathway. Yet, a common problem with all these methods is the necessity for ad hoc screening specific to the pathway involved. Limited by the lack of generalized methods for pathway screening and selection, the broader application of the “irrational rational” approach is narrowed (Silvers and Boyle, 2011). My lab proposed a generalized method for pathway selection through Programmed Evolution, where we program a population of cells to compute solutions to an optimization problem, and employ evolution of the bacterial population toward a solution to the problem, optimizing a metabolic pathway (Campbell et al., 2013). 

Metabolic Engineering of Purine Alkaloids 
Theophylline is a methylxanthine produced in caffeine catabolism (Figure 1; Spiller, 1998). Produced in small amounts in the cacao beans of the coffee plant (Coffea arbica) and tealeaves of the camellia plant (Camellia sinensis), theophylline is used as a drug to treat asthma, respiratory disease and chronic obstructive pulmonary disease (COPD; Barnes, 2010). In coffee leaves, caffeine is slowly catabolized into theophylline by N7-demethylase, and theophylline is eventually converted to xanthine, which is degraded by purine catabolism (Figure 1; Ashihara et al., 2007). My thesis contributes to Programmed Evolution for the optimization of the theophylline biosynthesis pathway that could serve as a proof-of-concept for metabolic engineering. In particular, my research focused on making new riboswitches, which are central to the success of Programmed Evolution. 
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Figure 1. Catabolic pathways of caffeine. Caffeine is catabolized to xanthine via theophylline and 3-methlyxanthine intermediates. Alternatively, caffeine is catabolized to xanthine via theobromine and 3-methylxanthine intermediates. The conversion of caffeine to theophylline is the rate-limiting step, which causes caffeine to accumulate in Coffea arbica and Camellia sinensis. Arrows indicate the progression of catabolism (taken from Ashihara et al., 2007). 


Overview of Programmed Evolution
	In collaboration with our partners at Missouri Western State University, the Campbell and Heyer lab have proposed a method of engineering bacteria to solve optimization problems in metabolism through Programmed Evolution (Campbell et al., 2013). Using programed evolution I can program a population of cells with DNA code to carry out computation of solutions for the optimization of a metabolic pathway (Figure 2). What makes Programmed Evolution unique is that rather than trying to know and account for all the relevant metabolic pathways, Programmed Evolution uses the abstraction that bacteria can act as living, analog computers. These bacterial computers will gather input related to the metabolism and natural selection will identify the most fit genomic context as the population evolves. As evolving analog computers, bacteria will process genomic, environmental and metabolic information and use the results to adjust the operation of their biochemical and cellular hardware. By programming known genetic variation into the bacterial population and imposing synthetic selection on the population, I can harness evolution toward solutions that optimize the metabolic pathway. In Programmed Evolution fitness is defined for a bacterial population as the ability to produce as much of the desired product as possible. Over time, the allele frequencies of the population will change, meeting the definition of evolution. The cells might sense stress through orthogonal metabolism, and using sensors we developed lab, I can detect intracellular stress and adjust accordingly using the stress module (Campbell et al., 2013). 
























Figure 2. Programmed Evolution. Combinatorics module introduces variation into the population. The fitness and stress modules increase fitness of bacteria with optimized metabolic output. The biosensor module quantifies the evolved computational and metabolic outputs (taken from Campbell et al., 2013).
The Programmed Evolution cycle begins with the combinatorics module introducing a library of promoters, ribosome binding sites, alleles, or degradation tags that affects the amount of enzyme production. Then the riboswitch sense the desired metabolic output in the fitness module by binding their aptamer to the key pathway metabolite. Binding of the ligand to the aptamer will activate a riboswitch and allow translation of the fitness gene to begin. Next, the stress response module will detect several forms of cellular stress, including pH change or reactive oxygen damage. Bacteria experiencing stress may not produce optimal amounts of the metabolite and Programmed Evolution facilitates intervention if necessary. Lastly, the same riboswitch used in the fitness module can be used in the biosensor module to quantify the metabolic output of bacteria that have evolved solutions that optimize the metabolic pathway (Campbell et al., 2013). Using Programmed Evolution, I may be able to genetically program bacteria to compute solutions to any complex, multi-step, metabolic optimization problem using cellular hardware (Campbell et al., 2013). 


Proof-of-concept for Programmed Evolution

To provide proof-of-concept for Programmed Evolution, the Campbell and Heyer lab chose to optimize the metabolic pathway for the conversion of caffeine into theophylline, a medication used to treat asthma (Barnes, 2010; Figure 3). The lab worked with a well-characterized riboswitch for theophylline described in Topp et al. (2010) and the caffeine demethylase (CDM) allele called eCDM8 (E. coli codon bias, allele number 8) derived from yCDM8, produced by Michener and Smolke (2012) in yeast using yeast codon optimization. 
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Figure 3. Theophylline biosynthesis. Conversion of caffeine to theophylline via caffeine demethylase (N7-demethylase; adapted from Cabrera et al., 2006). 





Combinatorics Module

	The Combinatorics Module can introduce libraries of parts such as promoters, RBSs, codon-optimized alleles, and degradation tags into a gene expression cassette so diverse populations of E. coli cells can be developed quickly. Using Golden Gate Assembly (GGA; Engler et al., 2009), I can use 5 promoters, 5 RBSs, and 5 alleles to produce 53=125 different combinations to seed the starting population. No gel purification is required so GGA is faster than tradition cloning, and the lab has optimized GGA. As a result, using successive cycles multiple library parts can be added. 

Fitness and Biosensor Modules 
	
We produced a fitness module to harness the evolutionary mechanism of natural selection in order to maintain the maximum production of theophylline (Campbell et al., 2013). The principle of the fitness module is to select for cells that produce the most of a desired product and select against cells that produce less of the desired product (Campbell et al., 2013). Using the theophylline riboswitch that contains a theophylline aptamer, I can regulate translation of existing mRNAs as part of an RNA-based mechanism (Dandekar et al., 2012). Adapted from Riboswitch D, (Topp et al., 2010), the We built a riboswitch that regulates GFP expression in the presence of theophylline. Using the biosensor module, which is also the foundation of the fitness module (Figure 4), the lab detected the theophylline riboswitch responses to theophylline using GFP. In the presence of theophylline (blue squares) the riboswitch is activated, regulating the translation of GFP in a time-dependent and dose-dependent manner. (Figure 5). 

















Figure 4. Theophylline biosensor module. Theophylline riboswitch linked to the reporter gene, GFP binds to theophylline. GFP translation is proportional to theophylline concentration. Therefore, GFP is used to determine the amount of theophylline inside E. coli (taken from Campbell et al., 2013). 

















Figure 5. Specificity of Riboswitch D. Riboswitch D in the theophylline Reporter Module (J100079) is responsive to theophylline, but not caffeine. As the concentration of theophylline increases, the expression of GFP increases. Part numbers refer to BioBrick registry parts (taken from Campbell et al., 2013).

To produce the fitness module, we modified the theophylline biosensor module by replacing the GFP coding sequence with the tetracycline resistance gene (tetA) as the fitness gene. tetA encodes a protein that exports the antibiotic from cells (Figure 6). Fitness is expressed as growth in the presence of tetracycline. Other fitness modules can be built by using different genes in place of the tetA gene. 
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Figure 6. tetA fitness module. Theophylline binds to the theophylline aptamer contained within the riboswitch. Binding of theophylline to the aptamer changes the tertiary structure regulating the translation of the fitness gene tetA, tetracycline resistance, to select for fitness. Fitness is based on a cell’s ability to produce theophylline (adapted from Campbell et al., 2013). 


Problems with the Theophylline Aptamer
We collaborated with the Missouri Western State University to design Programmed Evolution during the summer of 2012. They chose theophylline biosynthesis from caffeine as their proof-of-concept optimization problem. Successfully constructing a combinatorics module, stress module, and fitness module, the lab has laid the foundation for me to continue with optimizing the pathway. Using the Biosensor Module, the lab was unable to detect theophylline production in cells carrying the eCDM8 expression plasmid. We thought of several reasons for this problem: 1) caffeine demethylase is not being produced, 2) caffeine is being metabolized into another derivative, or 3) the reporting system is not sensitive enough to detect low levels of caffeine accumulation. The heart of my thesis was to investigate the catabolism of caffeine by E. coli, and detect potential caffeine derivatives by generating riboswitches from known aptamers. 

Riboswitches and Aptamers 
	Riboswitches are RNA elements that regulate mRNA translation in ligand-dependent fashion without the aid of proteins (Lynch et al., 2007). Riboswitches contain structured domains that reside in the non-coding regions of mRNAs, where they bind to ligands and control gene expression (Winkler and Breaker, 2005). Riboswitches include an aptamer domain, which recognizes the ligand and undergoes allosteric changes in structure that modulates translation (Winkler and Breaker, 2005; Lynch et al., 2007; Figure 7). 
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Figure 7. Predicted mechanisms of action of synthetic riboswitches. In the absence of theophylline (left), the riboswitch adopts a folded structure that pairs the ribosome binding site (pink) and start codon (orange) to part of the aptamer sequence (green and dark blue). In the presence of theophylline (right), the secondary structure shifts to expose the ribosome binding site (RBS) and start codon (from Lynch et al., 2007). 

Aptamers are nucleotide sequences that function like antibodies in that they can bind to a wide array of target molecules with high specificity and affinity (Jayasena, 1999). Aptamers adopt three-dimensional structures that bind to the ligand (Hermann and Patel, 2000; Figure 8). These small nucleic acid molecules are generated in the lab by a form of directed evolution called systematic evolution of ligands by exponential enrichment (SELEX). In SELEX, 1014 randomized nucleotide sequences are incubated with an immobilized ligand and non-binding nucleotide polymers are removed by washing. Bound nucleotide polymers are eluted, and subject to further rounds of PCR amplification and selection leading to enrichment of aptamers that bind with high affinity in the picomolar range and discriminate between closely related compounds. Automated SELEX allows for high-throughput isolation of aptamers that bind to different ligands ranging from ions to viruses (Wittmann and Suess, 2012). 
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Figure 8. Aptamers in engineered riboswitches. NMR-determined 3D structure of the theophylline aptamer. The theophylline ligand (red) is bound to the theophylline binding site (yellow) between the linker nucleotides (blue; from Peking_R, 2012).

A variety of synthetic riboswitches have been engineered in addition to the 
naturally occurring ones for uses in both prokaryotes and eukaryotes (Lynch et al., 2007). Theoretically, a synthetic riboswitch can be developed to bind to any nontoxic cell-permeable molecule (Lynch et al., 2007). Thus, synthetic riboswitches have the potential to detect small molecules for application in directed evolution or metabolic engineering. While the selection process for aptamers has been experimentally validated using SELEX (Piganeau et al., 2001), the process of rational production of riboswitches has not. For each known aptamer, the riboswitch has to be isolated through a massive screening process. Therefore, the focus of my thesis is to develop a new method to convert aptamers into riboswitches in bacteria using a bioinformatics approach. 
The existing methods to build synthetic riboswitches from validated aptamers are labor intensive. Werstuck and Green (1998) developed a riboswitch that controlled translation in eukaryotes by inserting an aptamer into the 5’ untranslated region (UTR) of mRNA sequences. The binding interaction between the ligand and the aptamer in the riboswitch increased the strength of inhibitory RNA secondary structure in the 5’ UTR and reduced translation of downstream coding sequences (Werstuck and Green, 1998). Adapting Werstuck and Green’s approach, Grate and Wilson (2001), Harvey et al. (2002) and Suess et al. (2004) engineered riboswitches in eukaryotes to regulate translation in response to ligands. Grate and Wilson (2001) inserted an aptamer into the 5’UTR of the cyclin CLB2 mRNA in S. cerevisiae to regulate the cell cycle. Cell cycle control was dependent upon the presence or absence of the targeted ligand. Harvey et al. (2002) showed that small molecule ligands that bind to RNA could inhibit translation in vitro and in vivo. Inhibition is proportional to the number of binding sites within the 5’ UTR and interactions between ligand-RNA prevent ribosome assembly on mRNA (Harvey et al., 2002). Suess et al. (2003) demonstrated that inserting tetracycline-binding aptamers into the 5’ UTR of a GFP encoding mRNA increased or decreased GFP expression depending on the insertion proximity to the start codon (Suess et al., 2003). The further the aptamer was from the start codon, the more the thermodynamic stability of the aptamer decreased, which led to increased GFP expression in the absence of the ligand (Suess et al., 2003). 
There are very few examples of synthetic riboswitches that function in bacteria.  Suess et al. (2004) designed riboswitches based on a helix-slipping mechanism that activated translation in a ligand-dependent manner in B. subtilis. Inserting stem-loops upstream of the RBS stabilized base pairing and induced translation only in the presence of theophylline (Suess et al., 2004). Based on the regulatory mechanism developed by Suess et al. (2004), Desai and Gallivan (2004) developed the well-characterized theophylline riboswitch, which was later modified by Lynch et al. (2007), Lynch and Gallivan (2010), and Topp et al. (2010). Each subsequent variation increased specificity of the ligand binding. 

