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Abstract

The proper regulation of gene expression is critical to many biological processes
occurring in the cell. It is becoming increasingly apparent that post-transcriptional processing
pathways play significant roles in regulating the expression of various genes in both
prokaryotic and eukaryotic organisms, where they direct a variety of complex cellular
functions. A striking example of a biological communication and control system directing
sophisticated gene expression regulation through precise molecular recognition is the class of
RNA regulatory elements, called riboswitches, comprised of distinct sensor (ligand-binding)
and actuator (gene-regulatory) functions that control gene expression in response to changing
levels of specific target ligand concentrations.

Inspired by these natural examples, numerous synthetic riboswitch systems have been
developed and have made profound contribution to the field of riboswitch engineering.
However, these early examples of synthetic riboswitches pose one or more challenges, such
as portability of the switch design across different cellular systems and modularity and
programmability of the components comprising the switch molecule. Therefore, we set out to

develop a modular and extensible RNA-based gene-regulatory platform that will provide a



framework for the reliable design and construction of gene regulatory systems that can
control the expression of specific target genes in response to effector molecules of interest.
The platform is called the “ribozyme switch” and composed of distinct functional
components, which are modularly coupled and functionally independent of each other.
Through this platform, ribozyme switch devices that enable up- or down-regulation of target
gene expression were developed. Design modularity and response programmability of the
switch platform were also demonstrated. We also exhibited the versatility of the platform in
implementing application-specific control systems for small molecule-mediated regulation of
cell growth and non-invasive in vivo sensing of metabolite production.

Through the ribozyme switch platform, we further constructed higher-order RNA
devices that enable complex cellular information processing operations, including logic
control (AND, NOR, and NAND gates), advanced computation (bandpass filter and signal
shift in the output swing), and cooperativity (signal gain). Finally, we extended the small
ribozyme switch platform responsive to small molecules to a different class of ligand
molecules, proteins, by developing protein-responsive gene regulators and cellular biosensors.
In addition to engineering RNA devices for programming cellular function, we also
developed a high-throughput method for functional characterization of small molecule-
binding RNA aptamers, which enables robust, accurate, and rapid characterization of such
RNA aptamers. This method can be very useful as we (and others) develop RNA aptamers
for small molecules of specific interest, which can be subsequently integrated into the
ribozyme switch platform as sensing elements for specific applications. Together, these
research developments hold synergistic values for the reliable construction of ‘designer’

gene-regulatory systems for various biotechnological and medical applications.
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Chapter I: Introduction*

The proper regulation of gene expression is critical to many biological processes
occurring in the cell. It is becoming increasingly apparent that post-transcriptional processing
pathways play significant roles in regulating gene expression in both prokaryotic and
eukaryotic organisms where they direct a variety of complex cellular functions. The
directions regulating these processes are encoded within the genome, and many of them act
at the level of cis- or trans-acting RNA elements that bind a wide range of biological
molecules such as DNA, proteins, and other RNA molecules. Recent discoveries reveal
larger roles of RNA as a sophisticated gene-regulatory molecule, which can implement
diverse regulatory forms, such as riboswitches' and ribozymes®’, in regulating target gene
expression. Therefore, RNA represents an attractive platform for the development of novel
gene-regulatory tools for a variety of biotechnological and medical applications and present
opportunities for the modular design and construction of synthetic RNA switches and sensors

to program different cellular functions.

1.1. RNA as a versatile and powerful gene-regulatory element

Ribonucleic acid (RNA) has traditionally been recognized for its role as a passive
messenger of genetic information between the genome and the proteome in all living
organisms. However, there are an increasing number of discoveries of naturally-occurring
RNA molecules that act as regulatory elements, performing various cellular functions
including gene expression regulation through sophisticated mechanisms, thereby expanding

its traditional role as a genetic messenger and revealing it as a functionally versatile molecule.

*Sections 1.1.-1.4: Reproduced/adapted with permission from: M. N. Win and C. D. Smolke. (2006) “Regulating Gene
Expression through Engineered RNA Technologies”. Metabolic Engineering Protocols: Synthesis and Design Strategies.
In: Walker J, series ed., Methods in Molecular Biology. Totawa: Humana Press. (book chapter in preparation)



7 8, 9

Riboswitches'®, ribozymes® 7, antisense RNAs® °, and small interfering and microRNAs

(siRNAs and miRNAs, respectively)'**?

are examples of RNA elements that exert their
regulatory effects at different levels of the gene expression pathway such as transcription,
translation, splicing, or decay. Unlike messenger RNAs (MRNAS), these regulatory RNAs
are often noncoding RNAs (ncRNAs) or do not encode protein information. In addition,
these regulatory elements are implemented through diverse physical compositions that can be
grouped generally into cis- and trans-acting elements. In the former composition, the
regulatory element is integrated within the transcript that harbors the target gene, whereas in
the latter composition the regulatory element is a separate RNA molecule that acts on the
transcript harboring the target gene through RNA-RNA binding interactions between the two
individual molecules.

RNA exhibits a wide variety of functional properties, including catalytic, gene-
regulatory, and ligand-binding activities. In addition, integrated RNA regulatory molecules
have been characterized that achieve more sophisticated control over the expression of target
proteins through a combination of these functional properties. These functional properties are
encoded within the nucleotide sequence of an RNA molecule, which subsequently dictates its
secondary and tertiary structure and ultimately its function. RNA adopts different
conformations by folding into secondary and tertiary structures, which interact with various
cellular constituents such as DNA, proteins, small molecules, and other RNA molecules™* *°,
Furthermore, RNA molecules exhibit structural flexibility, which enable them to dynamically
adopt different conformations. The binding of cellular and environmental molecules to

particular RNA conformations has been demonstrated to regulate the equilibrium distribution

between stable conformational states'®*®. Unlike larger biomolecules such as proteins, the



functional activity of RNA is more directly defined by its secondary structure. This
relationship between RNA secondary structure and function, in combination with predictive
RNA secondary structure / energetic folding programs and rational and/or combinatorial
design strategies, has enabled molecular engineers to construct synthetic ‘designer’
regulatory RNA elements*’™. In addition, technological advances in RNA engineering have
demonstrated the programming of regulatory properties through alteration of nucleotide
composition and ultimately RNA structure-function relationships*" ™.

