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 Engineered biological systems have exciting potential in developing solutions to 

many global challenges, including environmental remediation, sustainability, scalable 

manufacturing, and health and medicine (1-4). Our ability to design and build synthetic 

biological systems is a key technology to improving the human condition. In addition, the 

redesign of biological systems can be used as an effective strategy to test, and thereby 

strengthen, our understanding of natural systems. Synthetic biology is an emerging 

research field with a primary goal of making the engineering of biology faster, less 

expensive, and more reliable. As such, core activities in synthetic biology have been 

focused on the development of foundational tools and technologies that assist in the 

design, construction, and characterization of biological systems (5,6). Recent advances in 

construction and fabrication technologies are supporting synthesis of large pieces of 

DNA including entire pathways and genomes (7). While progress has been made in the 

design of complex genetic circuits (8), current capabilities for constructing large genetic 

systems surpass our ability to design such systems. This growing ‘design gap’ has 

highlighted the need to develop methods that support the generation of new functional 

biological components and scalable design strategies for complex genetic circuits that 

will lay the foundation for integrated biological devices and systems. 

 The vast majority of genetic systems engineered to-date have utilized protein-

based transcriptional control strategies (8). However, as the examples of functional RNA 

molecules playing key roles in the behavior of natural biological systems have grown 

over the past decade, there has been growing interest in the design and implementation of 

synthetic counterparts. Researchers have taken advantage of the relative ease with which 

RNA molecules can be modeled and designed to engineer functional RNA molecules that 
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act as diverse components including sensors, regulators, controllers (ligand-responsive 

RNA regulators), and scaffolds. More recently, researchers have begun to move beyond 

molecular design and integrate these synthetic RNA molecules as key elements in genetic 

circuits to program cellular behavior, highlighting the relevance and advantages of RNA-

based control strategies.  

 

1.1 RNA as a natural regulatory molecule 

 The growing interest in using RNA to build synthetic controllers is due in large 

part to the steadily increasing examples of natural RNA regulators that control gene 

expression through diverse mechanisms in different organisms. One of the earliest 

examples is the regulation of gene expression through RNA secondary structure. The 

study of differential expression of genes in phage genomes led to the discovery that 

secondary structure of a mRNA transcript can restrict access to the ribosome binding site 

(RBS), thereby inhibiting translation (9). Similarly, bacteria utilize the formation of tight 

hairpins in mRNA transcripts to stall and attenuate translation in the regulation of amino 

acid biosynthesis (10). In addition, RNA structure is highly temperature sensitive, such 

that in certain cases hairpin structures that inhibit translation and can be modulated by 

temperature have been found to have functional roles in the heat and cold shock 

responses of several bacteria (9). Finally, it has been shown that strong secondary 

structures on the 5’ and 3’ ends of a mRNA strand can protect the transcript from 

degradation by exoribonucleases and endoribonucleases (11). The resulting extended 

half-lives of the transcripts can significantly increase protein production and have 

functional roles in processes such as photosynthesis and bacterial cell adhesion (11,12).   
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In addition to structural mechanisms, the discovery that RNA can exhibit catalytic 

activity opened the door to a wider array of regulatory functions (13). These catalytic 

RNAs, or ribozymes, typically catalyze cleavage or ligation of the RNA backbone 

through a reversible phosphodiester cleavage reaction (14). Ribozymes have functional 

roles in alternative splicing, RNA replication, translation, and transcript stability and 

function in both prokaryotes and eukaryotes (14). Furthermore, the discovery that 

ribozyme cleavage of the glmS transcript in bacteria is inhibited by binding of the 

metabolite GlcN6P has led to several discoveries of ribozymes acting as key components 

in riboswitches, a class of RNA regulators that respond to cellular metabolites and 

cofactors to modulate enzyme levels in related biosynthesis (15). Finally, RNase P is a 

catalytic RNA that functions in trans and can carry out multiple turnover cleavage events 

in the processing of 5’ leader sequences from tRNA (14). The discovery of ribozymes 

with natural gene regulatory activity in trans presents an intriguing proof of principle that 

a single catalytic RNA can be used to regulate several different genes in a biological 

system. 