History of the Theophylline Riboswitch
	Due to difficulties in developing specific synthetic riboswitches that function in bacteria, the most widely used riboswitch is the theophylline riboswitch. The theophylline riboswitch shows high affinity for theophylline and as a result, changes its tertiary conformation in the presence of theophylline to allow theophylline to bind. Jenison et al. (1994) used systematic evolution of ligands by SELEX to identify the mTCT8-4 aptamer and the region of the aptamer that binds to theophylline. Based on the Suess et al. (2004) riboswitch, Desai and Gallivan (2004) designed a theophylline riboswitch by cloning the mTCT8-4 aptamer sequence five bases upstream of the RBS of a -galactosidase reporter gene (IS10-lacZ). Desai and Gallivan found that changes to the length of the sequences between the theophylline aptamer and RBS affected the function and dynamic range of the riboswitch. Based on these results, Lynch et al. (2007) improved the theophylline riboswitch by randomizing RNA sequence of different lengths between the RBS and the aptamer. Using cassette-based PCR mutagenesis and high-throughput assays, Lynch et al. (2007) found that an eight nucleotide sequence gave the greatest increase in activation of the riboswitch. The eight nucleotide sequence allowed the riboswitch to adopt a folded structure that pairs the RBS, start codon, and theophylline binding site to the aptamer when theophylline is absent (Lynch et al., 2007; see Figure 7). As a result, the riboswitch blocked translation and contained a strong “OFF” state in the absence of theophylline. In the presence of theophylline, the RBS and start codon were exposed, which permitted translation and a strong “ON” state (Lynch et al., 2007). Lynch et al. (2007) used a web based software tool (mFold) to predict the tertiary folding structure of RNA aptamers in the presence and absence of theophylline. mFold uses algorithms to predict the free energy, melting temperature, and folding of RNA at various temperatures (Zuker, 2003). In addition, Lynch et al. (2007) experimentally verified the predicted structure of the theophylline aptamer using NMR. 
	To increase the specificity of the riboswitch in the presence of theophylline, Lynch and Gallivan (2010) mutated the length and composition of twelve bases including the RBS to increase paring of the RBS with the aptamer. Using PCR mutagenesis and fluorescence activated cell sorting; Lynch and Gallivan (2010) found five ideal bases for the RBS that anneals to the 16S rRNA ribosome of E. coli increasing translational efficiency and therefore, making a better “ON” state. To introduce the theophylline riboswitch identified by Lynch and Gallivan (2008) into E.coli, Topp et al. (2010) redesigned the E.coli riboswitch using rational mutagenesis. Improving the binding interaction between the 16S rRNA and RBS, Topp et al. (2010) developed a well characterized theophylline riboswitch for E.coli with the best “OFF” and “ON” states, Riboswitch D. We use Riboswitch D in all its theophylline-responsive constructs. It took multiple labs over a dozen years to produce one reliable riboswitch. 
	Because it is so difficult to develop ideal riboswitches, the number of useful riboswitches is limited by the inability to quickly and efficiently build riboswitches from a known aptamer. Many riboswitches regulated by other ligands do not completely block protein translation in the absence of the ligand. Therefore, I wanted to develop a systematic method to generate riboswitches using a bioinformatics approach, saving time and money. In addition, if Programmed Evolution is going to be helpful to other labs, we need an easier way to develop new riboswitches given their critical importance. 



Specific Aims of Project
I wanted to determine what caffeine derivatives are being produced by E. coli carrying eCDM8. To detect the presence of caffeine and two other metabolites, I would modify the biosensor module’s riboswitch to contain aptamers for caffeine (Ferguson et al., 2004), theophylline (Topp et al., 2010), xanthine (Kiga et al., 1998) and 3-methlyxanthine (Soukup et al., 2000; Figure 11). By detecting caffeine and its derivatives, (Table 1) I would be able to understand how the bacterial system is operating and determine if making theophylline is possible with our given design. Our collaborators at MWSU would work on the xanthine aptamer while I would construct two new riboswitches for caffeine (Ferguson et al., 2004) and 3-methylxanthine (Soukup et al., 2000) using their known aptamer sequences (Table 2).


Table 1. Caffeine derivatives. Structure of caffeine and its derivatives with the positions of methyl group locations highlighted and designated with + when present and – when absent. 
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Table 2. Aptamer sequences for caffeine and 3-methylxanthine.
	Name
	Sequences
	Reference

	caffeine
	5-GGAUGUCCAGUCGCUUGCAAUGCCCUUUUAGACCCUGAUGAGGAUCAUCGGACUUUGUCCUGUGGAGUAAGAUCG CGAAACGGUGAAAGCCGUAGGUCU-3
	Ferguson et al. (2004)

	3-methylxanthine
	5- AUACCAGCCGAAAGGCCAUUGGCAG-3
	Soukop et al. (2000)




To improve riboswitch development, I started with the well-characterized theophylline Riboswitch D and developed a bioinformatics tool to generate putative riboswitch sequences that can be built and tested for any known aptamer. I started with the RBS sequence identified by Lynch and Gallivan (2008) and the five nucleotides between the RBS and aptamer identified by Topp et al. (2010). I wrote python code that generated every combination of nine nucleotides between the RBS and start codon (49 = 262,144 sequences). Next, I designed an in silico screen of the electronic library generated by my code using two properties of the well-characterized Eiboswitch D. First, I calculated the difference in folding energy between the full riboswitch sequence secondary structure in the presence (“ON”) and absence (“OFF”) of theophylline.  Second, my code scored candidates on the RBS to aptamer base pairing hypothesis (Lynch et al., 2007). The end result would be a much shorter list of candidate riboswitches, which I could test in vivo. 

Methods and Materials

Miniprep
Following the protocol from Zyppy MiniPrep Kit (#D4020 from Zymo Research), I grew a 3mL culture at 37° C overnight in LB media plus antibiotic, shaking at 400 RPM. I removed the culture from the incubator and filled a 1.5mL microfuge tube with the culture. I centrifuged the culture at 14,000 RPM for 1 minute and discarded the supernatant. This step was repeated until all the overnight culture was pelleted. Using 600µL water, I resuspended the pellet. To the mixture, I added 100µL 7X Lysis Buffer and mixed by inverting the tube 4-10 times. I add 350µL of Neutralization Buffer with RNase to the mixture and mixed by inverting the tube until the solution and precipitate were completely yellow. I centrifuged the solution at 14,000 RPM for 2 minutes at room temperature. I transferred 900µL of the supernatant to Zymo-Spin II column inside a 2mL collection tube. I centrifuged the column at 14,000 RPM for 15 seconds at room temperature. I discarded the liquid flow through and reinserted the Zymo-Spin II column into same collection tube. To the column I added 200µL of Endo-Wash Buffer and centrifuged the column at 14,000 RPM for 15 seconds at room temperature. This step was repeated. I added 400µL of Zyppy Wash Buffer with ethanol and centrifuged the column at 14,000 RPM for 30 seconds at room temperature. I discarded the liquid flow through and transferred the Zymo-Spin II column to a 1.5mL microfuge tube. To the Zymo-Spin II column I added 30µL Zyppy Elution Buffer and let it stand for 1 minute before centrifuging at 14,000 RPM for 30 seconds at room temperature. The DNA was either stored at -20° C or Nanodropped using Nandrop ND-1000 Spectrophotometer to determine the concentration.
Restriction Digestion
I digested 3µL of 50ng/µL of DNA using 2µL of 10X Buffer 4 from New England BioLabs, 13µL of water, 1µL of PstI-HF and 1µL of EcoRI-HF restriction enzymes. I incubated the digestion mixture at 37°C for 30 minutes.
Ligation
	Following Promega's 2X Rapid Ligation protocol, I calculated the amount of insert needed for a 3:1 ratio of insert to plasmid following this formula based on a pmole of ends ratio:
X ng of insert = (3) (bp insert) (50 ng linearized plasmid-) ÷ (size of plasmid in bp). I set up a 10µL ligation reaction following Table 3. 
Table 3. Ligation reaction protocol. 
	^ Digested Vector (50 ng)
	 1 µL

	 # Insert (3:1 molar ratio insert:vector)
	  (< 3) x µL

	 Sterile water
	 3µL - x µL

	 2X ligation buffer
	 5 µL

	 3 units T4 DNA ligase (keep cold)
	 1 µL

	 Total Volume
	 10.0 µL


I incubated the ligation for 5 minutes at room temperature and either froze the ligation at -80°C or went directly to transformation. 
Transformation
Following Zippy Trasnformation of Z-competent Cells protocol, I thawed JM109 competent cells (#T3005 from Zymo Research) on ice for 5 minutes. The competent cells were aliquoted 50µL into pre-chilled microfuge tubes. To the competent cells, I added 10µL of a ligation and incubated the cells on ice for 5 minutes. To bring the cells to a final volume of 100µL I added the appropriate volume of SOC media. I spread the cells onto LB plates containing the appropriate antibiotic. If the cells were spread on media other than 10ng/µL ampicillin such as, 10ng/µL tetracycline or 10ng/µL chloramphenicol the cells were incubated at 37°C for 30 minutes before spreading. 
PCR Reactions
For 100µL PCR reaction I followed the protocol of Table 4. 
Table 4. PCR reagent concentrations.
	Reagent
	Volume (µL)
	Final Concentration

	water
	50 - (X + Y + Z) µL
	N/A

	2X Master Mix (with buffer, Taq, dNTPs, MgCl2**)
	50 µL
	1X

	template DNA (~1 ng DNA)
	X ( < 1 µL)
	1 ng

	primer #1
	Y µL
	1 μM

	primer #2
	Z ML
	1 μM

	FINAL VOLUME
	100 µL
	



DNA template of each construct was suspended in the 50μL 2X PCR mix (Promega Green master mix plus 1μM primers (See Appendix B). For each reaction, PCR was conducted according to the following thermal profile in a Labtech GS4M G-Storm PCR machine: Step 1: 95°C 5 minutes (denature template); Step 2: 95°C 30 seconds (denature dsDNA); Step 3: (Tm minus 5 degrees) 30 seconds; Step 4: 72° C 30 seconds (amplified 1 minute for each 1000bp); Step 5: Repeat Steps 2 through 4, 29 more times; Step 6: Store at room temperature. Tm for Step 3 was calculated using Promega Tm calculator (http://www.promega.com/techserv/tools/biomath/calc11.htm). 
Colony PCR
I determined the appropriate number of colonies to be tested using the Success-O-Rater (http://gcat.davidson.edu/SynBio12/successorater.html), which looks at the sample success rate and returns the number of colonies to test to find at least one successful sample at an inputted probability. I assembled the following PCR mixture per reaction: 1µL of 100µM VF2 (BBa_G00100) forward primer; 1µL of 100µM VR (BBa_G00101) reverse primer; 10µL of dH2O; and 12µL 2X Promega Green Monster Mix. VF2 and VR are standard primers that anneal to flanking sites in the BioBrick plasmid backbone amplifying the insert. Using a micropipette tip, I picked a single colony off a plate and inserted the tip into the PCR mixture. To reserve the bacteria from each PCR mixture, 1µL of the mixture was pipetted in 100µL of LB culture containing the appropriate antibiotic and placed in 37°C incubator. For each reaction PCR was conducted according to the following thermal profile in Labtech GS4M G-Storm quadroplex PCR machine: Step 1: 94°C 10 minutes; Step 2:  94°C 15 seconds; Step 3: 46°C 15 seconds; Step 4: 72°C 30 seconds (amplified 1 minute for each 1000bp); Step 5: Repeat Steps 2 through 4, 19 more times; Step 6: Store at room temperature. After PCR, each reaction was run on the appropriate percentage agarose gel to verify insert, determined using optimal percent agarose concentration web tool (http://gcat.davidson.edu/iGEM08/gelwebsite/gelwebsite.html). If the insert was correct I added 1.9mL of the appropriate media to the desired clones from reserved bacteria in a frozen glycerol stock. 
DNA Cleaning by Ethanol Precipitation
After PCR I brought the reaction to 200µL with sterile dH2O and added 20µL of 3M sodium acetate to the DNA solution and mixed. I added 400µLs of -20° C 100% ethanol and vortexed for 10 seconds. I placed the DNA solution in a -20° C freezer overnight or a -80° C freezer for 20 minutes. After the incubation period, I centrifuged the DNA solution for 5 minutes for 14000RPM and decanted the ethanol. I washed the pellet with 500µL of 4° C 70% ethanol and decanted. Using a speedvac, I dried the pellet for 2-10 minutes until dry then re-suspended the DNA in 20µL of water.
Agarose Gel Electrophoresis
I determined the optimal percent agarose concentration using Optimal Gel Percent web tool (http://gcat.davidson.edu/iGEM08/gelwebsite/gelwebsite.html). A 60mL of the appropriate TBE agarose gel mixture was prepared in a 250mL flask, covered with Saran, and microwaved for 1 minute and 20 seconds or until dissolved on high power. I added 1μL Midori Green from Nippon Genetics to the gel mixture. I poured the gel mixture into a gel mold containing the appropriate comb(s) and allowed the gel to cool until solidified. 