Recent research in RNA biology and engineering supports the model of RNA as a
versatile and powerful molecule possessing biologically-relevant gene-regulatory properties.
Advances in RNA technology and nucleic acid engineering have allowed researchers to
apply naturally-occurring RNAs as basic regulatory platforms and to develop more
sophisticated regulatory RNA elements that involve integrated designs of multiple platforms.
These synthetic riboregulators enable gene expression to be regulated in a more controlled

manner and represent powerful tools for fundamental research and exhibit important

applications in biotechnology and medical research.

1.2. RNA as sensory elements that exhibit universal sensing/binding properties

RNA molecules are functionally diverse and structurally flexible, and exhibit a wide
range of regulatory properties such as catalytic, interactive, and allosteric binding properties.
A unique property of RNA molecules is their sensing/binding capability to various types of
inputs ranging from temperature to varied molecular ligands. Similar to other regulatory

properties, RNA employs this property in exerting its diverse functional roles.



1.2.1. RNA elements that serve as thermosensors

RNA secondary structure is known to be highly dependent on temperature such that
RNA assumes different structures in response to changes in temperature. Examples of such
temperature-responsive RNA elements have been described®. For instance, genes that
encode small heat-shock proteins and regulators of heat shock-responsive genes were found
to contain sequences in their 5 untranslated regions (UTRs) that are capable of sequestering
the Shine-Dalgarno (SD) sequence or prokaryotic ribosomal binding site (RBS) and the start
codon AUG. The dependent adoption of RNA secondary structures at different temperatures
is used to regulate the accessibility of these sequences by the ribosome, which subsequently
modulates target gene expression levels, thereby enabling these RNA elements to serve as

thermosensing gene expression regulators.

1.2.2. RNA elements that bind nucleic acids

Instances where RNA molecules exert their regulatory activities through base-pairing
interactions with other RNA molecules are widespread in both natural and synthetic
biological systems. For instance, a class of RNA molecules, called antisense RNAs, are
single-stranded, trans-acting non-coding RNA elements, whose sequences are
complementary to target transcripts and usually consist of 12-20 complementary nucleotides®.
These RNA regulatory elements bind to their target transcripts through a sequence-specific
hybridization event, resulting in the inhibition of gene expression from the bound mRNAZ.
As a natural example, SgrS is an antisense RNA that down-regulates the expression of the
glucose transporter through base-pairing with the ptsG transcript when localized to the cell

membrane, thereby lowering the accumulation of toxic phosphosugar metabolites®® 2. A



good synthetic example of RNA-RNA interactions through which a gene-regulatory function
was achieved was described by Isaacs et al.?%. In their engineered system, an RNA sequence
segment was integrated into a location upstream of the RBS of a reporter gene to serve as a
nucleic acid-sensing domain. This segment sequesters the RBS in the absence of the target
RNA molecule, thereby suppressing the expression of the reporter gene. In the presence of
the target RNA molecule, the sensor domain becomes bound to the target through RNA-RNA
base-pairing interactions and releases the RBS for efficient translation, thereby serving as a

nucleic acid-binding sensor domain.

1.2.3. RNA elements that bind molecular ligands

The ability of RNA structural elements to bind specific molecular ligands has been
characterized in several natural systems'. However, researchers have also generated many
examples of synthetic RNA ligand-binding elements, referred to as aptamers, in the
laboratory. Synthetic aptamers can be generated through a standardized in vitro selection
process known as SELEX (Systematic Evolution of Ligands by EXponential enrichment)® 2
(Figure 1.1). SELEX provides a very powerful selection method through which nucleic acid
molecules exhibiting rare and specific binding properties to a ligand of interest can be
generated de novo by selecting for functional binding activities from large randomized
nucleic acid pools through iterative in vitro selection and amplification cycles. In vitro RNA
aptamer selection schemes begin with a large pool of single-stranded RNA molecules
generated through in vitro transcription from a DNA library. Aptamer pools are usually

comprised of 30-70 randomized nucleotides, in order to generate an initial sequence diversity

between 10** to 10*° molecules®’. The pool is incubated with the target ligand of interest and



subject to a partitioning event to separate bound members from unbound members. The most
commonly used partitioning schemes are based on affinity chromatography. Bound
(functional) members are recovered and then amplified through reverse transcription and
polymerase chain reaction (PCR) to yield a pool enriched for target binding. This enriched
pool will become the input pool for the next round of selection.

random sequence library
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Figure 1.1. A schematic illustration of an in vitro selection process known as SELEX. The
process starts with a large randomized pool of single-stranded RNA molecules transcribed
from their DNA templates. The RNA pool is then incubated with target molecules of interest
followed by separation of target-bound pool, which is reverse-transcribed to cDNA and
amplified for the next selection cycle. The selection cycle is repeated typically for 8-15
cycles.

SELEX is particularly powerful in that RNA sequences that bind particular ligands
can be generated de novo and the binding properties of the resulting aptamers can be

programmed as desired. Specifically, aptamer binding properties such as affinities and

specificities can be programmed by tailoring the stringency and counter-selections during



each selection. Aptamer affinities are tailored through the stringency of each selection cycle,
normally by modifying wash volumes and target concentrations, whereas aptamer
specificities are tailored through performed counter-selections with molecular analogues to
the target. Typically eight to fifteen selection cycles are required to generate aptamers with
high binding affinities and specificities. Recent work has demonstrated that protein aptamer

selection schemes can be automated using standard robotics?>°

. In addition, partitioning
schemes for protein aptamer selections based on capillary electrophoresis have been recently
developed that provide several advantages over conventional affinity-based partitioning
schemes®®, In particular, the efficiency of separation between the bound and unbound pools
is significantly greater such that aptamers can be generated in fewer selection cycles.
Synthetic aptamers have been generated to a wide range of target ligands, including small
molecules, antibiotics, carbohydrates, amino acids, peptides, proteins®, and even organelles

35, 36

such as phospholipid bilayers , Indicating that synthetic aptamers can be potentially

generated to any targets of interest for user-specific applications.

1.3. Riboswitches are ligand-responsive RNA regulators of gene expression

All living organisms must manage the expression of many different genes in response
to different signals such as metabolic demands and environmental changes®’. This type of
genetic management requires highly responsive sensors that accurately measure the
magnitude of a particular signal and subsequently modulate the amount of the appropriate
gene products to be synthesized. Proteins have traditionally been viewed as being the

responsible sensor molecules for these signals. However, recent discoveries have



demonstrated that elements within mRNAs, termed riboswitches, are also capable of
performing such tasks.