 The last major mechanism that RNA uses to regulate protein synthesis is through 

antisense-mediated regulation of translation. Trans-acting small RNAs in bacteria are 

generally transcribed from their own independent transcripts and can range from 50-514 

nucleotides (nts) in length (16). These RNAs often act in concert with the RNA binding 

protein Hfq and can promote or inhibit translation of their target mRNAs by relieving 

secondary structural elements or inhibiting ribosome initiation or processivity (17). 

Similarly, in higher eukaryotes, RNA interference (RNAi) pathways use small RNAs, 

siRNA and microRNAs, to guide protein complexes to complementary mRNAs, leading 
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to silencing of those targets (18). MicroRNAs have diverse roles in almost every cellular 

process and they are currently thought to regulate up to a third of human genes (19). 

RNAi, particularly the siRNA pathway, is widely used as a tool in biological research for 

genetic loss of function studies and is currently being explored for therapeutic and 

biotechnological uses (20). 

 Finally, RNA is involved in gene regulation in several other less widespread or 

well-studied mechanisms. For example, noncoding RNAs have been characterized that 

have roles in quality control of translation (16), binding to and inhibiting proteins 

involved in protein synthesis, and epigenetic DNA modification (21). Furthermore, the 

recent discovery of the widespread regulatory activity and conservation of long 

noncoding RNAs represents an exciting area for further research in RNA-based gene 

regulation (22). 

 

1.2 RNA as a programmable and efficient substrate for engineering biological 

controllers 

In addition to the diversity of mechanisms by which RNA can act as a regulatory 

molecule in nature, RNA exhibits several properties that make it an attractive design 

substrate in synthetic systems. RNA is composed of four building blocks that interact 

through well-characterized hydrogen-bond, base-stacking, and electrostatic interactions. 

The folding of RNA is primarily dictated by its secondary structure, in contrast to the 

folding of proteins, which involves a large degree of tertiary interactions. Models that 

predict RNA secondary structure have been developed based on the optimization of 

energies contributed by the Watson-Crick AU and GC base pairs as well as the GU 
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wobble pair (23-25). Progress in RNA three-dimensional structural studies have revealed 

a set of non-canonical base pairing interactions, or Hoogsteen base pairs, that are key in 

the formation of the RNA tertiary structure. Early modeling frameworks that predict 

RNA tertiary structure based on a primary sequence have been developed and 

demonstrated to generate native-like structure predictions (26,27). In addition to structure 

prediction based on thermodynamics, RNA kinetic folding program has also been 

developed to capture the stochastic nature of the RNA folding process (28). These 

computational tools can be utilized to access structural information encoded in the 

primary RNA sequence, thereby aiding the rational design of genetic controllers based on 

hybridization schemes or structural elements.  

 RNA-based controllers exhibit additional advantages as functional elements in 

synthetic biological systems as the field moves toward more complex genetic systems 

design. RNA controllers generally exhibit more compact genetic footprints than their 

protein counterparts. In addition, RNA controllers generally place less of an energetic and 

resource load on the host cell as functional RNA molecules do not require the translation 

process to synthesize the functional elements. Another important consideration in genetic 

system design is timing of coupled control processes, where RNA-based 

posttranscriptional control strategies will generally act at faster time scales than 

transcription-based control strategies. The energetic, resource, and space efficiencies of 

RNA-based control strategies present important features supporting scaling to large-scale 

genetic system designs. 
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1.3 Approaches to generate functional RNA components 

Functional RNA components are the basic building blocks for constructing 

genetic devices that encode human-defined functions. A fundamental challenge in the 

field then is the efficient generation of new component functions, such as sensing, 

information transmission, and actuation functions, that can be assembled into more 

complex devices. Three general approaches are taken to engineer new functional RNA 

components: harvesting from nature, computational design, and molecular evolution 

(Figure 1.1). 