Gel Purification
Using a razor blade and a UV box with a hinged plexiglass covering, I cut the appropriate band(s) from an agarose gel. I purified the gel piece using Macherey-Nagel (Kit #704609.250) gel purification kit. I weighed the gel slice(s) and added 2 volumes of Buffer NT to 1 volume of gel mass. I incubated the gel slice in a 50°C water bath for 10 minutes, or until the gel slice was dissolved. I applied the DNA solution to the Nucleospin Extract II spin column in a 2mL collection tube and centrifuged at 14,000 RPM for one minute. I discarded the flow-through and placed the column back in the same collection tube. To wash, I add two rounds of 700µL of Buffer NT3 with ethanol to the column and centrifuged for 1 minute at 14,000 RPM. The washing was repeated with two rounds of 250µL of Buffer NT3, and centrifuged for 1 minute at 14,000 RPM. The flow-through was discard and then centrifuged again for an additional two minutes to dry the column. I eluted the DNA with 15µL of Buffer NE and let the solution sit on the column for 1 minute at room temperature, then centrifuged at 14,000 RPM for 1 minute into a catch tube. Using a Nandrop ND-1000 Spectrophotometer, I quantified the purified DNA.  
Golden Gate Assembly (GGA)
Following the protocol established by Engler et al. (2009), in a reaction tube, I added 50ng of a receiving plasmid in 1µL volume, 1µL of a 50ng insert, 5µL dH2O, 1µL 10X Promega Ligase Buffer, 1µL 500mM KOAc, 0.5µL BsaI-HF restriction enzyme from New England Biolabs, and 0.5µL T4 DNA Ligase from Promega. For each reaction, the thermocycler performed 20 cycles of: 37°C for 1 minute; 16°C for 1 minute; followed by 1 cycle of 37°C for 15 minutes). After GGA, I transformed the DNA ligation using the Zippy Transformation of Z-competent Cells protocol. 
Fluorescence Measurement
To a 96 well plate, I added 200µL of a liquid cell culture. Using the Synergy machine and the Open Gen 5 software, I measured GFP fluorescence from the following protocol: Step1: Orbital Shake for 3 seconds; Step 2: Measure fluorescence at 485 excitation and 515 emission with 85 gain. Step 3: Measure cell density at OD595. Step 4: Divide fluorescence/cell density. 
PCR Primer Design 
Using Prime Time Primer Designer Web Tool (http://gcat.davidson.edu/SynBio13/primer/) I designed PCR Primers for Golden Gate Assembly.
Caffeine Derivative Experiment in Liquid Culture
	Constructs (J119303, J119404, and co-transformed J119303+J119404) were grown in 2mL LB culture with either ampicillin and or chloramphenicol and a combination of 20uL of 50mM caffeine, 50mM xanthine, or 50m 3-methylxanthine overnight at 37°C. To a 96 well plate, I added 200µL of each cell culture and GFP fluorescence and cell density at OD595 was measured using the Synergy machine. 
Caffeine Derivative Experiment on Agar Plates
Constructs (J119303, J119404, and co-transformed J119303+J119404) were grown in 2mL LB with either ampicillin and or chloramphenicol overnight at 37°C. Using a sterile loop, I streaked each liquid culture onto LB agar containing a 0.1mM of caffeine, 0.1mM of xanthine, 0.1mM of 3-methylxanthine, or 0.1mM of theophylline. The plates were placed in a 37°C incubator overnight. Plates were examined for GFP expression on a UV light box and photographed. The same procedure was repeated with LB agar plates containing 10ug/mL of tetracycline and plates were examined for cell growth.
Riboswitch Design 
	I wrote a series of python programs to generate putative riboswitch sequences for the theophylline aptamer. To evaluate the riboswitches, I purchased a license from ibridge (http://www.ibridgenetwork.org/rpi/unafold) and installed Unafold, as a local software script on a computer (#FY12-454). To install Unafold, I followed instructions from ibridge to obtain Unafold from a secure website. I download the complied file containing the Unafold software and unzipped the file. Using the Mac terminal window and working in Unix, I typed ‘cd’ to the directory containing the source code by typing cd <PATH of file containing source code>. To compile the source code, I typed ‘sh./configure’ in terminal. To complete installation, I typed the following in terminal 1) ‘make --prefix=PATH’ 2) ‘make install--prefix=PATH’. The PATH is the directory where I wanted Unafold to be installed. I used the code I called combinationgenerator.py to generate all iterations of riboswitches with a nine nucleotide altered sequence (Appendix A). When prompted, I entered the name of the file containing the aptamer sequence in FASTA format. The riboswitches were printed to a file I named Riboswitches.txt. I used my python code called freenergycalculator.py to identify riboswitches with a difference in secondary structure free energy between the “ON” and “OFF” states that was less than -9.2 kcal/mol at 37°C, the default temperature (Appendix A). In the program, I inputted the PATH where Unafold was installed in the function subprocess.call([<‘PATH’>, ‘X=50’, ‘outRibo.txt’]). When prompted, I typed the published free energy of the folded aptamer sequence. When the program was finished, I copied the riboswitches that passed the filter into a text file and named accordingly. I used my program called riboswitchgrabber.py to identify riboswitches with a difference in free energy between the “ON” and “OFF” folding between 9.1-8.4 kcal/mol. In my program called riboswitchgrabber.py, I typed the name of the file containing the filtered riboswitches as the input file ‘infile = open(‘<File Name>’, ‘r’)’. When the program was finished, I copied the riboswitches that passed the filter into a text file and named accordingly. I used my program called basechecker.py to identify riboswitches with pairing between the RBS, start codon and the aptamer (Appendix A). To determine riboswitches with pairing between the start codon and aptamer, I typed the name of the file containing the filtered riboswitches as the input file ‘infile = open(‘<File Name>’, ‘r’)’ and to check pairing I typed the nucleotide number of the start codon and the nucleotide number of the aptamer ‘one= <58> and five = <13>’ . When the program was finished, I copied the riboswitches that passed the filter into a text file and named accordingly. This process was repeated two more times to check pairing of the other two nucleotides in the start codon with 59 and 60 typed into the one position and 14 and 15 typed into the five position. To check the pairing between the RBS and aptamer, I typed the name of the file containing the filtered riboswitches as the input file ‘infile = open(‘<File Name>’, ‘r’)’. To check base pairing, I typed the nucleotide number of the start codon and the nucleotide number of the aptamer ‘one= <44> and five = <28>’. When the program was finished, I copied the riboswitches that passed the filter into a text file and named accordingly. This process was repeated three more time to check pairing of the other three nucleotides in the RBS with 45, 46, and 47 typed into the one position and 27, 26, and 25 typed into the five position. I copied the remaining putative riboswitches after the filters into a text file and saved for lab analysis. 
Riboswitch Synthesis 
	Riboswitch sequences for theophylline and caffeine were synthesized using gBlocks gene fragments from integrated DNA technologies (IDT) (Figure 9; For sequences see Appendix C). Each riboswitch gene fragment was designed with two BsaI sites and two four-nucleotide sticky ends for GGA at the 5’ and 3’ ends. Within the caffeine riboswitch a PstI site was added before the BsaI site on the 3’ end to make synthesis of potential caffeine riboswitch cheaper and cost efficient. The PstI site makes the riboswitch nonfunctional to enable faster screening of modifications made to the riboswitch. A set of twenty four reverse primers and one universal forward primer was designed using the Prime Time Primer Designer Web Tool (http://gcat.davidson.edu/SynBio13/primer/) to modify the synthesized caffeine and theophylline riboswitch from IDT, generating all seventeen potential caffeine riboswitches and seven new theophylline riboswitches (See Appendix C for sequences). Each reverse primer removed the PstI site activating the riboswitch and modified a various number of nucleotides for testing. To determine if the PCR and GGA ligation were successful, the caffeine riboswitch variant was screened using a PstI digestion. Primers designed using Prime Time Primer Designer Web Tool (http://gcat.davidson.edu/SynBio13/primer/) were used to open the GFP reporter plasmid (J100079) and add BsaI sites and sticky ends for GGA ligations. A GGA ligation was used to ligate the different theophylline and caffeine riboswitches into the GFP reporter plasmid. 
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Figure 9. Synthesized riboswitch gBlock. 
Schematic of a riboswitch sequence sent for G-block dsDNA synthesis. The promoter (green) and the riboswitch sequence (blue) are flanked by BsaI sites (red) and two four-nucleotide sticky ends (pale yellow, and pale orange). 


Testing of Riboswitches
Theophylline and caffeine riboswitches were grown in 1mL LB cultures with appropriate antibiotics and 2.5mM of theophylline, 2.5mM of caffeine, or 2.5mM of 3-methylxanthine overnight at 37°C. To a 96 well plate, I added 200µL of each cell culture and measured the GFP fluorescence at 485nm (excitation) and 515nm (emission) with 85 gain and cell density at OD595 using a Synergy machine. Fluorescence was divided by cell density to calculate the expression ratio. 

Results 
PART I: Bioinformatic Approach to Making Riboswitches
	Out of the five riboswitches developed by Topp et al. (2010), riboswitch D had the greatest activation ratio in the presence of theophylline and the second greatest repression of translation in the absence of theophylline at 37°C (Figure 10A). The Riboswitch D built by Topp et al. (2010) contains the RBS identified by Lynch and Gallivan (2008) and a nine nucleotide sequence between the RBS and start codon that differed from the other riboswitches (Figure 10B). Thus, using the RBS sequence identified by Lynch and Gallivan (2008) and the five nucleotides between the RBS and aptamer identified by Topp et al. (2010), I attempted to identify putative riboswitches for 3-methylxanthine and caffeine by systematically altering nine nucleotides between the RBS and start codon. By systematically altering these nine nucleotides, and screening the output library with a code I wrote, I could identify putative switches (Figure 11; Figure 14).
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Figure 10. Sequences and activation ratios and expression levels of Riboswitches A-E. A) RNA sequences of riboswitches A-E, with the KpnI site used for cloning italicized, aptamer sequence underlined, RBS sequences highlighted, and start codon emboldened. B) Activation ratios and expression levels for riboswitches A-E in E. coli cells (strain MDS42) cultured at 37C or 30C.  Right axes: Expression levels in the absence of theophylline (open circles) and in the presence of 2mM of theophylline (closed circles).  Measurements are of -galactosidase activity in Miller units. Left axes: Activation ratios of the riboswitches calculated by dividing the enzyme activity in the presence of theophylline by activity in the absence of theophylline (from Topp et al., 2010). 
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Figure 11. Diagram showing the nine nucleotides (N) I would alter to produce a new synthetic riboswitch. Secondary structure of the altered riboswitches in the presence of theophylline (red polygon). The aptamer is shown in green, binding site of the aptamer in dark blue, five set bases from Topp et al. (2010) in purple, RBS in red, systematically altered bases in light blue, and start codon in orange.
	 

I verified the base pairing hypothesis of Lynch et al. (2007) by running each riboswitch in Figure 10A through the web program mFold to predict the secondary structures (Figure 12). Three out of the six riboswitches (Figure 12A1, 12B1, & 12D1) showed the desired extended base pairing between the aptamer (green), the RBS (red), and the start codon (orange) in the “OFF” state. Two of those three switches (Figure 12B & 12D) show moderate to strong expression in the presence of theophylline and low to moderate expression in the absence of theophylline (Figure 10B). Therefore, I concluded that alterations to the sequence between the RBS and start codon that increase base pairing would make a good a riboswitch for any given aptamer. 
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Figure 12. Predicted secondary structure and function of ribsowitches A-E from Figure 10. A1-E1) predicted mechanism of action of riboswitch A-E in the absence of theophylline (“OFF” state). The 5’ region can adopt a folded structure that pairs the ribosome binding site (pink), binding site of the aptamer (dark blue), start codon (orange), and randomized sequence (red) with theophylline aptamer (green). A2-E2) In the presence of theophylline, the secondary structure shifts to an “ON” state such that the RBS and start codon are exposed to the ribosome (modified from Topp et al., 2010). 




Bioinformatics Screening of Synthetic Riboswitches
To screen the 262,144 member electronic riboswitch library I generated from systematically altering bases, I chose parameters based on the difference in folding energy between the secondary structure of the riboswitch in the presence (“ON”) and absence (“OFF”) of theophylline. I also incorporated the pairing hypothesis developed by Lynch et al. (2007). Riboswitches A-E developed by Topp et al. (2010) were based off clones 8.1 and 8.2 found by Lynch et al. (2007). I chose the difference in the folding energy between the “ON” and “OFF” states of the riboswitch as a parameter because Lynch et al. (2007) found that clones 8.1 and 8.2 had a difference in free energy between the “OFF” and “ON” foldings of the riboswitch that was less than the free binding energy of the theophylline aptamer to theophylline (Gbind -9.2 kcal/mol; Figure 9). For clone 8.1, the difference between the “ON” and “OFF” foldings was -5.5 kcal/mol (-13.7 kcal/mol) -(-19.2 kcal/mol). For clone 8.2, the difference between the “ON” and “OFF” foldings was -5.3 kcal/mol (-13.7 kcal/mol) -(-19.0 kcal/mol). Therefore, if the difference in free energy between “ON” and “OFF” folding is less negative than the binding energy of the ligand for the aptamer (e.g. -5.0 kcal/mole < -9.2 kcal/mol), the conversion of the structures from “OFF” to “ON” is thermodynamically favorable in the presence of ligand. Thus, I eliminated riboswitches from the electronic library based on the difference in free energy between the “ON” and “OFF” secondary structures (Figure 13). 
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Figure 13. Predicted mechanisms of action of synthetic riboswitches. A) Predicted mechanism of action of clone 8.1. In the absence of theophylline (left) the riboswitch adopts a folded structure that pairs the RBS (pink) to part of the aptamer sequence (green and dark blue). In the presence of theophylline (right), the secondary structure shifts to expose the RBS and start codon. The secondary structure shown for the theophylline aptamer is predicted by mFold and is identical to the structure determined by NMR (Lynch et al. 2007). B) Predicted mechanism of action of clone 8.2. In this case, the region containing the ribosome binding site (pink) barely pairs to a different region of the aptamer (green) in the “OFF” state (shown in red). (from Lynch et al. 2007).

I chose the base pairing hypothesis as a parameter because Lynch et al. (2007) also found that extensive base pairing in the region near the RBS prevents translation of mRNA downstream in the “OFF” state. Lynch proposed that the binding energy of theophylline (Gbind -9.2 kcal/mol) drives the secondary structure of the riboswitch to change from “OFF” to “ON”, in which the aptamer binds to the ligand while the RBS and start codon are fully exposed, increasing efficiency of translation. Thus, I eliminated riboswitches from the electronic library based on the predicted pairing of the aptamer to the RBS and start codon in the absence of theophylline (Figure 14). If the nucleotides of the RBS and start codon of riboswitch did not pair to the aptamer in the “OFF” state the riboswitch was removed from the library. 
In addition, I choose to eliminate riboswitches from the electronic library based on the pairing of the first two nucleotides in the altered nine-nucleotide sequence. In examining the predicted secondary structures of the riboswitches generated by my python script with identical nine-nucleotide sequences to riboswitches B, C, and D from Topp et al. (2010) I noticed two patterns. First, the first two nucleotides of each altered nine-nucleotide sequence did not base pair to the aptamer. Second, I noticed that one or both of the two nucleotides were an “A”. The lack of pairing between the altered nine-nucleotide sequence and the aptamer generates a particular structure that was indicated to be favorable by expression ratios generated by Topp et al. (2010) (see Figure 13). The two non-pairing nucleotides in Riboswitch D were both “A” therefore; I removed riboswitches that from the electronic library that did not contain “AA” at the start of the altered nine-nucleotide sequence. 
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Figure 14. Riboswitch generation and evaluation python script. Each box represents a step in the pipeline. Each diamond represents the software used to perform each step of the pipeline. Ovals show the results after each step in the program and arrows indicate progression of script.