Riboswitches are cis-acting RNA elements that modulate the expression of target
genes through integrated sensor and regulatory domains. This integration scheme enables
riboswitches to sense their target ligands, typically cellular metabolites, through direct
binding interactions and thus autonomously mediate their own functional activity in response
to changing metabolite levels. While the majority of riboswitches characterized to-date have
been discovered in bacteria, it has been shown more recently that these complex RNA

regulatory elements are also present in eukaryotes®

. Riboswitches exhibiting unique
mechanistic properties have also been recently identified. For example, the glycine
riboswitch exhibits cooperative binding to its metabolite product, in which the metabolite
binding turns on the gene expression of the enzyme responsible for the glycine cleavage
system®. This cooperative-binding feature is present in the glycine riboswitch and is proposed
to ensure that the metabolite is indeed in excess after consumption to provide carbon flux
through the citric acid cycle while maintaining sufficient amounts of the amino acid available
for protein synthesis. In another example, a tandem riboswitch system was characterized that
exhibits a Boolean logic ability and functions as a two-input NOR logic gate, in which the
two ligands (S-adenosylmethionine and coenzyme Bi2) can independently suppress the target
gene expression by binding their corresponding aptamers located upstream of a structure
resembling an intrinsic transcription terminator®. Another tandem riboswitch system was
very recently discovered that consists of two distinct riboswitches®. Unlike the glycine

riboswitch and the two input-responsive logic-gate riboswitch systems, this riboswitch

system does not exhibit cooperative ligand binding or detect two different metabolites,



respectively. This tandem riboswitch system responds independently to the same metabolite,
thiamine pyrophosphate (TPP), and is predicted to function in concert to yield a more

‘digital’ gene control output response than a single riboswitch system.

1.3.1 General composition and conformational dynamics of riboswitches

Gene Expression Gene Expression
ON OFF

mRNA 5'— 1—C O === mRNA 5'_@_

aptamer expression metabolite
domain  platform

metabolite binding-stabilized conformation

Figure 1.2. A schematic diagram of a typical riboswitch composed of two distinct domains:
the ligand-binding domain known as the aptamer domain and the regulatory domain known
as the expression platform (adapted from Winkler and Breaker®’). Metabolite binding to the
aptamer domain enables the stabilization of the rearranged conformation of the riboswitch
(right), resulting in a shift in the equilibrium distribution between the two regulatory
conformations that leads to the metabolite-dependent regulation of target gene expression.
Riboswitches are naturally-occurring, metabolite-responsive gene control elements
primarily located within the 5° UTRs of cellular transcripts®”. A riboswitch is typically
comprised of two domains: the ligand-binding or sensor domain known as the aptamer
domain, and the gene-regulatory domain known as the expression platform (Figure 1.2)".
Both domains are structurally flexible and capable of adopting different conformations.
Riboswitches accomplish ligand-controlled regulation of gene expression through targeted
dynamic switching between two primary conformations at equilibrium: one in which the
regulatory domain is active and the other in which it is inactive. One of these conformational
states is associated with the formation of the ligand-binding pocket within the aptamer

domain, whereas the other carries an incorrectly formed binding pocket. Therefore,

riboswitches can either repress or activate the expression of the target gene by assuming an



appropriate combination of different conformational states adopted by the aptamer and
regulatory domains. Ligand binding to the riboswitch shifts the equilibrium distribution
between these stable conformations to favor the ligand-bound form, thereby resulting in an
allosteric gene regulation event. Most of the riboswitches characterized to date down-regulate
the expression of the target gene; however, in a few exceptions such as the glycine® and
adenine riboswitches™, target gene expression is activated upon binding of the metabolite-

ligand to the riboswitch.

1.3.2. Mechanisms of ligand-controlled gene regulation by riboswitches

Riboswitches regulate target gene expression in cis in response to changing
metabolite levels through different mechanisms involving transcription termination®® **,
translation initiation®”, mRNA processing®, and splicing” (Figure 1.3). Transcription
termination takes place through the mediated formation of a rho-independent terminator stem,
which is usually GC rich, thereby destabilizing the transcription elongation complex®’.
Regulation can also target the disruption of the formation of a terminator stem upon
metabolite binding, which allows proper transcription and thus up-regulation of target
expression levels®®. Riboswitches can also mediate translation initiation by undergoing
adopting a secondary structure that interferes with ribosomal access to the target gene, such
as sequestering the ribosome-binding site (RBS) or Shine-Dalgarno (SD) sequence in
prokaryotic cells*. Regulation targeting transcript processing or deactivation can be achieved
through expression platforms comprised of self-cleaving ribozymes, where the target

transcripts undergo a ligand-directed cleavage event®. Regulation through splicing has

recently been demonstrated in a filamentous fungus, in which metabolite binding to its
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riboswitch can either repress or activate the expression of the main protein product by
modulating the splice site choice through structural rearrangements®. Metabolite-binding
domains have also been found within the 3° UTRs of transcripts in certain organisms,

suggesting that riboswitch-mediated gene control may also occur through the regulation of

mRNA stability®.
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OFF

E Transcrlptlon
= |

antiterminator metabollte terminator

B
Translation Translation
ON OFF
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Figure 1.3. A schematic illustration of mechanisms by which riboswitches achieve gene
expression regulation in response to their target metabolite binding (A and B adapted from
Nudler and Mironov*). Ligand-regulated mechanisms involve (A) the formation of a
transcription terminator stem, (B) sequestering the RBS and inhibiting translation initiation,
(C) mRNA processing through catalytic cleavage of the transcript, and (D) alternative
splicing using different sets of splice sites, I and 11, respectively.

11



1.3.3. Riboswitch targets and implementation in metabolic networks

Most of the riboswitches characterized to-date have been discovered in bacteria. Cells
employ these elements as genetic regulators in many fundamental metabolic pathways in
response to changing metabolite levels. Target metabolites include various classes of small
molecules such as amino acids, nucleotide bases, and coenzymes™. The presence of the
integrated sensor domain enables riboswitches to sense intracellular metabolite
concentrations through specific binding interactions and subsequently regulate expression
levels of the associated gene product through allosteric conformational changes. Typically,
this gene product is an enzyme directly involved in the biosynthesis, biodegradation, and/or
transport of the target metabolite®. This mode of regulation provides a direct dynamic
relationship between the intracellular metabolite concentration and the expression levels of
the enzyme responsible for the metabolism, catabolism, and transport of the target metabolite.
In addition, riboswitches are capable of binding their target metabolites with high
specificities and affinities. Several different classes of natural riboswitches, their
corresponding target metabolites, and functional roles in metabolic networks in various

organisms are reviewed elsewhere in detail®.