 

 

 

Figure 1.1 RNA components used to engineer synthetic control functions can be 

harvested from natural systems or generated using molecular evolution and 

computational approaches. These components, encoding sensing, actuation, and 

information transmission activities, can then be assembled into RNA devices using 

various molecular engineering strategies to link one or more inputs of interest, such as 

temperature, RNA, small molecules, or proteins, to desired regulatory activities. 
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1.3.1 Harvesting and refining RNA components from nature 

Many functional RNA components are derived from naturally-occurring 

elements, as advances in RNA biology have led to discoveries of natural RNA molecules 

that exhibit diverse functional activities. In certain instances the RNA component can be 

‘harvested’ from its native context and used in a synthetic genetic context where it will 

exhibit the desired activity. In one example, researchers isolated a ligand-binding RNA 

sequence to thiamine pyrophosphate (TPP) from a natural riboswitch and linked this 

natural RNA ligand-binding component to a hammerhead ribozyme to construct a 

synthetic RNA-based sensing-actuation element that responded to TPP in E. coli (29). 

The native function of a naturally-occurring RNA element can also be altered to generate 

new functions or ‘refined’ to make the element compatible with modular integration into 

broader genetic device or system platforms. Combined rational and evolutionary 

strategies have been applied to alter the native function of natural RNA elements. In one 

example, the native activity of an RNase III hairpin substrate was altered in yeast by 

modifying key sequences that are essential to protein-binding and cleavage activities 

within the regulatory element (30,31). The resulting hairpin libraries were inserted in the 

3’ UTR of the target transcript, and an in vivo screen was performed to identify a set of 

new hairpin sequences exhibiting a wide-range of regulatory activities. Similar 

approaches have been applied to alter the native activities of diverse RNA regulatory 

elements, including ribozymes (32), RNase cleavage sites (33), stabilizing elements (34), 

RBS sequences (35) , and riboswitches (36). 
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1.3.2 Computational tools for the design of RNA components 

Computational tools have been developed to aid researchers in designing 

functional RNA components. For example, a computational method for designing 

synthetic RBS sequences was recently described based on predicting the energies of 

secondary structures around and including the RBS and the energies associated with the 

RBS:rRNA interaction (37). A two state thermodynamic model was devised, the initial 

state being the free 30S ribosomal subunit and folded mRNA transcript and the final state 

being the 30S complex bound to the transcript. The difference in free energy between 

these two states was used to predict a translation initiation rate for a given mRNA 

sequence. The computational method was applied to generate RBS sequences in E. coli 

that resulted in fluorescent reporter levels that spanned several orders of magnitude. This 

tool was then applied to design and optimize the expression of an input to a genetic AND 

gate. As another example, design tools for microRNA and shRNA elements have been 

developed by companies such as Life Technologies and Thermo Scientific. Given the 

sequence of a target gene of interest, these RNAi design tools can predict targeting 

sequences that will allow for efficient RNAi-mediated knockdown of that gene. These 

programs will design a shRNA or miRNA that incorporate the predicted targeting 

sequences, including the structural elements necessary for correct biogenesis and 

silencing efficiency, and primer sequences for construction and cloning of the regulatory 

element.  

Forward engineering with current computational tools is not precise, and 

strategies for most effectively using these tools require some level of generating multiple 

functional RNA elements and then screening for those sequences that exhibit desired 
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activities. For example, the RBS design tool has a probability of 0.47 of achieving a 

target protein expression level within two-fold. Further development of design tools that 

more accurately predict the precise DNA sequence needed to achieve a quantitative 

functional activity for different RNA components will allow for the efficient design, 

construction, and implementation of functional components tailored for various networks 

and systems. 