Additionally, I analyzed the five riboswitches developed by Topp et al. (2010; Figure 10A) through mFold (Figure 13) and found that the specificity of the riboswitch correlated with the difference in free energy between the “ON” and “OFF” states (Table 5). Riboswitch D, which had greatest activation ratio in the presence of theophylline and the second greatest repression of translation in the absence of theophylline at 37°C, had a difference in G between the “ON” and “OFF” states of -8.4 (Table 5). Therefore, I only kept riboswitch sequences in our electronic library that had a difference in free energy between 9.1-8.4 kcal/mol. From the results of Lynch et al. (2010) the difference in free energy of the aptamer must be less than the binding energy therefore; I extended the range to 9.1 kcal/mol. 
Table 5. Difference in G between Riboswitches A-E . The difference in G between the “OFF” (theophylline not bound to the aptamer) and “ON” (theophylline bound to the aptamer). Characteristics indicate the strength of the riboswitch in the “OFF” and “ON” state based on Figure 10B. 
	Switch
	Difference in G (kcal/mol)
	Characteristics

	Riboswitch A
	-15.8
	Weak “ON” and Weak “OFF”

	Riboswitch B
	-10.2
	Weak “ON” and Moderate “OFF”

	Riboswitch C
	-15.7
	Moderate “ON” Moderate “OFF”

	Riboswitch D
	-8.4
	Moderate “ON” and Strong “OFF”

	Riboswitch E
	-9.4
	Strong “ON” and Moderate “OFF”



	To generate my complete electronic library of potential riboswitches, I would have to generate 49 combinations (262,144) of sequences between the RBS and start codon. I wrote a python script (Appendix A) that systematically wrote every possible combination of sequences with nucleotide bases “A”, “G”, “C”, and “U” (Figure 14). To generate 42 combinations, the script would write the following sequences AA, AG, AC, AU, GA, … UU to record all 16 possible sequences. Each sequence was inserted between the RBS and start codon of riboswitch. The total length of all the final putative riboswitches was 60 bases. The riboswitch contains an aptamer, five-nucleotide sequence, RBS, and start codon (Figure 14 and Figure 15). To calculate the free energy of each riboswitch sequence in “OFF” and “ON” states, I wrote another python script that called upon Unafold (Markham and Zucker, 2008) to calculate the free energy in the “OFF” and “ON” states. I purchased Unafold and installed it on a laboratory computer. Unafold uses algorithms to calculate the free energy, melting temperature, and secondary folding structure of RNA at various temperatures. Using the calculated free energy of the “OFF” and “ON” states of each riboswitch, I calculated the “ON” minus “OFF” free energy difference for each riboswitch at 37°C. Riboswitches with a difference in free energy not between -9.1 and -8.4 kcal/mol were removed from the electronic library (Figure 14). For the riboswitch sequences that had survived all the screening, I ran them through a python script I wrote that called Unafold to determine if the RBS and start codon pair to the aptamer in the absence of theophylline (Figure 14; Appendix A). Riboswitches, in which the RBS and start codon do not base pair were removed from further consideration. In the end, 8 riboswitches remained out of the 262,144 possible riboswitches that could be built and tested in the laboratory. Laboratory test consisted of cloning the riboswitches into a reporter construct, containing a promoter, RBS, and reporter gene. The reporter construct would be transformed into to E. coli and tested by viewing the expression of the reporter gene in the presence and absence of a specific small molecule. 	
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Figure 15. Riboswitch with nine altered nucleotides. Altered nucleotides (N) are added to a riboswitch sequence that contains an aptamer (green\), a five nucleotide spacer (blue) from Topp et al. (2010), RBS sequence (red) from Lynch and Gallivan (2008), and a start codon (orange). 


Using the theophylline aptamer to test bioinformatics scripts
To evaluate my suite of five python scripts, I produced 262,144 variants to see if Riboswitch D would be included in my subset of potential riboswitches suitable for laboratory testing. I submitted the theophylline aptamer sequence and binding energy (Topp et al., 2010; Lynch et al., 2007) into the riboswitch generator script and produced 262,144 riboswitch sequences. After running each riboswitch through my program to calculate the difference in free energy between the “ON” and “OFF” folding, I had 204,643 sequences with “ON” minus “OFF” free energy difference less negative than      -9.2 kcal/mol. The second filter left me with 8,056 potential riboswitches that had an “ON” minus “OFF” free energy between 9.1-8.4 kcal/mol. The third filter left me with 724 potential riboswitches with base pairing of the start codon to the aptamer. The fourth filter left me with 713 riboswitches with pairing between the RBS to the aptamer. The fifth filter left me with 74 riboswitches without base pairing between the first two nucleotides of altered nine nucleotide sequence and aptamer. My last filter left me with 8 riboswitches with the first two nucleotides of the altered nine-nucleotide sequence being “AA” (Figure 16; Table 6; Appendix B). Riboswitch D from Topp et al. (2010) passed all parameters, indicating that my suite of python script could generate potential riboswitches for a given aptamer. My program eliminated 99.9% of all the possible sequences, which made the task of screen constructs  more feasible to address in the laboratory. 
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Figure 16. Example of filtered theophylline riboswitch. 
M-fold predicted secondary foldings of a theophylline riboswitch that passed the parameters of suite of python scripts. Pink box highlights the first two bases of the nine altered sequence. Blue box indicates RBS and green box indicates start codon.




Table 6. Riboswitch Generator results for the theophylline aptamer.
	Pipeline Step
	Number of Riboswitches

	Riboswitch sequences generated
	262,144

	Riboswitch sequences with difference in free energy less than 9.2 kcal/mol
	204,643

	Riboswitch sequences with difference in free energy between 9.1-8.4 kcal/mol
	8,056

	Riboswitch sequence with paring between the aptamer and start codon
	724

	Riboswitch sequence with paring between the aptamer and RBS
	713

	Riboswitch sequence without pairing between the first two nucleotides of altered nine nucleotide sequence and aptamer
	74

	Riboswitch sequences with the first two nucleotides of the altered nine nucleotide sequence being with “AA”
	8



Using the caffeine aptamer to test bioinformatics scripts
Using the python scripts, I submitted the caffeine aptamer sequence and binding energy, and generated 262,144 riboswitch combinations. To the free energy calculator script, I inputted the free energy of the caffeine ligand binding (4.3 kcal/mol) and the 262,144 riboswitch combinations. The filter left me with 65,532 sequences with “ON” minus “OFF” free energy difference of less than binding energy of the aptamer 4.3 kcal/mol. The binding energy of the aptamer was calculated using =RTln(Kd) with R= 1.987 X 10-3 (Jenison et al., 1994). The second filter left me with 19,770 potential riboswitches with a difference between 4.2-3.5 kcal/mol. The third filter left me with 660 potential riboswitches with base pairing of the start codon to the aptamer. The fourth filter left me with 387 potential riboswitches with base pairing of the RBS to the aptamer. The fifth filter left me with 266 potential riboswitches without base pairing between the first two nucleotides of the nine altered nucleotide sequences and aptamer. The sixth and final filter left me with 17 potential riboswitches with the first two nucleotides of the altered nine-nucleotide sequence being “AA” (Table 7; Appendix B). My program eliminated 99.9% of all the possible sequences for a caffeine riboswitch. 
Table 7. Riboswitch Generator results for the caffeine aptamer.
	Pipeline Step
	Number of Riboswitches

	Riboswitch sequences generated
	262,144

	Riboswitch sequences with difference in free energy less than 4.3 kcal/mol
	62,532

	Riboswitch sequences with difference in free energy between 4.2-3.5 kcal/mol
	19,770

	Riboswitch sequence with paring between the aptamer and start codon
	660

	Riboswitch sequence with paring between the aptamer and RBS
	387

	Riboswitch sequence without pairing between the first two nucleotides of the altered nine nucleotide sequence and aptamer
	266

	Riboswitch sequences with the first two nucleotides of the altered nine nucleotide sequence being with “AA”
	17




Part II: Construction and Testing Potential Riboswitches 

Construction of Potential Riboswitches

	To test the accuracy of my python scripts and find the relationships between sequence grouping and riboswitch affinity, I synthesized and cloned the predicted theophylline and caffeine riboswitches. By constructing and testing each predicted riboswitch, I might be able detect functional patterns and learn what nucleotide bases are important for an optimized riboswitch. 
I used a modified GGA to construct seven theophylline and seventeen caffeine riboswitches for a total of twenty-five different riboswitches, including Riboswitch D, which had been cloned previously. I had one theophylline and one caffeine riboswitch template synthesized using gBlocks from IDT. Within the synthesized riboswitches, I replaced the start codon with a PstI restriction site, making the riboswitches non-functional and easier to screen when correctly cloned. The internal PstI enabled a cost-effective screening method of successful constructs without the use of sequence analysis. Using PCR with specific primers for each potential riboswitch, I replaced the PstI site with the correct riboswitch sequence (Figure 17). The PCR primers also added terminal flanking BsaI sites and four-nucleotide base sticky ends for GGA. Using iPCR, I generated a receiving plasmid with matching four nucleotide sticky ends and terminal flanking BsaI sites. Through GGA, I ligated each functional riboswitch into the receiving GFP reporter plasmid. After ligation and transformation, I verified that the riboswitch variant had been mutated using a PstI digestion and gel electrophoresis (Figure 17). If I had successfully cloned a new riboswitch, only one-gel band would be visible on the gel electrophoresis, indicating no internal PstI site (Figure 18). I successfully cloned and sequenced verified 23 out of the 25 riboswitches using this method. I successfully cloned all 8 predicted theophylline riboswitches and 15 out of the 17 predicted caffeine riboswitches. 









[image: Mac:Users:catherinedoyle:Desktop:Screen shot 2014-04-10 at 4.51.31 PM.png]

























Figure 17. Cloning of potential riboswitches.
GFP reporter construct is constructed using iPCR, amplifying GFP and the receiving pSB1A8 plasmid. iPCR adds two four-nucleotide base sticky ends (red rectangles) to the plasmid for the GGA. In the construction of the new riboswitch PCR is used to replace the PstI site (magenta circle with P) in the non-functional riboswitch and add four-nucleotide sticky ends complementary to the plasmid sticky ends. GGA is used to ligate the new riboswitch into the reporter plasmid. Successful ligations can be screed using a PstI digestion. 
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Figure 18. PST digestion screen of caffeine riboswitch clones.
Caffeine clones digested with PstI-HF in lanes 2-12 show a single band, indicating no internal PstI. Positive control of a sequence verified caffeine riboswitch digested with PstI-HF (lane 13). Negative control of caffeine riboswitch with an internal PstI site digested with PstI-HF (lane 14). Two bands indicate that the internal PstI site was not replaced. All eleven clones are correct. 
 

I was unable to clone two of the twenty-five riboswitches (Caffeine 3 and Caffeine 10) due to an internal BsaI site. Within the caffeine riboswitch, there is an internal BsaI site starting at base 197 (Figure 19). As a result, using BsaI during GGA caused 169bp between the beginning and end of the riboswitch to be excised (underlined in Figure 19). Every individual caffeine riboswitch contains this internal BsaI, but only for Caffeine 3 and Caffeine 10 clones was I unable to detect template where the excision of riboswitch was not exhibited. 
aaatcataaaaaatttatttgctttgtgagcggataacaattataatagattcaattgtgagcggataacaattactagagatacgactcactataggtaccggatgtccagtcgcttgcaatgcccttttagaccctgatgaggatcatcggactttgtcctgtggagtaagatcgcgaaacggtgaaagccgtaggtctctgctaaggtAAAGGTGTAatg

Figure 19. Caffeine riboswitch 10 sequence with internal BsaI site.
DNA sequence of Caffeine riboswitch 10 with BsaI site highlighted in blue. Sequence where portions of the riboswitch were excised due to the presence of the BsaI site is underlined. Capitalization indicates nine-altered nucleotide sequence. 



Testing of Theophylline Potential Riboswitches

	To validate my in silico approach, I tested each theophylline riboswitch in comparison to the well-established Riboswitch D. To test each riboswitch, I grew the reporter construct containing the individual riboswitches in the presence and absence 2.5mM of theophylline (Figure 20). Riboswitch D (Theophylline 7) showed the greatest fold difference in GFP expression at 9.68 in the presence of theophylline (P=2.08X10 -9; Figure 21). Theophylline 6, differing from Riboswitch D by one nucleotide, exhibited minimal GFP expression with a fold change of 1.29 (Figure 21). This suggests that the fifth base (highlighted in pink) in the nine-nucleotide altered sequence that differs between Riboswitch D and Theophylline 6 may be significant in secondary folding, but was not supported by Riboswitch 8. Riboswitch 8, differing from Riboswitch D by two bases exhibited moderate GFP expression with a 3.48 fold change (P=5.92X10 -16;Figure 21). The activity of Riboswitch 8 indicates that my bioinformatics tool was successfully able to predict a theophylline riboswitch. 
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[image: Mac:Users:catherinedoyle:Desktop:Screen shot 2014-04-11 at 8.50.58 AM.png]Figure 20. Function of the script-generated theophylline riboswitches for theophylline. GFP fluorescence of cells containing Promoter + Riboswitch + GFP construct on pSB1A8 in the presence 2.5mM of theophylline (bright green; + sign) or absence (dark green; - sign ). Bars represent fluorescence/absorbance subtracted from background value at 0.0mM of theophylline. Asterisks indicate a significance difference between “ON” and “OFF” states (T-Test: P<0.001). n= 3. Error bars represent standard error. 









Figure 21. GFP expression results in relation to sequence similarity.
(Left) Sequence alignment of the eight predicted theophylline riboswitches generated by the riboswitch generator script. (Right) Fold difference between the “ON” and “OFF” states of the theophylline riboswitches. The sequence difference column shows the differences (pink) between the nine-nucleotide altered bases within the sequence similarity groups. 

I hypothesized that the script-generated theophylline riboswitches might be responsive to 3-methylxanthine since Soukop et al. (2009) found that a single nucleotide substitution in Riboswitch D changed the expression of Riboswitch D from strong in the presence of theophylline to moderate in the presence of 3-methylxanthine. To test the response of the theophylline riboswitches for 3-methylxanthine, I grew the GFP reporter constructs containing the riboswitches in the presence or absence of 2.5mM of 3-methylxanthine, and measured the GFP fluorescence of the riboswitches in comparison to Riboswitch D (Figure 22). Riboswitch D exhibited the highest “ON” state, but only a 1.24 fold change (P= 0.0012; Figure 23). Riboswitch 2 showed the smallest fold change at 0.72 with a stronger “OFF” than “ON” state. Overall, the difference between the “ON” and “OFF” states was negligible (P = 0.000211Figure 23). 
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[image: Mac:Users:catherinedoyle:Desktop:Screen shot 2014-04-11 at 8.54.14 AM.png]Figure 22.  Response of the script-generated theophylline riboswitch to 3-methylxanthine. GFP fluorescence of cells containing Promoter + Riboswitch + GFP construct on pSB1A8 in the presence of 2.5mM of 3-methylxanthine (bright red; + sign) or absence (light red; - sign). Bars represent fluorescence/absorbance subtracted from background value at 0.0 mM of theophylline. Asterisk indicates a significant difference between “ON” and “OFF” states from a Student T test (*=P<0.05; **=P<0.001). n= 3. Error bars represent standard error. 