1.4. Current synthetic riboswitch systems for ligand-mediated regulation of target gene
expression

Riboswitches are sophisticated gene control elements that achieve regulation by direct
sensing of target metabolite levels and exhibit molecular recognition, high affinities, and
precise control. Examples of the level of complexity achieved by these genetic regulatory

elements include the self-cleaving ability of the glmS riboswitch®, the alternative splicing
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control of the TPP riboswitch®®, the cooperative binding property of the glycine riboswitch?,
and the NOR gate signal processing behavior of the SAM - coenzyme Bi. riboswitch?,
demonstrating that riboswitches are powerful sensor-actuator control systems for
autonomous gene expression control.

Inspired by the natural examples of riboswitches, numerous synthetic riboswitch
systems have been engineered for artificial, ligand-mediated control of gene expression of
target mMRNAs. Many recent engineering efforts have focused on the construction of such
synthetic ligand-controlled RNA-based gene regulatory elements through the integration of
sensor and regulatory domains'®. The flexibility in RNA regulatory systems, the
programmability inherent in RNA design strategies, and the ability to generate sensor
domains to potentially any molecular ligand of interest, enable such synthetic riboswitch
systems to hold significant promise in transforming our ability to engineer cellular function.
Therefore, engineered riboswitch control elements are attractive molecular tools for
applications in synthetic network design where they can serve as powerful regulators of
expression levels of genes of interest as well as in vivo biosensors of their corresponding
target ligands through mechanisms of molecular recognition that go beyond base pairing. An
overview of various engineered riboswitch systems that employ diverse gene-expression
regulatory platforms is provided below to highlight the current technologies and challenges

in the field of constructing synthetic riboswitches.

1.4.1. Riboswitch construction based on aptamer insertion within a transcript
Synthetic riboswitches have been constructed by inserting an aptamer or multiple
aptamers directly into the 5 UTR of a target mRNA in eukaryotes (Figure 1.4). Although the

insertion location may be any region in the 5° UTR, it is often chosen to be in the vicinity of

13



the cap region or the start codon of the transcript. This insertion strategy is a trail-and-error
strategy, as the inserted aptamer(s) often does not result in ligand-mediated regulation of
gene expression and may even cause substantial knockdown of the target gene in the absence
of ligand. This strategy requires that the insertion of the aptamer itself and its associated
secondary structure does not interfere with translation in the absence of the target ligand. The
binding of ligand to the aptamer results in structural stabilization due to the molecular
binding interaction between the aptamer and its target* *. Similar to binding of a protein to
the 5° UTR*" 8 this stabilized secondary structure can repress translation*® presumably by
interfering with ribosomal scanning or ribosome-mRNA interactions required for effective

translation.

5" UTR-inserted
aptamer sequence

ribosome scanning .
- Translation ON

—_— —
5@—— AUG _target mRNA E— X
(=]
ligand

aptamer bound

interrupted

ribosome scanning Translation OFF

target mRNA F———AAnAAT

Figure 1.4. A schematic illustration of riboswitches constructed based on aptamer insertion
within a target transcript. An aptamer or multiple aptamers can be inserted into the 5’
untranslated region of an mRNA transcript near the 5° cap region or the start codon. Such an
insertion may allow the aptamer-fused transcript region to adopt two primary conformations,
one in which the aptamer binding pocket is disrupted (top) and the other in which the
aptamer is correctly formed to reside its ligand (bottom), and the ligand binding shifts the
equilibrium towards the latter conformation by stabilizing this conformation. This insertion
strategy yet requires that the former conformation not introduce steric hindrance to ribosome
for proper translation and that the ligand-bound latter conformation effectively inhibit
translation through its stabilized structure.

5@
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Werstuck and Green™ constructed the first examples of such riboswitches by
inserting small molecule-binding RNA aptamers into the 5* UTR of transcripts. Translation
was demonstrated to be repressed by the addition of the appropriate ligands both in vitro and
in vivo in mammalian cells. Following this initial work, different research groups have
constructed synthetic riboswitches through this design strategy using theophylline->!, biotin-
%2 and tetracycline-binding®® aptamers, and demonstrated similar ligand-controlled gene
regulation in different systems, including wheat germ extracts™, Xenopus oocyte®*, and the
budding yeast S. cerevisiae®> *°.

Synthetic riboswitches have also been constructed to regulate translation of target
genes in prokaryotes through a similar aptamer insertion strategy. Although still located in
the 5° UTR of the target transcript, prokaryotes do not exhibit the same type of ribosomal
scanning as eukaryotic organisms. Therefore, the physical implementation of these switches
requires slightly different design strategies. In bacteria, the sequence distance between the
ribosomal binding site (RBS) and the start codon is relatively short and varies between 5 to
13 nucleotides®’. As a result, targeted insertion of an aptamer in this region to interfere with
ribosomal scanning through a ligand-induced secondary structure is generally not applicable.
In most bacteria, translation initiation relies on ribosomal accessibility to the RBS and the
start codon, and thus mRNA secondary structure in the translational initiation region can
dictate the efficiency of translation®®®°. Desai and Gallivan developed a synthetic riboswitch
system in E. coli where they inserted the theophylline aptamer™ to a location five base-pairs
upstream of the RBS to modulate ribosomal access to the RBS through ligand binding®. The

theophylline-dependent up-regulation of gene expression by this synthetic riboswitch was

demonstrated through plate-based screening and liquid culture assays. In addition, the extent
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of up-regulation from this synthetic riboswitch was observed to be dramatically affected
when the aptamer was moved to a slightly different location, two or eight base-pairs
upstream of the RBS, indicating the functional sensitivity of this riboswitch system to the

aptamer insertion location.

1.4.2. Riboswitch construction based on direct attachment of the aptamer to a regulatory
element

Synthetic riboswitches have been constructed by directly attaching an aptamer to the
regulatory domain, such that ligand binding to the aptamer inhibits the activity of the
regulatory domain through some mechanism (Figure 1.5). This construction strategy is also a
trial-and-error strategy, since the desired ligand-responsive regulatory activity may be highly
specific to the location of attachment, the mechanism of action, and the specific aptamer-
regulator pair.