 

1.3.3 Evolving new RNA component functions 

While many functional RNA components can be harvested from natural 

biological systems and then refined and enhanced through rational design and 

evolutionary methods, such strategies can be limited to generating functions that are 

closely-related to the native activities. To generate new RNA component functions de 

novo, researchers have turned to in vitro selection strategies. The ability to readily 

interconvert between genetic information (DNA) and functional molecule (RNA) through 

transcription and reverse transcription (RT) processes and the ability to readily amplify 

DNA through polymerase chain reaction (PCR) processes allows efficient sampling of 

large RNA sequence space in vitro. Thus, large RNA libraries can be searched for rare 

functional sequences, which can subsequently be recovered, amplified, and searched 

again.  

RNA presents a unique advantage over protein as a design substrate for control 

devices, as new sensing functions can be generated de novo through an in vitro selection 

strategy, systematic evolution of ligands by exponential enrichment (SELEX) (38,39). 

SELEX typically starts with an initial RNA library of ~10
14

-10
15

 molecules, each 
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composed of a randomized region spanning ~30-70 nts flanked by constant sequences. 

Ligand-binding sequences are isolated by partitioning the RNA library through any of a 

number of different strategies, although affinity chromatography-based methods are most 

commonly used. The recovered sequences are subsequently amplified through RT-PCR 

and used as the starting library for the next round of selection. Iterative rounds of 

selection are performed, and the selection stringency and counterselections can be 

tailored to enrich for RNA sequences with high affinities and specificities to the target 

ligand. As one example, by incorporating counterselections against caffeine in the later 

selection rounds, an aptamer was selected to theophylline that exhibits a 10,000-fold 

lower affinity for caffeine, which differs from theophylline by a single methyl group (40). 

In vitro selection strategies have also been applied to the generation of novel ribozymes 

capable of RNA ligation (41). 

When utilizing RNA components generated through in vitro selection strategies 

for cellular applications, the activities of the in vitro optimized components may not 

translate directly to the complex cellular environment. Cell-based selection and screening 

strategies have been used to perform a secondary screen on in vitro enriched RNA 

component libraries by the component function to a measurable gene expression output. 

In one example, an in vitro enriched aptamer pool to a small molecule ligand, atrazine, 

was screened in E. coli through a cell-based motility assay (2). The RNA aptamer library 

was coupled to an RBS through a randomized linker region, where the resulting device 

library was linked to a gene that controls cell motility, such that functional aptamer 

sequences could be recovered from cells exhibiting greatest mobility in the presence of 

atrazine on solid medium. A similar approach has also been taken by directly inserting an 
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in vitro enriched aptamer pool to neomycin in the 5’ UTR of a GFP reporter gene in E. 

coli and screening for in vivo functional neomycin aptamers (42). The combined in vitro 

and in vivo approaches provide a powerful strategy for generating and tailoring new 

component functions for the cellular environment. 

 

1.4 Design strategies for small molecule-responsive synthetic RNA devices 

 Construction of RNA control devices generally starts by functionally linking 

sensor and actuator components to support transmission of information detected by the 

sensor into regulated activity of the actuator. Two strategies are generally taken in the 

design of RNA control devices: (i) direct linkage of sensor and actuator components; (ii) 

linkage of sensor and actuator components through a distinct information transmission 

component. In the first strategy, the regulatory effect is imparted by the resulting 

conformational change in the sensor component in the presence of the input signal, which 

directly affects the activity of the actuator component. In the second strategy, the 

transmitter component guides secondary structure changes in the sensor and actuator 

components, which direct these components between active and inactive conformations. 

Both modular and non-modular design strategies have been adopted in the construction of 

RNA controllers. Modular device design strategies introduce standardized 

communication interfaces between the sensor and actuator components to insulate the 

specific sequences of these components from one another, resulting in design platforms 

that support the interchange of functional components (i.e., sensor, actuator) without 

significant device redesign. Utilizing these design approaches researchers have 

constructed small molecule-responsive RNA control devices by coupling RNA aptamers 
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(sensors) to various gene-regulatory (actuator) components, whose mechanism of action 

is generally specific to the gene expression machinery associated with the host cell. 