Figure 23. Theophylline riboswitches response to 3-methylxanthine in relation to sequence similarity. (Left) Sequence alignment of the eight predicted theophylline riboswitches generated by the riboswitch generator script. (Right) Fold difference between the “ON” and “OFF” states of the theophylline riboswitches. Sequence difference column shows the differences (pink) between the nine-nucleotide altered bases within the sequence similarity groupings. 
Testing Potential Caffeine Riboswitches

	To determine if the filters of my scripts could be applied to any known aptamer, I tested the function of each caffeine riboswitch. I measured the GFP expression of each reporter construct containing one of the fifteen successfully cloned riboswitches (Figure 24). Caffeine 9 and Caffeine 5 expressed the highest levels of GFP, exhibiting the strongest “ON” signal (C9: P=0.01; C5: P=0.04; Figure 25). Both Caffeine 9 and Caffeine 5 exhibited low fold changes of 1.08 and 1.17 respectively, indicating negligible change in GFP expression in the presence of the caffeine ligand. Caffeine 6 showed the greatest fold change at 1.40, but expressed a low “ON” state (Figure 25). Caffeine 13 differing from Caffeine 9 by one base, exhibited moderate expression in the “ON” state with a small difference in fold change, suggesting that the change from “G” in Caffeine 9 to “A” in Caffeine 13 may be critical (Figure 25).
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Figure 24. Function of script-generate caffeine riboswitches for caffeine. GFP fluorescence of cells containing Promoter + Riboswitch + GFP construct on pSB1A8 in the presence of 2.5mM of caffeine (bright green; + sign) or absence (dark green; - sign ). Bars represent fluorescence/absorbance subtracted from background fluorescence at 0.0 mM of caffeine. Numbers on x-axis are ordered based on sequence similarity corresponding to Figure 25. Asterisk indicates a significant difference between “ON” and “OFF” states from a Student T test (P<0.05). n= 3. Error bars represent standard error.
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Figure 25.  GFP expression results of caffeine riboswitches in relation to sequence similarity. (Left) Sequence alignment of the seventeen potential caffeine riboswitches generated by the riboswitch generator script. (Right) Fold difference between the “ON” and “OFF” states of the caffeine riboswitches. The sequence difference column shows the differences (pink) between the nine-nucleotide altered bases within and among sequence similarity groups. Dashes indicate riboswitches not successfully cloned.
 Again, I hypothesized that altering nucleotide bases in the caffeine riboswitches could change the response of the caffeine riboswitches for the caffeine ligand. To test the response of the caffeine riboswitches for 3-methylxanthine, I grew the GFP reporter constructs containing the riboswitches in the presence or absence of 2.5mM of 3-methylxanthine (Figure 26). Caffeine 9 and Caffeine 5 exhibited the highest expression in the “ON” state and greatest fold change at 1.35 and 1.33 respectively (Figure 27). Caffeine 13, differing from Caffeine 9 by one base, exhibited moderate expression in the “ON” state, but a small difference in fold change, further suggesting that the change from “G” in Caffeine 9 to “A” in Caffeine 13 may be critical (Figure 27). 
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Figure 26. Response of script-generated caffeine riboswitches to 3-methylxanthine. GFP fluorescence of cells containing Promoter + Riboswitch + GFP construct on pSB1A8 in the presence of 2.5mM of 3-methylxanthine (bright red; + sign) or absence (light red; - sign). Bars represent fluorescence/absorbance subtracted from background fluorescence at 0.0 mM of 3-methylxanthine. Numbers on x-axis are ordered based on sequence similarity corresponding to Figure 27. Asterisk indicates a significant difference between “ON” and “OFF” states from a Student T test (*=P<0.05; **=P<0.001. C16: P=6.798X10 -6 ; C4: P=0.012).  n= 3. Error bars represent standard error.
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Figure 27. Caffeine riboswitches response to 3-methylxanthine in relation to sequence similarity. (Left) Sequence alignment of the fifteen potential caffeine riboswitches generated by the riboswitch generator script. (Right) Fold difference between the “ON” and “OFF” states of the caffeine riboswitches. Sequence difference column shows the differences (pink) between the nine-nucleotide altered bases within and among sequence similarity groupings. Dashes indicate riboswitches not successfully cloned.


PART II: Testing Existing Components of Programmed Evolution

Caffeine Derivative Experiments

	There are several possible reasons why the we were unable to detect theophylline production in cells carrying the eCDM8 expression plasmid: 1) caffeine demethylase is not being produced, 2) caffeine is being metabolized into another derivative, or 3) the reporting system is not sensitive enough to detect low levels of caffeine accumulation. To start the investigation into why the lab was unable to detect theophylline I sought to detect if caffeine was metabolized into another caffeine derivative. To detect if caffeine was being metabolized into another derivative without an aptamer for those derivatives, I hypothesized that providing E.coli with those undesirable metabolites would cause eCDM8 to stop producing 3-methlyxanthine, or xanthine and just produce theophylline. Many metabolic pathways incorporate negative feedback loops to regulate their overall rate of synthesis (Kitano, 2002) and perhaps caffeine catabolism in E.coli operates in the same way. 
To test my hypothesis, I tested cells containing variations of the theophylline riboswitch and caffeine demethylase eCDM8 (Figure 28A-C) grown in media containing combinations of caffeine, 3-methlyxanthine, and xanthine. E.coli carrying eCDM8 might metabolize caffeine to other downstream metabolites such as 3-methlyxanthine, or xanthine (see Figure 1). I tested the three variations (Figure 28A-C) because it was unknown if there were differences in the translational expression of GFP among the constructs. I inoculated liquid media containing 0.1mM caffeine, 0.1mM 3-methlyxanthine, 0.1mM xanthine or all three of these compounds with each of three cell strains (Figure 28A-C). After growing for 16 hours at 37°C, I measured GFP fluorescence for each strain grown in media containing caffeine, 3-methylxanthine, and xanthine. In the presence of 3-methlyxanthine plus caffeine, there was an increase in GFP expression compared to the GFP expression in caffeine alone (Figure 29). However, there was no significant difference in GFP expression in the presence of caffeine plus 3-methylxanthine compared to 3-methlyxanthine alone (Figure 29). The increase in GFP expression in the presence of 3-methlyxanthine was not due to an increased production of theophylline, but was likely due to 3-methlyxanthine binding to the riboswitch regulating the translation of GFP in the absence of theophylline. The theophylline aptamer does not bind to caffeine, but it is capable of binding 3-methlyxanthine as seen in Figure 29. My results are consistent with Desaia and Gallivan (2004), who found the aptamer does not discriminate between theophylline and 3-methlyxanthine. 
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Figure 28. Constructs tested in the caffeine derivative experiment. A) Construct on pSB4C5 promoter + RBS + eCDM8 (J119303). Theophylline GFP biosensor on pSB1A8 (J119140). B) Construct on pSB1A8 promoter + RBS + eCDM8 (J119304). Biosensor on pSB4C5 (J119140). C) Construct (J119303+J119140) in pSB1A8 promoter+ RBS + eCDM8 plus biosensor. Numbers refer to BioBrick registry part numbers. 
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Figure 29. Caffeine derivative experiment. Graph of GFP fluorescence for constructs in Figure 28A-C with and without caffeine and downstream metabolites. n = 3. Error bars represent standard error.  

 
Determination of the level of theophylline required for GFP expression

Despite repeated efforts, we have not detected theophylline when cells producing eCDM8 were fed caffeine. I suspected a reason theophylline was not detected was that the biosensor is not sensitive enough to detect the small amounts of theophylline that might be produced. We did not know the minimum requirement of theophylline accumulation for GFP detection in the biosensor module. I hypothesized that E.coli needs to produce enough theophylline to surpass a threshold of activity for the riboswitch, regulating the expression of GFP. Therefore, I chose to inoculate cells containing J100079 (promoter + riboswitch + GFP) construct in varying concentration of theophylline ranging from 0.05-0.5mM to determine the level of theophylline required for GFP expression (Figure 30). In liquid cultures, GFP expression was visible at all levels of theophylline concentrations ranging from 0.05-0.5mM theophylline (Figure 30). With increasing concentrations of theophylline GFP fluorescence increased exponentially until 0.4mM, where expression started to level off.  These results indicated that if theophylline is produced detection should be visible using cell culture. 
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Figure 30. Minimum theophylline required for GFP expression in LB Cultures. GFP fluorescence of cells containing J100079 (Promoter + Riboswitch + GFP) construct on pSB1A8 at 498nm with increasing concentrations of Theophylline. Bars represent fluorescence/absorbance subtracted from background fluorescence at 0.0mM of theophylline. Asterisk indicates a significant difference from a Student T test (*=P<0.05; **=P<0.001). n= 3. Error bars represent standard error. J100079 refers to BioBrick registry part.

To see if 0.05mM theophylline is the minimum sensitivity for visible GFP expression on LB agar, I inoculated a liquid culture with the J100079 construct and grew the culture overnight at 37°C. I streaked the liquid culture on LB amp plates with varying concentration of theophylline ranging from 0.05mM-0.5mM (Figure 31). As seen in liquid culture, GFP expression was visible at all levels of theophylline concentrations (Figure 31). GFP fluorescence increased with increasing concentrations of theophylline, indicating that GFP expression is proportional to amount of theophylline. These results indicated that if theophylline is produced detection should be visible using LB agar plates.
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Figure 31. Minimum theophylline required for GFP expression on LB agar. GFP fluorescence of J10079 construct (Promoter +C-Dog + Riboswitch + GFP) on pSB1A8 with increasing concentrations of Theophylline: A) 0.0mM B) 0.05mM C) 0.1mM D) 0.2mM E) 0.4mM. J10079 refers to BioBrick registry part number.


Determination of the concentration of theophylline required for cell growth.

Cells containing the tetracycline (tetA) fitness module (J119140) construct can grow on media with tetracycline only in the presence of theophylline. Theophylline binds to the riboswitch activating the translation of the tetA gene, making the cells tetracycline resistant. I inoculated a liquid culture with J119140 and grew the culture overnight at 37°C. To determine the level of theophylline required for cell growth, I streaked the culture on LB + tetracycline plates with varying concentration of theophylline ranging from 0.05mM-0.5mM (Figure 32). Cell growth increased with increasing concentrations of theophylline and was visible at all ranges of theophylline concentrations (Figure 32). The presence of cell growth at each concentration of theophylline suggests that cell growth can be an indicator of theophylline production.
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Figure 32. Minimum theophylline required for tetA expression on LB Agar. Cell growth in the presence of 10ug/ml of tetracycline with increasing concentrations of Theophylline: A) 0.0mM B) 0.05mM C) 0.1mM D) 0.2mM E) 0.4mM. Colonies contain J119140 construct on pSB1A3. J119140 refers to BioBrick registry part.


[image: Mac:Users:catherinedoyle:Desktop:Screen shot 2013-12-16 at 4.40.53 PM.png]To confirm that 0.05mM of theophylline is sufficient for cell growth in the presence of eCDM8, I inoculated a liquid culture with cells co-transformed with eCDM8 and the tetA fitness module (J119303+J119140) and grew the culture overnight at 37°C. To determine the minimum level of theophylline required for cell growth, I streaked the culture on LB + tetracycline plates with varying concentration of theophylline ranging from 0.05mM-0.4mM (Figure 33). As with the tetA fitness module alone (J119140; Figure 32), cells containing both constructs J119303+J119140 also grew better with increasing concentrations of theophylline (Figure 33). 0.05mM of theophylline is sufficient for cell growth, indicating that if theophylline is produced cell growth can be used as reporter mechanism.  





















Figure 33.  Theophylline sensitivity for growth of cells containing J119303+J119140 constructs. Cell growth in the presence of 10ug/ml of tetracycline with increasing concentrations of Theophylline: A) 0.0mM B) 0.05mM C) 0.1mM D) 0.2mM E) 0.4mM. Colonies contain co-transformation of eCDM8 construct (J119303) on pSB4C5 and tetA fitness module (J119140) on pSB1A3. Numbers refer to BioBrick registry parts.

Use of Programmed Evolution to drive theophylline production

[image: Mac:Users:catherinedoyle:Desktop:Screen shot 2013-12-16 at 4.46.19 PM.png]Low levels of theophylline were sufficient for cell growth. Therefore, we used programmed evolution in attempts to drive the production of theophylline. Using selective pressure generated by the tetA fitness module (J119140), I inoculated a liquid culture with appropriate antibiotics with a co-transformation of tetA fitness module and eCDM8 construct (J119303+J119140) and grew the culture overnight at 37°C. I streaked the culture on LB + tetracycline plates with 0.1mM caffeine or 0.1mM theophylline (Figure 34). Only in the presence of theophylline was cell growth visible (Figure 34C). Based on evidence indicating cell growth in the presence of low levels of theophylline with and without selective pressure (Figure 30-33), I hypothesized that the cells were not using caffeine as a substrate to produce theophylline. Theoretically, the tetA fitness module should impose selective pressure increasing the fitness of cells producing theophylline. However, selective pressure did not result in cells able to produce theophylline (Figure 34B). 












Figure 34. Programmed Evolution with the tetA fitness module. Cell growth in the presence of 10ug/ml of tetracycline and A) nothing added B) 1mM caffeine C) 0.1mM theophylline. Colonies contain co-transformation of eCDM8 module (J119303) on pSB4C5 and tetA fitness module (J119140) on pSB1A3. Numbers refer to BioBrick registry parts.
Discussion

My goal was to design and build riboswitches for caffeine starting with their known aptamer sequences. More specifically, I wanted to develop an in silico method to predict riboswitch sequences when all that was known was a functional aptamer sequence. I was successful in generating a new riboswitch for theophylline, but was unsuccessful in generating riboswitches for 3-methylxanthine or caffeine. Using properties of the well-characterized theophylline Riboswitch D, I developed a suite of bioinformatics python scripts to generate candidate riboswitch sequences that could be built and tested based on a known aptamer sequence. My riboswitch generator suite produced two small lists of potential riboswitches, including the one identified by Topp et al (2010) using in vivo methods. I successfully constructed fifteen out of the seventeen potential caffeine riboswitches and all seven potential theophylline riboswitches. I tested each successfully cloned riboswitch and quantified the amount of GFP produced with and without the cognate ligand. I was able to identify one theophylline riboswitch other than the one identified by Topp et al (2010) that exhibited moderate expression in the presence of theophylline. Although I was unable to produce a method that provides a faster way to generate new riboswitches from aptamer sequences other than theophylline, I was able to identify bases that might be significant in riboswitch folding. My conclusions are consistent with what others have found; bases significant in the folding of one riboswitch are unlikely to be significant in the folding of another riboswitch (Guimaraes et al., 2014; Topp et al., 2010; Chang et al., 2009; Lynch et al., 2007; Muranaka et al., 2009; Wittmann and Suess, 2012).  Further research is needed to understand the mechanistic properties of riboswitches before a better predictive bioinformatics tool can be developed. 