A riboswitch system based on this strategy was developed by An et al. to modulate
Dicer processing of an shRNA molecule through a small molecule ligand-aptamer interaction
within this RNAI substrate®. In this example, the theophylline aptamer® was directly fused
to an shRNA molecule, in place of the loop sequence. This shRNA construct silenced
reporter gene expression in mammalian cells in a theophylline dose-dependent manner. Dicer
cleavage of the aptamer-fused shRNA for subsequent generation of SiRNAs was
demonstrated to be modulated in vitro and in vivo by theophylline. This ligand-mediated
regulation of Dicer processing was likely achieved due to locating the ligand-binding site of
the aptamer sufficiently close to the Dicer processing site, such that theophylline binding to
its aptamer blocks Dicer cleavage of the shRNA molecule, resulting in regulatable siRNA-

based gene silencing. This proposed mechanism is supported by the observation that the
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ligand-mediated regulatory effect was abolished when the shRNA stem was extended by one

or two base-pairs, resulting in a small shift in the aptamer fusion point compared to the initial

partner regulator
for regulatory element
(Dicer, Spliceosome, etc.)
direct /

aptamer regulatory element aptamer-fused regulatory element
(shRNA, splice site, etc.)

partner regulator partner regulator
loaded unable to load
@@ Qmfm”

regulatory activity enabled regulatory activity inhibited

fusion design.

Figure 1.5. A schematic illustration of riboswitches constructed based on direct attachment
between the aptamer and regulatory domains. An aptamer is directly attached to the
regulatory platform in a way that the ligand-binding pocket within the aptamer is sufficiently
close to the regulatory platform. In the absence of ligand, the partner regulatory element is
capable of loading onto its platform and enabling the corresponding regulatory event to occur.
In the presence of ligand, ligand binding to the aptamer and residing within the binding
pocket create steric hindrance for the partner regulatory element loading to its platform,
resulting in the inhibition of the normal regulatory event.

This direct attachment strategy has also been employed in constructing a synthetic
riboswitch that regulates gene expression at the level of splicing. This riboswitch was
designed by insertion of the theophylline aptamer®" near the 3’ consensus splice site region of

a model pre-mRNA to modulate the splicing of the pre-mRNA through ligand-aptamer

complex interactions®. The addition of theophylline was shown to repress the in vitro
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splicing of the pre-mRNA harboring the aptamer and have no regulatory effect on the pre-
MRNA without the aptamer. In addition, the aptamer’s effect on splicing was demonstrated
to be location-dependent and explained by modulating the spliceosome’s accessibility to the
splice site. The pre-mRNA harboring an aptamer with a stable base stem, inserted to
encompass the 3’ splice site AG within the ligand-binding sequence exhibited the most
efficient splicing inhibition, as the splice site becomes less accessible when theophylline
resides in the aptamer binding pocket.

Synthetic riboswitches constructed through the direct attachment strategy between the
aptamer and regulatory domains exhibit functional dependence on the attachment location of
the aptamer to the regulatory domain. This is because the ligand-mediated regulatory
mechanism relies solely on how effective the ligand-aptamer complex interaction is in
affecting the functional activity of the regulatory domain. This mechanism is not
standardized and is highly specific to the particular aptamer-regulator pair. Therefore, such
engineered riboswitches lack a reliable composition framework for integrating sensor and

regulatory domains that results in allosteric binding properties.

1.4.3. Riboswitch construction based on an evolved linker between the aptamer and
regulatory domains

Synthetic riboswitches have also been constructed by using a linker region that
couples the aptamer and regulatory domains and serves as an element that translates the
ligand-binding event in the aptamer domain to the adjacent regulatory domain. Early
examples of evolved linker regions implemented a mechanism of information transmission
known as ‘helix slipping’, in which a nucleotide shift event within the element is translated to

a small-scale change in the conformation of the regulatory domain in a ligand-dependent
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manner®®. Such functional elements are often evolved through in vitro selection procedures
and referred to as ‘communication modules’®. These dynamic elements are typically three to

five base-pairs long and often contain non-Watson-Crick base pairing.

targeted random library regions
for communication module and ligand binding

stem loops I-Il interactions l 1
v v
+ loop replacement
/ tem |1l ; : /
stem with aptamer
regulatory domain aptamer aptamer-coupled ribozyme
(hammerhead ribozyme) (loop |-l interactions abolished)
randomize functional screening helix slipping
] e R = 1T == I
O
targeted random library region in the absence of in the presence of
for communication module ligand ligand

Figure 1.6. A schematic illustration of riboswitches constructed based on an evolved linker
between the aptamer and regulatory domains. An in vitro functional communication module-
based allosteric hammerhead ribozyme system is shown as an example. In general, an
aptamer is attached to the regulatory domain through a linker (top), whose function is
evolved to be ligand-dependent through selection from a random sequence library (bottom).
The functional linkers are called ‘communication modules’, which employ the helix slipping
mechanism in mediating the activity of the regulatory domain. An existing functional linker
can also be used to mediate the activities of other regulatory platforms such as the RBS. In
addition, an existing functional linker can also be used to couple a regulatory domain to an
aptamer domain comprised of a random sequence library to evolve the latter to bind a new
ligand of interest and function in this ligand-dependent manner (top). In this particular
example of the in vitro allosteric ribozyme system, part of the aptamer domain replaces one
loop of the ribozyme domain, thereby abolishing loop I-11 interactions required for in vivo
functionality.

Significant effort has been directed towards the construction of communication
module-based riboswitches that use a hammerhead ribozyme as the regulatory domain
(Figure 1.6), as ribozymes have proven to be a powerful platform for controlling gene

expression. Several research groups have engineered a class of in vitro riboswitches called

allosteric ribozymes® ™. Allosteric ribozymes resemble allosteric enzymes in that binding of
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specific effectors, typically small molecule ligands, modulate the functional activities of the
molecule™. An allosteric ribozyme contains two separate domains, a catalytic, or regulatory,
domain and a ligand-binding, or aptamer, domain, which interact in a ligand-dependent
manner to control the catalytic activity of the molecule™. Thus, the allosteric property of
these ribozymes enables their catalytic activity to be regulated through specific ligands, and
therefore may represent a modular design platform that can directly make use of different
ligand-aptamer pairs.