 

1.4.1 Prokaryotes 

Small molecule-responsive control devices have been engineered in bacteria by 

modifying or adding component functions in natural riboswitch or regulatory elements. In 

one example, researchers modified the information transmission function encoded in a 

natural TPP-responsive riboswitch, which exhibits TPP-dependent gene repression, by 

randomizing a sequence within the riboswitch and screening the resulting library for new 

synthetic devices that exhibit TPP-dependent gene activation (43). In another example, a 

theophylline aptamer was coupled to a natural riboswitch through a randomized linker 

sequence and the resulting library was screened for devices that exhibit logic operations 

(AND, NAND) by modulating ribosome access to the RBS (44). RNA control devices 

have also been built by direct integration of RNA sensors into natural regulatory 

elements. A theophylline aptamer was integrated into a stem in the group I self-splicing 

intron from the bacteriophage T4 thymidylate synthase gene to construct a theophylline-

dependent RNA splicing device that regulated E. coli growth (45).  

The majority of small molecule-responsive RNA control devices in bacteria have 

been designed to control translation initiation, due to the relative ease with which 

ribosome loading can be modulated through structural rearrangement of the RBS. For 

example, RBS-based devices were built in E. coli by coupling a theophylline aptamer to 

the RBS through a linker sequence capable of structural rearrangement through strand-

displacement (46) or helix-slipping (47) mechanisms. The accessibility of the RBS 
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(related to its single-stranded state) is altered by ligand-dependent changes in base pairing 

interactions between the sensor and linker (strand-displacement) or local nucleotide shifts 

within the linker (helix-slipping). In the device design strategy based on strand 

displacement, part of the aptamer sequence directly interacts with the RBS sequence, 

such that independent modification of either component may disrupt these interactions 

and thus require redesign of the linker sequence to maintain device function. Therefore, 

cell-based screening strategies have been developed to support the identification of new 

linker sequences through colorimetric (48), flow cytometry (49), and motility assays (50). 

Other examples of RBS-based devices were designed by coupling a theophylline aptamer 

to an indirect actuator, a hammerhead ribozyme, which in turn was coupled to a direct 

actuator, a RBS (51,52). In this device design, the RBS is sequestered within the 

ribozyme stem, such that ligand-induced ribozyme cleavage results in unwinding of the 

ribozyme stem, thereby increasing ribosomal access to the RBS and thus gene expression 

levels. 

 

1.4.2 Yeast 

Different design approaches have been taken to engineer small molecule-

responsive RNA control devices in eukaryotes, as fewer examples of natural riboswitch 

elements are available to build from and more sophisticated gene-regulatory mechanisms 

are available than in prokaryotes. RNA control devices have been built by integrating the 

RNA sensor directly into part of the actuator component, such that the conformational 

change associated with ligand binding to the aptamer affects the activity of the actuator. 

In one example, a tetramethylrosamine (TMR) aptamer and a synthetic RNA 
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transcriptional activator were joined through the stem of the transcription activator, where 

part of the stem was randomized to allow screening for TMR-responsive gene-regulatory 

activity in Saccharomyces cerevisiae (53). In another example, a theophylline aptamer 

was integrated into the core cleavage region of a synthetic RNase III hairpin, which when 

placed in the 3’ UTR of a target transcript, directed cleavage and subsequent inactivation 

of that transcript in yeast (31). However, the binding of theophylline to the integrated 

aptamer restricts cleavage activity of the RNase III enzyme, thereby activating gene 

expression. Other small molecule-responsive RNA control devices have been built by 

integrating an aptamer in proximity to a 5’ splice site (54) or a branch point (55). As an 

example, a tetracycline aptamer in close proximity to a 5’ splice site, where the consensus 

sequence of the splice site is integrated into the aptamer stem (54). The binding of 

tetracycline to the aptamer results in a conformation that potentially prevents access to 

the splice site, thereby achieving ligand-dependent regulation of splicing.  