Caffeine derivative experiment

	I fed E.coli undesirable, downstream metabolites, 3-methylxanthine and xanthine in the caffeine catabolism pathway to stop cells from producing 3-methylxanthine, or xanthine and just produce theophylline. There was a greater GFP expression in the presence of 3-methlyxanthine compared to GFP expression in the presence of caffeine (Figure 29). However, there was no significant difference in GFP expression in the presence of caffeine plus 3-methlyxanthine compared to 3-methlyxanthine alone (Figure 29). This indicates that 3-methlyxanthine is able to activate the theophylline riboswitch. In the absence of caffeine, E.coli containing eCDM8 should not be able to produce theophylline and activate GFP expression using the theophylline biosensor. Therefore, I conclude that 3-methlyxanthine is binding to the theophylline riboswitch to activate the translation of GFP. Confirming my hypothesis, Desaia and Gallivan (2004) found that in the presence of 500μM 3-methlyxanthine, a construct containing the theophylline riboswitch 5 nucleotides upstream of β-galactosidase reporter gene showed cell growth. The theophylline aptamer does not bind to caffeine, but it is capable of binding 3-methlyxanthine as well. Theophylline causes the highest expression of a reporter gene regulated by the theophylline riboswitch, but similar molecules such as caffeine and 3-methylxanthine are able to bind the theophylline riboswitch, and activate translation of a reporter gene. This indicates that cells expressing eCDM8 and fed caffeine are not making 3-methylxanthine because the reporter gene would indicate the presence of 3-methylxanthine. Therefore, cells expressing eCDM8 could be producing another caffeine derivative. 


Minimum requirement of theophylline for GFP expression and cell growth
	
I found that 0.05mM theophylline was sufficient for the biosensor to produce detectable amounts of GFP in liquid media and on plates (Figure 30-34). If theophylline were produced to at least 0.05mM in our Programmed Evolution experiment, I should be able to visibly detect theophylline production. When I applied selective pressure using the tetA fitness module and fed caffeine to E.coli producing eCDM8, I was not able to detect any cell growth. I have concluded that perhaps eCDM8 might not be translated or folded properly. Quandt et al. (2013) experienced similar issues when using caffeine demethylase, CBB5 with caffeine-addicted cells. They reasoned that the lack of sufficient demethylation activity by CBB5 was due to genetic incompatibilities between P. putida CBB5 and E. coli (Quandt et al., 2013). The promoters or RBS sequences native to CBB5 may not function in E. coli. The caffeine addicted cells were able to grow on media supplemented with theophylline but no caffeine. This indicated that operon had N-demethylation activity but was unable to remove the N7-methyl group of caffeine converting it to xanthine. Quandt et al. (2013) found that 7-methylxanthine accumulated in the media further supporting that cells were unable to convert caffeine to xanthine. Quandt et al. (2013) reasoned that the missing activity could possibly be supplied by another protein, explaining the lack of full functionality they experienced in their synthetic operon. N-demethylase had previously been purified with an uncharacterized gulathione S-transferase encoded by the orf8 in the CBB5 gene cluster. The DNA sequence of the orf8 was not available, but a homolog, glutathione S-transferase 9 (gst9), from Janthinobacterium sp. was cloned into their decaffeination operon. The addition of gst9 enabled growth and facilitated the lacking demethylase activity. The cells were able to convert caffeine into xanthine making high-efficiency of N7-demythlation possible. It is possible that if I add gst9 to the eCDM8 construct that the demethylase activity of eCDM8 might be restored. 
Another reason eCDM8 could be improperly translated may be due to temperature sensitivities. The eCDM8 we used was optimized for yeast which grows at 30°C (Michener and Smolke, 2012). eCDM8 may be unstable at 37°C, the optimal growing temperature for E. coli. Our partners at MWSU tested the eCDM8 construct at room temperature and found that the activity of eCDM8 was restored (Eckdahl, 2014). Therefore, growing cells with eCDM8 at room temperature under selective pressure may produce theophylline. 
Testing of Theophylline Riboswitches

	I was successfully able to clone, verify and test all eight theophylline riboswitches generated by my python script. If my scripts were able to determine optimized riboswitches, all eight theophylline riboswitches would have expressed a high “ON” state and a low “OFF” state. Theophylline 7 (Riboswitch D) expressed a high “ON” state with a fold change of 9.68 and Theophylline 8 expressed a moderate “ON” state with a fold change of 3.48 (Figure 20; Figure 21). My python scripts were sufficient in identifying a new theophylline riboswitch, but not all the riboswitches predicted were functional. By comparing the predicted secondary folding of Theophylline 7 and 8, I sought to determine what bases might contribute to the difference between a moderate and strong fold change (Figure 35). Theophylline 8 and 7 differ in sequence by three nucleotides in positions where base pairing does not occur (red arrow; Figure 35). Theophylline 8 lacks pairing at base 54 and Theophylline 7 lacks pairing at base 53. The one position change in lack of pairing could contribute to a difference in thermodynamic stability, resulting in a difference between the moderate and strong “ON” state. 
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Figure 35. Predicted secondary folding of Theophylline 7 and 8.
M-fold predicted secondary foldings of Theophylline 7 and 8 in the absence of a ligand. Pink box in each structure indicates the sequence difference and the position where base pairing is lacking. Blue box indicates RBS and green box indicates start codon. Arrow indicates bases where pairing is lacking between the aptamer and nine-nucleotide spacer. 

My python scripts were unsuccessful in accurately predicting a full set of functional riboswitches. However, in examining the structures of the eight theophylline riboswitches, I found bases and regions that may be significant for favorable secondary folding. In the presence of the theophylline, Theophylline 3 showed moderate expression in the “ON” state but was not able to prevent translation (Figure 21) in the absence of theophylline. Theophylline 2 showed low expression in the “ON” state and was even brighter in the “OFF” state with a fold change of 0.72 in the presence of 3-methylxanthine (Figure 23). Therefore, I compared the structures of Theophylline 2 and Theophylline 3 to Theophylline 7, which had the greatest fold change and “ON” state in the presence of both theophylline and 3-methylxanthine (Figure 36). If bases remained unpaired within three bases of the start codon, there was minimal GFP expression in the presence of the ligand with the same or even brighter GFP expression in the absence of the ligand. The lack of base pairing may increase the availability of the start codon in the “ON” and “OFF” states. In addition, pairing of base 53, seen in Theophylline 2 and 3, may increase the stability of the riboswitch in the “OFF” state, negatively effecting how the ligand would bind in the “ON” state (Figure 36). Therefore, I hypothesize that there may be a temporal effect and that a functional theophylline riboswitch may need pairing within three bases of the start codon. 
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Figure 36.  Predicted secondary folding of three theophylline riboswitches.
M-fold predicted secondary foldings of Theophylline 2, 3, and 7 in the absence of a ligand. Red box in each structure indicates the position where base pairing is lacking. Blue box indicates RBS and green box indicates start codon.

	In addition to comparing Theophylline 2 and 3 to Theophylline 7, I looked at the difference in folding between Theophylline 6 and Theophylline 7. Theophylline 6 differed by one base from Theophylline 7 and produced low “ON” and  “OFF” states with minimal fold change. I looked for a structural difference between Theophylline 6 and 7 that might explain the large change in the “ON” expression for Theophylline 7 (Figure 37). However, there was little difference between the secondary foldings of Theophylline 6 and Theophylline 7. In the position where the sequences differed, pairing was lacking in both structures (Figure 37). Theophylline 6 contains a “G” in the altered position, which could contribute to an increased stability in secondary folding motifs, which might hinder ribosome initiation at the nearby RBS and start codon. Guimaraes et al. (2014) developed a Mote Carlo simulation that evolves DNA and RNA sequences to a set of parameters and found that G-rich riboswitches engaged in more secondary structures upon binding of the ligand. The formation of secondary structures hindered translation initiation and the affinity between the ribosome and mRNA sequence (Guimaraes et al., 2014). The single nucleotide change in Theophylline 6 from an “A” to a “G” increases the G-richness of the mRNA and could be hindering the initiation of translation, explaining the low expression in the “ON” state. In addition, Wittmann and Suess (2012) found that riboswitches must bind to the ligand with very high affinity and that the association of the ligand to the aptamer must be fast. If secondary structures formed during the binding of the ligand, the rate of binding may decrease, explaining the low “ON” state of the Theophylline 6 compared to Theophylline 7.
Another hypothesis to explain the difference in “ON” states between Theophylline 6 and 7 is that Theophylline 6 may have a different secondary fold than predicted. The predicted fold of Theophylline 7 (Figure 37) had been verified using NMR (Topp et al., 2010), but the predicted structure of Theophylline 6 has not been verified. M-fold predicted multiple foldings with different calculated ΔGs and it is possible that a “less favored” folding is occurring in the presence of the ligand resulting in a low “ON” state. Yet, the near optimal folds (Figure 37) are not significantly different is structure. Nevertheless, base 53 differing between Theophylline 6 and Theophylline 7 seems to play an important role in the function of the theophylline riboswitch.
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Figure 37.  Predicted secondary folding of Theophylline 6 and 7.
M-fold predicted secondary foldings of Theophylline 6 and 7 in the absence of a ligand. Pink box in each structure indicates the sequence difference and the position where base pairing is lacking. Blue box indicates RBS and green box indicates start codon. 



Testing of Caffeine Riboswitches

	I successfully cloned, verified, and tested fifteen of the seventeen caffeine riboswitches. Unfortunately, none exhibited a large “ON” state or fold change (Figure 24; Figure 25). Therefore, the parameters of my program were not sufficient to determine a functional riboswitch for the caffeine aptamer. However, I cannot know whether the two riboswitches that I have not yet cloned would be functional. Based on the structures of the cloned riboswitches, I can gain some insights into the functionality of my caffeine riboswitches. Caffeine 9 and Caffeine 13 differ by one base, yet Caffeine 9’s GFP expression is twice as large in the presence of caffeine and 3-methylxanthine (Figure 25). Similar to the relationship between Theophylline 6 and 7, there is no difference in the M-fold predicted secondary structure (Figure 38). The base change between Caffeine 9 and 13 resulted in a conversion from the non-traditional RNA pairing to normal Watson-Crick base pairing. As a result, the predicted structure does not change but the base change may affect the real folding of the riboswitches in the presence of a ligand. The predicted structures shown in Figure 38 may not be the actual folding formed in the presence of the ligand. Multiple M-fold predicted foldings are possible and could be responsible for the lack of expression in the “ON” state. Nevertheless, the base differing between the structures may play a vital role in turning “ON” the riboswitch in the presence of a ligand. 
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Figure 38.  Predicted secondary folding of Caffeine 13 and 9.M-fold predicted secondary foldings of Caffeine 13 and 9 in the absence of a ligand. Pink box in each structure indicates the sequence difference. Black boxes show zoomed in location of nucleotide sequence difference between Caffeine 13 and 9. 

Caffeine 6 exhibited the largest fold change in GFP production and by comparing the predicted secondary folding of Caffeine 5, 9, and 6, I sought to determine what bases might contribute to the fold change. Caffeine 5 had the second largest expression in the “ON” state and differed from Caffeine 6 at 4 bases. Caffeine 9 differs from Caffeine 6 at three bases, and exhibited a larger “ON” state and smaller fold change than Caffeine 6. All three of the riboswitches start with “AAG” and Caffeine 5 and 9 share the common bases “AAGG” (Figure 39). Caffeine 6 contains “AAGA” instead of “AAGG”, which causes a lack of pairing in the predicted secondary folding (Figure 39). The lack of base pairing at base 113 may be crucial for a large fold change. Caffeine 5’s structure differs significantly on the 5’ end from the structures of Caffeine 6 and 9 except in the folding of the first eight-nucleotide bases (Figure 40).  This suggests that pairing of the first eight bases may be crucial in the functionality of the riboswitch, but bases between 9 and 45 may not (Figure 40). 
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Figure 39. Sequence Comparison of Caffeine 5, 6, and 9.  
Nucleotide bases in common among all three (black) nine altered sequences. Green bases indicate bases in common between Caffeine 5 and 9, blue bases indicate bases in common between Caffeine 6 and 9 and purple bases indicate bases in common between 5 and 6. Pink colored bases indicate bases that differ at that position from the other two sequences. 

Of riboswitches Caffeine 5, 6, and 9, only Caffeine 9 contains three hairpin loops with one loop near the RBS (starting at base 115). An increase in the number of multibranch loops near the ligand-binding region could increase the binding affinity of the ligand. Chang et al. (2009) used a package of scripts to model potential riboswitches for purine and found that structures with at least two hairpin loops formed a pseudoknot, which helped in the biding of the ligand. Conservation of bases between the stem loops was important and a single point mutation disrupted the binding of the ligand (Chang et al., 2009). Potentially, the base change at 113 in Caffeine 9 caused the stem loop to be removed in Caffeine 6. The removal of the stem loop could decrease the binding of the ligand generating a stronger “OFF” (Figure 40). 
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Figure 40. Predicted secondary folding of Caffeine 5, 6, and 9. 
(Top) M-fold predicted secondary foldings with bases differing between the structures highlighted in pink. (Bottom) Close up view of the regions differing between the three structures. 


Future Implementation 

Improving eCDM8 translation to drive theophylline production

I attempted to use Programmed Evolution to drive the production of theophylline but was unsuccessful (Figure 34). Based off the findings of Quandt et al. (2013), I hypothesized that theophylline might not be produced because eCDM8 might not be translated or folded properly. Therefore, if I could improve translation of eCDM8, I might increase theophylline production. 
So far, our collaborators have only gotten eCDM8 to work twice and the exact timing and temperature conditions were not well documented. Therefore, to improve translation of eCDM8, I could use the construct containing both the eCDM8 and tetA fitness modules (BBaJ119318) under selective pressure. Potentially, by using selective pressure I can drive the cells to translate eCDM8 and increase theophylline production. To implement this plan, I could grow J119318 on media containing different concentrations of tetracycline and a disc soaked in a moderate concentration of caffeine (Figure 41). The caffeine would radiate from the disc and diffuse through the media generating regions with different concentrations of caffeine. This would eliminate the guessing of what is the ideal concentration for caffeine to activate eCDM8 translation. If a cell could successfully produce theophylline at a low concentration of tetracycline it would be transferred to medium concentration tetracycline plate. The process would be repeated and a colony that can successfully produce theophylline at a medium concentration of tetracycline would be moved to plate with a higher concentration of tetracycline. With an increase in tetracycline concentrations there would be an increase in selective pressure for cells to translate eCDM8 and produce theophylline. If successful, I would provide proof-of-concept for programmed evolution. 
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Figure 41. Using selective pressure to drive programmed evolution of theophylline.
Cells containing the eCDM8 and tetA fitness construct are plated on media containing tetracycline and a disc soaked in caffeine (black circle). A colony (yellow circle) that grows in the presence of low tetracycline is then plated on a plate with a medium concentration of tetracycline. A colony that grows in the presence of medium tetracycline concentration is then plated on a plate with a high concentration of tetracycline. With an increase in tetracycline concentrations there is an increase in selective pressure for cells to optimize theophylline production. 