Different strategies including rational design, library screening, and combinatorial
approaches have been employed to generate allosteric hammerhead ribozymes™ 2. Rational
design strategies involve integration of an existing aptamer domain directly to the catalytic
domain of the ribozyme through different linkers, followed by examination of the activities
of the resulting integrated constructs®™®’. Library screening strategies involve screening
randomized sequence libraries for novel aptamer domains (sometimes including
communication modules) that function allosterically with the attached catalytic domain’ ™.
Finally, the combined approach involves integration of an existing aptamer domain to the
ribozyme’s catalytic domain through a randomized linker region, and screening for
functional linker sequences from this library that result in allosteric binding®* % . The
majority of synthetic allosteric hammerhead ribozymes constructed to-date are responsive to
small molecule ligands such as theophylline®® ®, adenosine triphosphate (ATP)*> ™, and
flavin mononucleotide (FMN)®®: 7.

Researchers have also developed communication module-based riboswitches using a

different regulatory platform such as the RBS. Suess et al. engineered a synthetic riboswitch

comprised of a theophylline aptamer™ and a previously developed communication module’
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placed at a position proximal to the RBS”’. This linker element had been proposed to perform
helix slipping by one nucleotide between the ligand-bound and unbound states’. In their
design, the communication module served as a helix bridge between the aptamer and the
RBS such that binding of theophylline to its aptamer causes a single-nucleotide shift in the
communication module, thereby enabling ribosome binding to the RBS without steric
interference, and thus efficient translation in the presence of theophylline. This design
scheme is similar to a direct coupling design between a theophylline aptamer and RBS
described above, except that a distinct communication module was incorporated between the
aptamer and regulatory domains.

Linker regions have also been evolved, which implemented a different mechanism of
information transmission known as ‘strand displacement’, a functionally similar mechanism
to ‘helix slipping’. Gallivan and colleagues developed a second riboswitch system as an
extension of their initial direct attachment riboswitch design, using a combined rational and
library screening design strategy’®. A linker region adjoining the theophylline aptamer and
the RBS was randomized, and sequences that translated a ligand-binding event in the aptamer
domain to a structural change in the RBS, thereby regulating ribosomal access to the RBS,
were screened through plate-based assays. These sequences are functionally similar to
communication modules in that they translate ligand-binding events at the aptamer domain to
the regulatory domain, but they are compositionally and mechanistically distinct. Gene
expression regulation through this second class of linker regions takes place through the
strand-displacement mechanism instead of a helix slipping mechanism. The functional
sequences are complementary to regions of the theophylline aptamer such that base-pairing

with a region of the aptamer sequesters the RBS and thus inhibits ribosomal access to the
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RBS, whereas binding of theophylline to its aptamer disrupts this conformation and releases
the RBS, resulting in up-regulation of target gene expression. As such, this regulatory
mechanism is specific to the theophylline aptamer employed in this system and is not
functionally independent. Consequently, this riboswitch system is not readily amenable to the
insertion of different aptamers and thus lacks modularity, such that new linker regions would

need to be generated by screening for specific aptamer-regulator pairs.

1.5. Further advancing the current field of engineering synthetic riboswitch systems

Numerous synthetic riboswitch systems have been developed for ligand-mediated
regulation of functional activities both in vitro and in vivo as described above. These systems
have made remarkable contributions in advancing the fielding of engineering synthetic RNA
switches and sensors. During the past decade, the field has rapidly emerged and gained
tremendous interest, as engineered riboswitches are effective regulatory elements that hold
significant promise in transforming our ability to engineer cellular functions for various
biotechnological applications through the functionally versatile biological substrate, RNA.
Nevertheless, previous examples of synthetic riboswitches face one or more limitations such
as failure to function in the cellular environment (in vivo functionality), requirement of
specific cellular machinery (portability across different cellular systems), functional
dependence among components within the switch molecule (modularity), programmability of
the components (response tunability), and limited availability of molecular ligands or inputs
that can be employed (scalability).

In order to further advance the promising field of riboswitch engineering, we set out

to develop a riboswitch platform that exhibits the above-described functional properties.
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Allosteric hammerhead ribozymes with in vivo functionality are highly attractive substrates
for the development of a functionally versatile riboswitch platform for the following reasons:
first, their regulatory mechanism employs self-cleavage and thus does not require cell-
specific machinery (portability); and second, since RNA aptamers can be de novo generated
for potentially any target ligands of interest using a standardized procedure known as
SELEX® ?® and the sensor domain of allosteric hammerhead ribozymes is comprised of an
RNA aptamer, it is amenable to many user-specified molecular inputs that can be employed
(scalability). Therefore, we employed allosteric hammerhead ribozymes as platform
substrates, incorporated engineering design principles and strategies into our design, and
developed an in vivo functional riboswitch platform, called the ribozyme switch™, that is
modular in design, tunable in regulation, scalable in molecular input, and portable in
regulatory mechanism across diverse cellular systems, thereby further advancing the current

field of riboswitch engineering.

1.6. Interrelationship among the thesis projects

Chapter | provides an overview of RNA as a functionally versatile molecule, and
current technologies and challenges in the field of riboswitch engineering, from which my
thesis projects were developed. Chapter Il describes work on one of my thesis projects,
which provides a high-throughput method for functional characterization of small molecule-
binding RNA aptamers. This method will enable robust, accurate, and rapid characterization
of such RNA aptamers and can be very useful as we (and others) develop RNA aptamers for
small molecules of specific interest that are to be integrated into the ribozyme switch

platform as sensing elements for specific applications. Chapter Il describes the detailed
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work in the development of the above-mentioned extensible ribozyme switch platform for the
reliable design and construction of ligand-controlled gene-regulatory systems applicable
across different cellular systems. Chapter IV describes a sophisticated application aspect of
our ribozyme switch platform through which higher-order RNA devices were built to achieve
complex cellular information processing operations, including logic control, advanced
computation, and cooperativity. Chapter V describes the functional extension of the small
molecule-responsive ribozyme switch platform to respond to a different class of ligand
molecules, proteins, in developing protein-responsive gene regulators and cellular biosensors.
This extension broadens the platform utility to a wider range of biotechnological applications.
These research projects synergistically support each other such that ‘designer’ gene-
regulatory systems for various biotechnological and medical applications can be reliably and

effectively constructed.
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Chapter Il: Codeine-binding RNA aptamers and rapid determination of their

binding constants using a direct coupling surface plasmon resonance assay*

Abstract

RNA aptamers that bind the opium alkaloid codeine were generated using an iterative
in vitro selection process. The binding properties of these aptamers, including equilibrium
and kinetic rate constants, were determined through a rapid, high-throughput approach using
surface plasmon resonance analysis to measure real-time binding. The approach involves
direct coupling of the target small molecule onto a sensor chip without utilization of a carrier
protein. Two highest binding aptamer sequences, FC5 and FC45 with Ky values of 2.50 uM
and 4.00 uM, respectively, were extensively studied. Corresponding mini-aptamers for FC5
and FC45 were subsequently identified through the described direct coupling Biacore assays.
These assays were also employed to confirm the proposed secondary structures of the mini-
aptamers. Both aptamers exhibit high specificity to codeine over morphine, which differs
from codeine by a methyl group. Finally, the direct coupling method was demonstrated to
eliminate potential non-specific interactions that may be associated with indirect coupling
methods in which protein linkers are commonly employed. Therefore, in addition to
presenting the first RNA aptamers to a subclass of benzylisoquinoline alkaloid molecules,
this work highlights a method for characterizing small-molecule aptamers that is more

robust, precise, rapid, and high-throughput than other commonly employed techniques.