As a second design approach, composition frameworks have been developed to 

support the modular assembly of RNA control devices from underlying functional 

components in yeast (56). In the proposed framework, ribozyme-based devices were 

constructed by linking an aptamer to a hammerhead ribozyme through a distinct 

transmitter sequence designed to both encode the information processing function of the 

device and insulate the sensor and actuator components. This design strategy was 

demonstrated to support independent swapping of the sensor and transmitter components 

and thus tailoring of the encoded sensing and information processing functions without 

significant device redesign. Rational design strategies have been developed that utilize 

RNA structure prediction programs to guide sequence changes in the transmitter 
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component to alter the energetic values associated with alternate device conformations, 

thereby changing the energetic partitioning between functional states of the device and 

the resulting device regulatory activities (56,57). The composition framework also 

supported extension to the modular assembly of multiple sensor, transmitter, and actuator 

domains to construct devices that exhibit higher-order information processing functions, 

including logic operations, signal and bandpass filters, and programmed cooperativity 

(57). The utilization of ribozymes as actuators in this RNA device platform also allows 

for transportability of the device across different organisms, because the ribozyme 

activity is independent of cell-specific gene-regulatory machinery (3).  

 

1.4.3 Mammalian cells 

 RNA control devices in mammalian cells have been designed through numerous 

strategies ranging from directly adapting regulatory mechanisms that were developed in 

simpler organisms to taking advantage of the rich complexity of RNA processing 

pathways unique to higher organisms. Several RNA control devices have been developed 

through design strategies that directly integrate an RNA aptamer to a gene-regulatory 

element. These approaches have been applied to the design of small molecule-responsive 

RNA control devices that conditionally silence target genes through RNAi-mediated 

silencing mechanisms (58,59). These devices have been designed by integrating an RNA 

aptamer directly within the basal segments of a miRNA or in the loop region of a shRNA, 

such that binding of the input molecule prevents correct biogenesis of the RNAi substrate 

and thus results in increased target gene expression levels. Conditional RNAi silencing in 

response to a wide range of ligands, including theophylline, tetracycline, and xanthine, 
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have been demonstrated with these RNAi-based devices. While direct integration 

strategies generally limit the tuning of device regulatory activity that one can achieve 

through molecular alteration strategies, researchers demonstrated a tuning strategy for the 

miRNA-based device based on rational design of device clusters (59). 

 Other mammalian RNA control devices have been developed through design 

strategies that couple the sensor and actuator components through a distinct transmitter 

component. In one example, a transmitter and RNA aptamer were integrated into the 

loop region of a shRNA (60). In the active ligand-unbound conformation, the aptamer 

was incorrectly formed and the RNAi machinery correctly processed the device, 

resulting in silencing of the target gene. The inactive conformation of the device 

coincided with correct formation of the aptamer, such that binding of the small molecule 

input to the aptamer stabilized this conformation. The RNAi machinery did not correctly 

process this inactive conformation, thus resulting in increased target protein levels in the 

presence of input. As another example, the previously-described ribozyme-based 

devices, originally demonstrated in yeast, were shown to retain small molecule-

responsive gene-regulatory activity in mammalian cell culture and in vivo (3). RNA 

devices that incorporate a distinct transmitter component can generally be tuned by 

altering the sequence of the transmitter component to optimize the thermodynamics of 

the competing hybridization reactions underlying the strand-displacement mechanism. 

For both the shRNA- and ribozyme-based devices, sequence alterations within the 

transmitter components were used to optimize the regulatory performance of the 

resulting devices in mammalian cells (3,60). 
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1.5 Broad applicability of the small molecule-responsive synthetic RNA devices 

 Synthetic RNA control devices hold much promise for leading to transformative 

advances in how we interact with and program biology, providing access to otherwise 

inaccessible information on cellular state, and allowing sophisticated exogenous and 

embedded control over cellular functions. Small molecule-responsive synthetic RNA 

devices have been integrated into engineered biological systems for applications spanning 

biosynthesis, bioremediation, to health and medicine (Figure 1.2). 