Riboswitch Cloning
	I was unable to successfully clone Caffeine 3 and 10 due to an internal BsaI site at the end of the riboswitch (Figure 19). To fix the BsaI site and successfully clone Caffeine 3 and 10, I could use Gibson Assembly ligation and transformation procedures (Figure 42; Gibson et al., 2009). Using NEBuilder I can design oligos to amplify the reporter plasmid and caffeine riboswitch, adding complementary overlapping fragments (http://nebuilder.neb.com/). After the oligos are used to amplify the reporter plasmid and caffeine riboswitch the PCR product could be placed in a reaction rube with Gibson Assembly master mix. In the single tube reaction the enzymatic activity of the 5’ exonuclease chews back the 5’ end of the sequences and exposes the complementary sequence fragments for annealing. DNA polymerase fills in the gaps of the annealed regions and DNA ligase seals the nicks linking the two DNA constructs together (Figure 42). Then, to complete the new riboswitch, I would take the Gibson Assembly mixture and transform the annealed constructs into competent cells. 
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Figure 42.  Cloning of caffeine riboswitches using Gibson Assembly.
GFP reporter plasmid with complementary fragments to the caffeine riboswitch (red, blue, purple, green rectangles) and caffeine riboswitch with complementary fragments to the reporter plasmid (red, blue, purple, green rectangles) are placed in a reaction tube with Gibson Assembly Master Mix. In the reaction tube the enzymatic activity of the 5’ exonuclease chews back the 5’ ends of the sequences exposing the complementary ends for annealing. DNA polymerase fills in the gaps of the anneal regions and DNA ligase seals the nicks to link the constructs together forming a new riboswitch (Adapted from Gibson et al., 2009). 

Another alternative to the traditional cloning is to manipulate the GGA assembly procedure. The final step of GGA is an incubation of 15 minutes at 37°C to digest any remaining BsaI sites. I could alter the last incubation period to 15 minutes at 16°C to prohibit digestion of the remaining BsaI site in the caffeine riboswitch. 




Bioinformatics alterations

	I was unsuccessful in producing riboswitches for caffeine or 3-methylxanthine using a bioinformatics approach. The parameters of my python script were able to retain Riboswitches D in the pool of eight potential theophylline riboswitches yet, only Riboswitch D showed high expression in the presence of the ligand (Figure 20, Figure 21). Caffeine 9 and Caffeine 5 showed moderately low expression in the “ON” state, but minimal fold change (Figure 24; Figure 25). I examined select structures of riboswitches and made inferences about the significance of certain bases and secondary folding. It is unclear whether my inferences hold true for every riboswitch, but using these inferences I can re-design the parameters of my python script. The modified parameters can generate a new set of potential riboswitches that can be built and tested in the lab. 
I would keep the first four parameters, which have been validated as key characteristics of riboswitches (Lynch et al., 2007; Muranaka et al., 2009; Guimaraes et al., 2014. First, I would slightly alter the parameter that checks the pairing between the start codon and RBS to the aptamer. Currently, the parameter excludes a riboswitch sequence that has a predicted structure where the RBS and start codon are paired to the aptamer from the set of predicted structures for that sequence. However, based on Lynch et al. (2007) and Wittmann and Suess (2012), the predicted structure with the lowest ΔG is more thermodynamically favorable and correlates to higher probability of a functional riboswitch. For each predicted folding set, I would alter the filter to only keep a riboswitch sequence with the lowest ΔG and desired pairing. Next, I would remove the last two parameters, which filter riboswitches based on base pairing and identity of the first two nucleotides in the altered nine-nucleotide sequence. 
I would replace the last two parameters and add two new parameters, screening for codon bias and predicted RNA secondary structure between the RBS and start codon. Guimaraes et al. (2014) found that translation efficiency in riboswitches was affected by the rate of elongation, which is mainly determined by the codon usage. Using a Codon Adaptation Index (CAI) calculator to score codon usage, I could evaluate the riboswitch sequences and filter riboswitches with predicted low translation efficiency (Sharp and Li, 1987). The larger the score is for codon usage, the greater the frequency of RNA secondary structure formation (Guimaraes et al., 2014). Then, I would add a parameter that predicted the secondary structure between the start codon and RBS and screen for the presence of secondary structures. Stem loops near the start codon increased translation rates, but secondary structures near the RBS hindered initiation of translation (Guimaraes et al., 2014; Chang et al., 2009). I would screen the riboswitches for secondary structures near the start codon and filter out riboswitches with secondary structures near the RBS using mfold and G-richness calculations. The greater the G-richness of a structure, the higher the probability of secondary structures for a sequence, which can inhibit translation or binding of the ligand (Guimaraes et al., 2014). 

Using the thyA reporter construct to screen caffeine riboswitch combinations

	There is still a great deal we do not understand about the mechanisms of riboswitches, which limits our ability to rationally design their construction. At this point, the best method for developing riboswitches is to use an in vivo approach. SELEX has been used for the past nine years to develop riboswitches with minimal success. However, Muranaka et al. (2009) successfully identified a functional riboswitch for thymine using dual genetic selection. Aptamers were cloned in the 5’ UTR of a tetA selection marker and random nucleotides were inserted between the aptamer and the RBS (Muranaka et al., 2009). Using tetA as a selective marker, they subjected the riboswitches to media with and without the ligand thymine. Using a similar approach, I propose a method to screen riboswitches using an in vivo approach that if successful may be more efficient than SELEX. 
	Using the thyA fitness module developed by in our lab, I could supply selective pressure and screen for functional riboswitches for a given aptamer (Figure 43). I would construct the destination plasmid using iPCR to remove the riboswitch in the construct and amplify the thyA gene. Oligos used to perform iPCR would add terminal flanking BsaI sites and four-nucleotide base sticky ends for GGA. Using GGA, I would ligate a riboswitch synthesized using IDT gBlocks into the destination plasmid. The synthesized riboswitch would contain nine random nucleotides in the region between the RBS and start codon altered by my python script (Figure 43). The new riboswitch and thyA selection construct would be transformed into thyA- cells. The thyA- cells containing the riboswitches would be plated on media containing thymine (positive control), minimal media (negative control) and caffeine (experimental). If a riboswitch could successfully be activated by caffeine, the cell would produce thyA and cell growth would be visible. If the riboswitch cannot be activated by caffeine, then the cell cannot produce thyA and growth would be prohibited (Figure 43).
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Figure 43. In vivo potential riboswitch screening.
GFP reporter construct is constructed using iPCR, amplifying the GFP and the receiving pSB1A8 plasmid. iPCR adds two four-nucleotide base sticky ends (Rred rectangles) to the plasmid for the GGA. In the construction of the new riboswitch, gBlock riboswitch with nine variable bases (green box with N’s) is ligated into the receiving plasmid using GGA ligation. The riboswitch and reporter construct are transformed into thyA- cells and grown on different media for large-scale screening. Cells containing the riboswitches are grown on media containing thymine (positive control), minimal media (negative control) and caffeine (experimental). If the riboswitch can successfully be activated by caffeine it can be detected by presence of a colony on the caffeine plate. 




To test the “OFF” state of the caffeine riboswitches, I would grow the cells containing potential riboswitches on plates containing a low concentration of tetracycline (Figure 44). If the riboswitch has a strong “OFF” than I would expect minimal growth dispersed across the plate. If the riboswitch has a weak “OFF” than I would expect normal growth randomly distributed across the plate. If this approach were successful and efficient at identifying riboswitches for known aptamers, the structures of the riboswitches can be studied and a rational approach may be possible. 
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Figure 44. Testing the “OFF” state of potential riboswitches.
Cells containing a potential riboswitch are plated on media containing low levels of tetracycline. If a riboswitches exhibits a strong “OFF” a minimal number of colonies (yellow circle) will be exhibited. If a riboswitch exhibits a weak “OFF” than a high number randomly dispersed colonies will be exhibited. 

Conclusion
As part of a larger project to optimize theophylline biosynthesis in E. coli for proof-of-concept of Programmed Evolution, I developed a bioinformatics tool to generate potential riboswitch sequences that could be built and tested for any known aptamer sequence. To optimize theophylline biosynthesis, I sought to construct riboswitches for caffeine from its known aptamer sequence. The new caffeine riboswitch could be used to detect production of caffeine in E. coli. Furthermore, I successfully cloned and tested each potential caffeine and theophylline riboswitch predicted by my suite of python scripts yet; the parameters of my bioinformatics tool were not able to identify riboswitches for any given aptamer. However, my bioinformatics tool was successful in identifying a new theophylline riboswitch. Without a full understanding of the mechanistic nature of riboswitches, the parameters that define a riboswitch may change depending on the aptamer. Therefore, a new riboswitch can be generated from an understanding of the aptamer’s secondary structure. Moreover, with further manipulation of my bioinformatics tool, I may be able to produce potential riboswitches for any given aptamer, and improve a variety of labor-intensive methods developed to engineer synthetic riboswitches. 
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Appendix A

"""
Name:combinationgenerator.py
Date: 10-28-13
Author: Catherine Doyle

Description: Generates potential riboswitch sequences of a given aptamer sequence. The program takes an aptamer sequence. The program systematically generates all 262,144 combinations of 9bp sequence from the four nucleotides in RNA. Each sequence is inputted between the RBS and start codon of a riboswitch containing the inputted aptamer 5bp upstream of the RBS. Each riboswitch is printed to an output file. 
"""
#!/usr/bin/python
import sys
import string
#User Inputs
aptfile = raw_input("Enter name of file containing aptamer sequence: ")# Asks the user to input the name of the file containing the aptamer sequence in FASTA format
aptfile= open(aptfile, "rU")# Opens file inputted by user 
aptseq = aptfile.read()# Reads the aptamer sequence in from a file
aptfile.close() # Close aptamer sequence file
# Initial Sequences
rbs = "aaggu" #Ribosome binding site sequence
fivebp = "cugcu" #Five base pair spacer sequence between the aptamer and RBS
startcodon = "aug" #Start codon sequence 
# Generate all iterations of the a 9 nucleotide sequence from the four nucleotides in RNA
bases= "AUGC"
switches =[]# Initialize a list of riboswitches
out = open("Riboswithces.txt", "w")# Opens a file for riboswitch sequences to be written to. 
# For each nucleotide in bases generate all possible iterations for a 9 nucleotide sequence
for a in bases:
    one = a
    for b in bases:
        two = one + b
        for c in bases:
            three = two + c
            for d in bases:
                four = three + d 
                for e in bases:
                    five = four + e
                    for f in bases:
                        six = five + f
                        for g in bases:
                            seven = six + g
                            for h in bases:
                                eight = seven + h
                                for k in bases:
                                    nine = eight + k
                                    switch = aptseq + fivebp + rbs + nine + startcodon # Add final iteration to the rest of the riboswitch
                                    out.write(switch + " ")# Write riboswitch sequence to the outputfile. 
out.close() # Close output file

"""
Name: freenergycalculator.py
Date: 10-28-13
Author: Catherine Doyle
    
Description: Identifies riboswitches with a difference in free energy between the “ON” and “OFF” foldings that is less than -9.2 kcal/mol. 
Takes the free energy of the aptamer sequence and opens the file containing all iterations of riboswitch sequences. For each riboswitch sequence in the file calls Unafold and calculates the free energy of the riboswitch in the absence and presence of the ligand. If the difference in free energy is less than the energy of the aptamer the riboswitch and free energy are saved.  
"""
#!/usr/bin/python
import sys
import string
import subprocess
# User inputs
FE = raw_input('Enter free energy of aptamer: ') # Asks the user to input the free energy of the aptamer in the riboswitch
FE = -float(FE)# Converts the raw_input to a float for calculations
# Initialization and Opening of files
free_energy = {} # Initialize a dictionary of riboswitches with a difference in free energy less than the aptamer
ribofile = open("outcombo-5-12.txt", "r")# Opens the file containing the iterations of riboswitches
ribofile = ribofile.readlines()# Reads the file containing the iterations of riboswitches
ribofile.close()# Close riboswitch file
# Calculate folding and free energy of the “ON” and “OFF” states
for line in ribofile:
    line = line.split(" ")# For each line in the riboswitch file split at the space to grab one riboswitch sequence
    for switch in line[0:-1]:# Cut each riboswitch from the line removing the space
        out = open('outRibo.txt', "w")# Open a file to write individual riboswitches to
        out.write(switch)# Write individual riboswitches to outputfile
        out.close()# Close output file
        subprocess.call(['/Users/macampbell/Desktop/unafolddata/bin/UnaFold.pl','--X=50','outRibo.txt'])# Call Unafold. Give Unafold the file containing the riboswitch and set sub-optimality to 50 
        dg1= open("outRibo.txt.dG", "r")# Open Unafold free energy output file
        header = dg1.readline() # Remove header from free energy output file
        dg1 = dg1.readlines()# Read the rest of the free energy output file
        for line in dg1:
            temp,dg1,Z = seq.split("\t")# Split each line in the free energy file to separate temperature, free energy, and Z values
                subprocess.call(['/Users/macampbell/Desktop/unafolddata/bin/hybrid-ss-min','--prohibit=39,0,21','outRibo.txt'])# Call Unafold. Give Unafold the file containing the riboswitch and prohibit binding of the RBS and start codon
                dg2= open("outRibo.txt.dG", "r")# Open Unafold free energy output file
                header = dg2.readline() # Remove header from free energy output file
                dg2 = dg2.readlines()# Read the rest of the free energy output file
                for line in dg2:# Loop through the lines
                        temp,dg2,Z = line.split("\t")# Split each line in the free energy file to separate temperature, free energy, and Z values
                        if ((float(dg2)) - (float(dg1))) < FE:# Take the difference between the “ON” and “OFF” values 
                                free_energy[switch] = dg1,dg2 # If the difference in free energy is less than the inputted free energy of the aptamer store riboswitch sequence and free energy in a dictionary                
                        
# Print the riboswitch sequences and free energy values with a difference in free energy less than the inputted free energy of the aptamer           
for riboseq in free_energy: 
        print riboseq,free_energy[line]
                
"""
Name: riboswitchgrabber.py
Date: 10-28-13
Author: Catherine Doyle
    
Description: Select riboswitches with a difference between the “ON” and “OFF” states is between 9.1-8.4 kcal/mol. Opens file containing riboswitches and free energy values with a difference in free energy less than the inputted free energy of the aptamer. Read the file and find riboswitch sequences with delta G values between 9.1-8.4 kcal/mol and writes the to an output file.
"""
#!/usr/bin/python
import sys
import string
import os
import subprocess
# Open files
infile = open("results12-9-13.txt", "r")# Opens file containing riboswitches and free energy values with difference in free energy less than the inputted free energy of the aptamer  
infile = infile.readlines()# Reads lines in inputfile
infile.close()
outfile = open("range.txt", "w")# Opens output file
# Select riboswitches that have a difference between “ON” and “OFF” states that is between 9.1-8.4 kcal/mol
for line in infile:
    if ("-22.1" ) in line:
        go.write(line) 
    elif ("-22.2") in line:
        go.write(line)
    elif ("-22.3") in line:
        go.write(line)
outfile.close()       
    