*Reproduced with permission from: M. N. Win, J. S. Klein, and C. D. Smolke. (2006) Nucleic Acids Res., 34, 5670-5682.
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2.1. Introduction

Codeine is a naturally-occurring opium alkaloid, part of the larger class of
benzylisoquinoline alkaloids (BIAs), found in the opium poppy, Papaver somniferum, and
constitutes approximately 0.5% of opium®. It is one of the most widely used narcotic drugs
for the treatment of mild to moderate pain, diarrhea, and cough with relatively low side
effects?. Despite its extensive medical applications, codeine is often abused for its euphoric
and depressant effects as well as to prevent opiate withdrawal®. Due to increasing misuse,
codeine has been incorporated into workplace and military drug testing programs, and a
screening and confirmation cutoff concentration of 40 ug/L has been suggested for federally-
mandated testing in oral fluid by the Substance Abuse and Mental Health Services
Administration®. Therefore, a sensor system that can precisely measure the concentration of
codeine and effectively discriminate against its structural analogues is highly desired.

Aptamers are nucleic acid molecules that bind ligands with high specificity and
affinity*. There is increasing interest in utilizing aptamers as the target recognition elements
in various sensing applications®®. In addition to the drug detection applications of a codeine-
binding aptamer, there are other potential biotechnology applications for this aptamer.
Codeine is a member of the BIA family and is a key product metabolite in the opium alkaloid
biosynthesis pathway®. The BIAs comprise a structurally diverse group of pharmacologically
important compounds™ and efforts are ongoing to engineering microbial and plant hosts for
the production of some of the important BIA intermediates in the codeine synthesis pathway
such as (S)-reticuline and thebaine®™*.

Aptamers to BIA molecules may prove to be useful tools for such engineering efforts.

Recent research has highlighted the application of aptamers as components of synthetic and
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naturally-occurring cellular sensors and switches**™*’

, Which can regulate enzyme levels in
response to small-molecule ligand concentrations. Therefore, aptamer-based cellular sensors
may be generated to act as ‘intelligent’ regulatory tools for metabolic engineering efforts to
provide dynamic regulation of gene expression at specific enzymatic steps so that pathway
fluxes are rewired to enable the accumulation of desired intermediate metabolites, which has
proven to be difficult to achieve in natural plant hosts®. A codeine-binding aptamer may be
used to construct tools such as synthetic riboswitches that can be employed to redirect flux
through an engineered BIA metabolic pathway or in setting up rapid functional screens of
pathway variants. In addition, while aptamers have been developed to several of the far
upstream metabolites in this pathway such as dopamine®® and tyrosine®, they have not yet
been developed against any BIA compounds, which harbor bulky, nitrogen-containing ring
structures. Prior work has demonstrated that aptamers to specific molecules within a family
of compounds may be used to design doped libraries for the selection of aptamers to similar
compounds within that family from smaller library sequence spaces'®, and thus codeine
aptamers would be potentially useful for selecting aptamers to diverse BIA molecules.

This work describes the generation of novel RNA aptamers to the small molecule
codeine and highlights a robust, high-throughput assay method for measuring small
molecule-aptamer binding properties. RNA aptamers that bind codeine with high affinities
were selected from a combinatorial library containing a 30 nucleotide randomized region
using an iterative in vitro selection procedure or SELEX (Systematic Evolution of Ligands
by EXponential enrichment)® % The binding properties of the generated codeine aptamers
were measured by surface plasmon resonance (SPR) through a real-time binding assay

22, 23

(Biacore), similar to previously reported methods where the small-molecule ligand is
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directly coupled to a sensor chip through chemical modification of the ligand, eliminating the
need to use protein linkers between the target small molecule and the sensor surface as
described in other methods?*?®. This direct coupling method limits potential non-specific
interactions or binding artifacts arising from the presence of the linker protein observed in

previous studies?

, which may alter the determined binding affinities. Therefore, this
method may provide a more accurate assessment of small molecule-aptamer binding
affinities since the measured interaction more closely mimics the binding environment of the

in vitro selection process.

2.2. Results
2.2.1. Selection of codeine-binding RNA aptamers

A slightly modified in vitro selection procedure was used to isolate codeine-binding
RNA aptamers from a library of RNA molecules containing a 30-nucleotide random region
flanked by constant primer-binding sequences (Figure 2.1A). Aptamers were selected on a
codeine affinity column, which was made by immobilizing codeine to the epoxy-activated
agarose through its hydroxyl group (Figure 2.2A). To enhance the stringency of the selection
process, the wash volume was increased incrementally from cycles 6 to 15. To increase the
specificity of the selected pool, a counter-selection with a 5 mM morphine solution was
performed at cycle 10 prior to elution with codeine. In addition, a total of three error-prone
PCR steps were carried out for the DNA template pools of cycles 11, 12, and 13,
respectively, to potentially introduce sequences that are of slightly diverse nucleotide
composition and search a larger sequence space for higher affinity binders. After cycle 15,

the enriched pool was cloned and approximately 60 colonies were sequenced (Figure 2.1B).
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A

TTCTAATACGACTCACTATA (GGGACAGGGCTAGC) (N)3 (GAGGCAAAGCTTCCG)
T7 promoter 5’ constant region 3’ constant region