 

 

 

Figure 1.2 RNA-based controllers have been integrated into engineered biological 

systems for applications spanning biosynthesis, bioremediation, to health and medicine. 

(A) A metabolite-responsive ribozyme-based device linked to a fluorescent reporter 
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output was demonstrated in yeast as a noninvasive sensor of metabolite concentration. 

(B) A pollutant-responsive RBS-based device linked to a motility gene output was 

demonstrated in bacteria to program the cells to move along a gradient of the pollutant. 

(C) A small molecule-responsive ribozyme-based device linked to a proliferative 

cytokine gene output was demonstrated in T cells to control T-cell survival. 
 

1.5.1 Implementation in genetic networks directed to biomanufacturing/biosynthesis 

applications 

 Small molecule-responsive synthetic RNA devices have important applications in 

biosynthesis processes, where they can be implemented as noninvasive sensors of 

metabolite accumulation and controllers for optimizing flux and product yield. In one 

example, an RNA control device was utilized for noninvasive detection of metabolite 

accumulation in yeast (56) (Figure 1.2A). Cells were engineered to express a construct 

harboring a xanthine-responsive ribozyme-based device regulating a GFP reporter gene. 

Xanthosine was fed to the yeast cells, which converted this fed substrate to xanthine 

through an endogenous enzyme activity. The conversion of xanthosine to xanthine was 

monitored indirectly as an increase in GFP levels, where increases in fluorescence 

correlated with increased product accumulation as measured by LC-MS. 

 

1.5.2 Implementation in genetic networks directed to environmental/agricultural 

applications 

 Small molecule-responsive synthetic RNA devices also have important 

applications in agricultural biotechnology and environmental remediation. In the latter 

case, engineered organisms that may be released into the environment will need precise 

control over designed functions and safety mechanisms in place to prevent uncontrolled 

release. In one example, an RBS-based RNA control device was implemented to detect a 
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toxic environmental pollutant, atrazine (2) (Figure 1.2B). The atrazine-responsive device 

was coupled to the cheZ gene to control the motility of an E. coli strain engineered to 

express an atrazine-catabolizing enzyme activity. The presence of atrazine activates the 

expression the cheZ gene, which allows cells to move along the source of the pollutant 

and convert atrazine into less harmful product, hydroxyatrazine.  

 

1.5.3 Implementation in genetic networks directed to health and medicine 

application 

Finally, small molecule-responsive synthetic RNA devices can be applied to 

improve the safety or efficacy of cell-based therapeutics. Recent progress has been made 

in the application of RNA devices to adoptive T-cell therapy, an approach currently in 

clinical trials, in which a patient’s own T cells are harvested and trained against tumor-

specific antigens or engineered to express chimeric antigen receptors before being 

injected back into the body. A major challenge associated with this strategy is ensuring 

that the T cells can survive and proliferate sufficiently when engrafted into the host to 

eradicate the diseased cells. To overcome this problem, small molecule-responsive RNA 

devices were applied to control T-cell proliferation in response to the application of drug 

molecules (3) (Figure 1.2C). Researchers placed ribozyme-based devices in the 3’ UTR 

of transcripts encoding the proliferative cytokines, IL-15 and IL-2, such that in the 

absence of the small molecule input the transcript was destabilized through ribozyme 

cleavage, resulting in reduced T-cell survival. In the presence of the drug input, IL-2 or 

IL-15 was produced, resulting in increased T-cell proliferation and survival. As a proof of 
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concept, this platform was shown to be modular in that aptamers to different small 

molecules (theophylline, tetracycline) were used to control the expression of different 

proliferative cytokines and hence proliferation of the T cells. The regulatory performance 

of the RNA-based system was tailored rationally by integrating multiple devices in series 

to improve the regulatory stringency. Currently, RNA sensors to clinically relevant 

molecules are needed to advance this strategy forward for therapeutic applications.  