"""
Name: freenergycalculator.py
Date: 10-28-13
Author: Catherine Doyle
    
Description: Identifies riboswitches with a difference in free energy between the “ON” and “OFF” foldings that is less than -9.2 kcal/mol. 
Takes the free energy of the aptamer sequence and opens the file containing all iterations of riboswitch sequences. For each riboswitch sequence in the file calls Unafold and calculates the free energy of the riboswitch in the absence and presence of the ligand. If the difference in free energy is less than the energy of the aptamer the riboswitch and free energy are saved.  
"""
#!/usr/bin/python
import sys
import string
import subprocess
# User inputs
FE = raw_input('Enter free energy of aptamer: ') # Asks the user to input the free energy of the aptamer in the riboswitch
FE = -float(FE)# Converts the raw_input to a float for calculations
# Initialization and Opening of files
free_energy = {} # Initialize a dictionary of riboswitches with a difference in free energy less than the aptamer
ribofile = open("outcombo-5-12.txt", "r")# Opens the file containing the iterations of riboswitches
ribofile = ribofile.readlines()# Reads the file containing the iterations of riboswitches
ribofile.close()# Close riboswitch file
# Calculate folding and free energy of the “ON” and “OFF” states
for line in ribofile:
    line = line.split(" ")# For each line in the riboswitch file split at the space to grab one riboswitch sequence
    for switch in line[0:-1]:# Cut each riboswitch from the line removing the space
        out = open('outRibo.txt', "w")# Open a file to write individual riboswitches too
        out.write(switch)# Write individual riboswitches to output file
        out.close()# Close output file
        subprocess.call(['/Users/macampbell/Desktop/unafolddata/bin/UnaFold.pl','--X=50','outRibo.txt'])# Call Unafold. Give Unafold the file containing the riboswitch and set sub-optimality to 50 
        dg1= open("outRibo.txt.dG", "r")# Open Unafold free energy output file
        header = dg1.readline() # Remove header from free energy output file
        dg1 = dg1.readlines()# Read the rest of the free energy output file
        for line in dg1:
            temp,dg1,Z = seq.split("\t")# Split each line in the free energy file to separate temperature, free energy, and Z values
                subprocess.call(['/Users/macampbell/Desktop/unafolddata/bin/hybrid-ss-min','--prohibit=39,0,21','outRibo.txt'])# Call Unafold. Give Unafold the file containing the riboswitch and prohibit binding of the RBS and start codon
                dg2= open("outRibo.txt.dG", "r")# Open Unafold free energy output file
                header = dg2.readline() # Remove header from free energy output file
                dg2 = dg2.readlines()# Read the rest of the free energy output file
                for line in dg2:# Loop through the lines
                        temp,dg2,Z = line.split("\t")# Split each line in the free energy file to separate temperature, free energy, and Z values
                        if ((float(dg2)) - (float(dg1))) < FE:# Take the difference between the “ON” and “OFF” values 
                                free_energy[switch] = dg1,dg2 # If the difference in free energy is less than the inputted free energy of the aptamer store riboswitch sequence and free energy in a dictionary                
                        
# Print the riboswitch sequences and free energy values with a difference in free energy less than the inputted free energy of the aptamer           
for riboseq in free_energy: 
        print riboseq,free_energy[line]
                
 """
Name: basechecker.py
Date: 10-28-13
Author: Catherine Doyle
    
Description: Checks pairing between two nucleotides in a riboswitch sequence. Opens file containing riboswitches and calls Unafold. Opens pairing file from Unafold and checks pairing between certain nucleotides. The program saves riboswitch sequences with the correct pairing. 
    """
#!/usr/bin/python
import sys
import string
import os
import subprocess
# Open files and initialize sequences
infile = open("47-26rbs1.txt", "r")# Open file containing riboswitches 
inflie = infile.readlines()# Reads the file containing riboswitches
infile.close()# Close input file
base = []# Initializes a list of sequences 
# Checks pairing between the RBS and start codon
for line in infile:
    line= line.strip("\n")
    line1 = line.split("(")
    for switch in line1[0:-1]:# Select only the riboswitch sequence from the line in the infile
        out = open('outRiboD.txt', "w")# Open a file to write individual riboswitches too
        out.write(switch)# Write individual riboswitches to output file
        out.close()# Close output file
        subprocess.call(['/Users/macampbell/Desktop/unafolddata/bin/UnaFold.pl','--X=50','outRiboD.txt'])# # Call Unafold. Give Unafold the file containing the riboswitch and set suboptimality to 50 
        pairingfile = open('outRiboD.txt.ct')# Open Unafold pairing output file
        header = pairingfile.readline()# Remove header from pairing output file
        pairingfile = pairingfile.readlines()# Read the rest of the pairing output file
        for matrix in pairingfile:
            if "dG" not in matrix:# Only read lines that contain pairing values
                matrix = matrix.strip("\n")
                one, two, three, four, five, six, seven, eight = matrix.split("\t")# Split the line in file into individual columns
                if (one == "48" and five == "25"):# Check pairing between two nucleotides
                    if line not in base:# Check to make sure sequence is not already in pairing list
                    base.append(line)# append riboswitch sequence to pairing list
# Print sequences in pairing list
for line in base:
   print line
              
Appendix B

Theophylline Riboswitch 1:
ggugauaccagcaucgucuugaugcccuuggcagcacccugcuaagguAACGUCCAGaug

Theophylline Riboswitch 2:
ggugauaccagcaucgucuugaugcccuuggcagcacccugcuaagguAACGUCUAGaug

Theophylline Riboswitch 3:

ggugauaccagcaucgucuugaugcccuuggcagcacccugcuaagguAACGUCAUGaug

Theophylline Riboswitch 4:
ggugauaccagcaucgucuugaugcccuuggcagcacccugcuaagguAACAUGAGGaug

Theophylline Riboswitch 5:
ggugauaccagcaucgucuugaugcccuuggcagcacccugcuaagguAACAUCUGGaug

Theophylline Riboswitch 6:
ggugauaccagcaucgucuugaugcccuuggcagcacccugcuaagguAACAGCAAGaug

Theophylline Riboswitch 7:
ggugauaccagcaucgucuugaugcccuuggcagcacccugcuaagguAACAACAAGaug

Theophylline Riboswitch 8:
ggugauaccagcaucgucuugaugcccuuggcagcacccugcuaagguAACGUGAAGaug

Caffeine Riboswitch 1:
ggauguccagucgcuugcaaugcccuuuuagacccugaugaggaucaucggacuuuguccuguggaguaagaucgcgaaacggugaaagccguaggucucugcuaagguAAUAGUCAGaug

Caffeine Riboswitch 2:
ggauguccagucgcuugcaaugcccuuuuagacccugaugaggaucaucggacuuuguccuguggaguaagaucgcgaaacggugaaagccguaggucucugcuaagguAAACGCCCGaug

Caffeine Riboswitch 3:
ggauguccagucgcuugcaaugcccuuuuagacccugaugaggaucaucggacuuuguccuguggaguaagaucgcgaaacggugaaagccguaggucucugcuaagguAAAGGAUCUaug

Caffeine Riboswitch 4:
ggauguccagucgcuugcaaugcccuuuuagacccugaugaggaucaucggacuuuguccuguggaguaagaucgcgaaacggugaaagccguaggucucugcuaagguAAUAUGCGGaug

Caffeine Riboswitch 5:
ggauguccagucgcuugcaaugcccuuuuagacccugaugaggaucaucggacuuuguccuguggaguaagaucgcgaaacggugaaagccguaggucucugcuaagguAAGGUGCCCaug

Caffeine Riboswitch 6:
ggauguccagucgcuugcaaugcccuuuuagacccugaugaggaucaucggacuuuguccuguggaguaagaucgcgaaacggugaaagccguaggucucugcuaagguAAGAUCCAGaug

Caffeine Riboswitch 7:
ggauguccagucgcuugcaaugcccuuuuagacccugaugaggaucaucggacuuuguccuguggaguaagaucgcgaaacggugaaagccguaggucucugcuaagguAACAGCUCGaug

Caffeine Riboswitch 8:
ggauguccagucgcuugcaaugcccuuuuagacccugaugaggaucaucggacuuuguccuguggaguaagaucgcgaaacggugaaagccguaggucucugcuaagguAACAUACCGaug

Caffeine Riboswitch 9:
ggauguccagucgcuugcaaugcccuuuuagacccugaugaggaucaucggacuuuguccuguggaguaagaucgcgaaacggugaaagccguaggucucugcuaagguAAGGUGUAGaug

Caffeine Riboswitch 10:

ggauguccagucgcuugcaaugcccuuuuagacccugaugaggaucaucggacuuuguccuguggaguaagaucgcgaaacggugaaagccguaggucucugcuaagguAAAGGUGUAaug

Caffeine Riboswitch 11:
ggauguccagucgcuugcaaugcccuuuuagacccugaugaggaucaucggacuuuguccuguggaguaagaucgcgaaacggugaaagccguaggucucugcuaagguAAUACGCCGaug

Caffeine Riboswitch 12:
ggauguccagucgcuugcaaugcccuuuuagacccugaugaggaucaucggacuuuguccuguggaguaagaucgcgaaacggugaaagccguaggucucugcuaagguAAUUUACCGaug

Caffeine Riboswitch 13:
gauguccagucgcuugcaaugcccuuuuagacccugaugaggaucaucggacuuuguccuguggaguaagaucgcgaaacggugaaagccguaggucucugcuaagguAAAGUGUAGaug

Caffeine Riboswitch 14:
ggauguccagucgcuugcaaugcccuuuuagacccugaugaggaucaucggacuuuguccuguggaguaagaucgcgaaacggugaaagccguaggucucugcuaagguAAUGGUUUGaug

Caffeine Riboswitch 15:
ggauguccagucgcuugcaaugcccuuuuagacccugaugaggaucaucggacuuuguccuguggaguaagaucgcgaaacggugaaagccguaggucucugcuaagguAAUAGUCCCaug

Caffeine Riboswitch 16:
ggauguccagucgcuugcaaugcccuuuuagacccugaugaggaucaucggacuuuguccuguggaguaagaucgcgaaacggugaaagccguaggucucugcuaagguAAAGCCUAGaug

Caffeine Riboswitch 17:
ggauguccagucgcuugcaaugcccuuuuagacccugaugaggaucaucggacuuuguccuguggaguaagaucgcgaaacggugaaagccguaggucucugcuaagguAAUAGUUUGaug










Appendix C

Theophylline Riboswitch
gcatggtctcaaaatcataaaaaatttatttgctttgtgagcggataacaattataatagattcaattgtgagcggataacaattactagagatacgactcactataggtaccggtgataccagcatcgtcttgatgcccttggcagcaccctgctaaggtaacgtccagatgcctctggtacg

Caffeine Riboswitch 
gcatggtctctaaataaatcataaaaaatttatttgctttgtgagcggataacaattataatagattcaattgtgagcggataacaattactagagatacgactcactataggtaccggatgtccagtcgcttgcaatgcccttttagaccctgatgaggatcatcggactttgtcctgtggagtaagatcgcgaaacggtgaaagccgtaggtctctgctaaggtaatagtcagatgctgcaggatgtctctggtacg

J100079-G Forward
GCATGGTCTCTGATGAAAGGCGAAGAGCTGTTCAC

J100079-U Forward
GCATGGTCTCTTATGAAAGGCGAAGAGCTGTTCAC

J100079-C Forward
GCATGGTCTCTCATGAAAGGCGAAGAGCTGTTCAC

J100079-A Forward 
GCATGGTCTCTAATGAAAGGCGAAGAGCTGTTCAC

J100079 Reverse
GCATGGTCTCGATTTACAAAGCAAATAAATTTTTTATGATTTC

Caffeine Forward
GCATGGTCTCCAAATCATAAAAAATTTATTTGCTTTGTG

Caffeine 1 Reverse
GCATGGTCTCCCATCTGACTATTACCTTAGCA

Caffeine 2 Reverse 
GCATGGTCTCGCATCTGACTATTACCTTAGCA

Caffeine 3 Reverse 
GCATGGTCTCTCATAGATCCTTTACCTTAGCA

Caffeine 4 Reverse 
GCATGGTCTCACATCCGCATATTACCTTAGC

Caffeine 5 Reverse
GCATGGTCTCGCATGGGCACCTTACCTTAGC

Caffeine 6 Reverse
GCATGGTCTCCCATCTGGATCTTACCTTAGC

Caffeine 7 Reverse 
GCATGGTCTCCCATCGAGCTGTTACCTTAGC


Caffeine 8 Reverse 
GCATGGTCTCACATCGGTATGTTACCTTAGC

Caffeine 9 Reverse 
GCATGGTCTCTCATCTACACCTTACCTTAGC

Caffeine 10
GCATGGTCTCTCATTACACCTTTACCTTAGCA

Caffeine 11 Reverse
GCATGGTCTCGCATCGGCGTATTACCTTAGC

Caffeine 12 Reverse
GCATGGTCTCACATCGGTAAATTACCTTAGCA

Caffeine 13 Reverse
GCATGGTCTCACATCTACACTTTACCTTAGCA

Caffeine 14 Reverse
GCATGGTCTCGCATCAAACCATTACCTTAGCA

Caffeine 15 Reverse
GCATGGTCTCCCATGGGACTATTACCTTAGC

Caffeine 16 Reverse
GCATGGTCTCACATCTAGGCTTTACCTTAGC

Caffeine 17 Reverse
GCATGGTCTCGCATCAAACTATTACCTTAGCAG

Theophylline forward
GCATGGTCTCTAAATCATAAAAAATTTATTTGCTTTGTG

Theophylline Reverse 2:
GCAT GGTCTC G CATCTAGACGTTACCTTAGC

Theophylline Reverse 3:
GCAT GGTCTC C CATCATGACGTTACCTTAGC

Theophylline Reverse 4:
GCAT GGTCTC A CATCCTCATGTTACCTTAGC

Theophylline Reverse 5:
GCAT GGTCTC A CATCCAGATGTTACCTTAGC

Theophylline Reverse 6:
GCATGGTCTCACATCTTGCTGTTACCTTAGC

Theophylline Reverse 8:
GCAT GGTCTC C CATCTTCACGTTACCTTAGC
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