 

1.6 Challenges for the scalable construction and programming of RNA devices 

 The broad implementation of synthetic RNA control devices in genetic networks 

will require enabling technologies that support scalable generation of new functional 

RNA components for the construction of devices and quantitative tailoring of device 

regulatory performance. Currently, the scalable construction of RNA devices is limited 

by a small number of existing functional RNA components, in particular components that 

exhibit sensing functions to desired molecular inputs for cellular engineering 

applications. While advances have been made in the generation of protein aptamers by 

utilizing high-throughput, high-efficiency, solution-based partitioning methods, such as 

capillary electrophoresis (61), the generation of small molecule aptamers still relies on 

low-throughput, inefficient, matrix-based partitioning methods (38,39), thus limiting our 

ability to generate new aptamers to diverse molecular ligands. 

Another challenge in the field is the reliable construction of devices from 

components to achieve desired regulatory performance for specific cellular engineering 

applications. The in vitro-generated components need to be linked to other functional 

component in order to construct synthetic control devices. The regulatory performance of 
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the resultant devices depends both on the component linkage strategy and the activities of 

individual components within the host cell. Therefore, the component activities may 

require further optimization in the context of the device and cellular environment to 

achieve desired gene-regulatory activities for the targeted applications. Cell-based 

selection and screening strategies have been developed by linking the gene-regulatory 

activities of the control devices to a single measurable gene expression output (48-50,62). 

Although these strategies have been demonstrated for tailoring device regulatory 

performance, the efficiency of these single-output methods can be negatively impacted by 

the stochastic nature of gene expression, thereby making these methods less quantitative 

and efficient. 

 

1.7 Interrelationship among the thesis projects 

To allow scalable construction and programming of RNA control devices, this 

thesis focuses on developing a scalable framework for generating new RNA component 

functions and quantitative tailoring of the resultant device functions for broad 

applications within cellular environments. Chapter 1 provides an overview of strategies in 

generating and optimizing RNA functional components and diverse approaches to the 

construction of small molecule-responsive synthetic RNA control devices.  

We focus primarily on the construction and programming of ribozyme-based 

devices, as devices utilizing ribozymes as actuator component have the advantage of 

being portable across different environments (i.e., in vitro, in vivo). Chapter 2 describes 

the development of a high-throughput and quantitative two-color FACS-based screen for 

efficient tailoring of RNA device activity. This screening strategy enables direct 
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generation and optimization of RNA component functions within the device platform in 

the cellular environment, which aids in the broader integration of these devices within 

biological networks. Chapter 3 describes work on an efficient cis-blocking strategy for in 

vitro ribozyme characterization, as our work demonstrated that the in vitro cleavage rates 

associated with these ribozyme-based devices are closely correlated to the corresponding 

gene-regulatory activities. Chapter 4 describes progress towards the development of a 

high-throughput, solution-based in vitro aptamer selection strategy based on the ribozyme 

device platform. The successful development of this method will enable the generation of 

new RNA aptamers to diverse small molecule ligands without the need of conjugation to 

a solid matrix. Ultimately, this method can be coupled to the two-color FACS-based 

screen, such that an in vitro enriched library can be subjected to a secondary screen for in 

vivo functional activity. Chapter 5 describes the development of a label-free and 

quantitative method supporting rapid characterization of RNA aptamers to small 

molecules. Chapter 6 describes the immediate efforts that need to be directed to 

integrating these enabling technologies into a scalable framework for the engineering of 

new synthetic devices. Collectively, this thesis describes powerful strategies for tailoring 

RNA control devices to respond to application-specific small molecule inputs with 

tailored regulatory properties, thereby enabling their effective implementation within 

biological networks.  
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