B

Clone Sequence

FC21(2) GGGACAGGGCTAGC AAAAGGGTGGTTGAAGGGACAGCTGGTGTG GAGGCAAAGCTTCCG
A25 (3) GGGACAGGGCTAGC ACAAGAATTAGGGTCGGGAAATGGTGTGTG GAGGCAAAGCTTCCG
Cc4 (2) GGGACAGGGCTAGC CACAAGTGTGAAGGGATGGGAGTAGTGGTG GAGGCAAAGCTTCCG
co (2) GGGACAGGGCTAGC AAGAATAGGATGTGGGTAAAGGTGCTGGTG GAGGCAAAGCTTCCG
Cl2 (3) GGGACAGGGCTAGC ACATGGAGGCTTATAGGGATTCGTGCTGGG GAGGCAAAGCTTCCG
FC5 (1) GGGACAGGGCTAGC AGTAGGATTGGGTGAGGGGATGTGCTGTG GAGGCAAAGCTTCCG
B10 (1) GGGACAGGGCTAGC AGTAGGATTAGGGTGAGGGGATGTGCTGTG GAGGCAAAGCTTCCG
A28 (1) GGGACAGGGCTAGC ACATTGTGGGAAAGGGAATTGAGTGTGGTG GAGGCAAAGCTTCCG
Bll (1) GGGACAGGGCTAGC ACATTGAGGGAAAGGGAATTGAGTGTGGTG GAGGCAAAGCTTCCG
FC1 GGGACAGGGCTAGC CACGAAATGGGTGAAGGGAAACGTGGTGGG GAGGCAAAGCTTCCG
FC3 GGGACAGGGCTAGC ACCAAAAATAGGGGTAAGGGCATGGGGGTG GAGGCAAAGCTTCCG
FC13 GGGACAGGGCTAGC AGGGTAAGGGGATTGGAGTAGTGCCGTGTG GAGGCAAAGCTTCCG
FC17 GGGACAGGGCTAGC GGACAAGAAGTGGGTAAGGGAATCCGTGGG GAGGCAAAGCTTCCG
FC23 GGGACAGGGCTAGC CAATAAATAAGGCGAAGTAAGGGATGGGGTG GAGGCAAAGCTTCCG
FC27 GGGACAGGGCTAGC TACTAATGTACGCACTAAGGGATTGGGGTG GAGGCAAAGCTTCCG
FC33 GGGACAGGGCTAGC GAAAGCGGTTTGGGAAAGTAAAGGGTGGTG GAGGCAAAGCTTCCG
FC34 GGGACAGGGCTAGC TACAGAATAAGCGAATTAAGGGTTGGGGTG GAGGCAAAGCTTCCG
FC36 GGGACAGGGCTAGC AAAGTGAGGGTTATGGGGATACGTGGCGTG GAGGCAAAGCTTCCG
FC41 GGGACAGGGCTAGC ATTAGGGTAATCGATCAAGAGGGAGTGGTG GAGGCAAAGCTTCCG
FC45 GGGACAGGGCTAGC TTAGTGCTATGTGAGAAAAGGGTGTGGGGG GAGGCAAAGCTTCCG
A2 GGGACAGGGCTAGC ACGTTAGGATGAGGGTAATGGCGTTGTAGAAGA GAGGCAAAGCTTCCG
A3 GGGACAGGGCTAGC GTAATAAGTAGGGAAAGGGTTCCCGCTGGG GAGGCAAAGCTTCCG
A5 GGGACAGGGCTAGC TTTAAAGTGAGGGGTTATGGGCAGTGTGGT GAGGCAAAGCTTCCG
A7 GGGACAGGGCTAGC TTTTAAGCACAATAACAGGGTGGGGATGGT GAGGCAAAGCTTCCG
AlS GGGACAGGGCTAGC ACCATTAGGGATTATCCAACGGGGGGTGTG GAGGCAAAGCTTCCG
A20 GGGACAGGGCTAGC CTATAGTGAGGCTATTAAGGGTTGTGGGGG GAGGCAAAGCTTCCG
A22 GGGACAGGGCTAGC AGTTGAATAGGGTTGGAGAAAGGACGTGGT GAGGCAAAGCTTCCG
A23 GGGACAGGGCTAGC TTATTTAGGGTTGGAGGGTAGTTAGCGGTG GAGGCAAAGCTTCCG
A30 GGGACAGGGCTAGC TAATGAAGGGCAAGGGAATAGTGGCTAGGG GAGGCAAAGCTTCCG
Bl GGGACAGGGCTAGC GAGTAAAAAGGGTTGGGAAAATCGCATGGT GAGGCAAAGCTTCCG
B2 GGGACAGGGCTAGC GCAGAACAGAGGGTAGGGAATTTGCGTGTG GAGGCAAAGCTTCCG
B4 GGGACAGGGCTAGC TCAGAACGCTAGATTAGGATGTGGGTGGTG GAGGCAAAGCTTCCG
B6 GGGACAGGGCTAGC AAAAGGGTGGTTGAAGGGACAGCTGGTGTG GAGGCAAAGCTTCCG
B8 GGGACAGGGCTAGC TACAATAGGGCAATTAATGGGGAGTGTGTG GAGGCAAAGCTTCCG
B9 GGGACAGGGCTAGC ATCGGTGTAGGGAAGGGATATGATGTGGTG GAGGCAAAGCTTCCG
B10 GGGACAGGGCTAGC AGTAGGATTAGGGTGAGGGGATGTGCTGTG GAGGCAAAGCTTCCG
B12 GGGACAGGGCTAGC AGCGGTAAGGGTGGGGAGAATGGTGCTGTG GAGGCAAAGCTTCCG
Cl GGGACAGGGCTAGC ATAGCATGGAGCGACTATGCGTTGATGGGT GAGGCAAAGCTTCCG
C3 GGGACAGGGCTAGC CGTTGTAACGGTGAATTTAGGGTAAGGGGG GAGGCAAAGCTTCCG
c7 GGGACAGGGCTAGC CCGTCCCTATAGTGAGTCGTATTAGAACGG AAGCTTCCG
C10 GGGACAGGGCTAGC TTTACAGTGAAAAATTAAGGGAAGGGGGTG GAGGCAAAGCTTCCG

Figure 2.1. Codeine-binding RNA aptamer clone sequences. (A) DNA template from which
the initial RNA pool was generated. (B) Sequences of clones from the final aptamer pool.
The codeine-binding properties of the sequences marked with an asterisk were characterized
by the described direct coupling SPR assay. The number in parenthesis represents the
frequency of a particular clone in the sequenced pool.
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codeine-immobilized sensor surface

Figure 2.2. Schematics of the codeine-immobilized surfaces used in the in vitro selection
process and SPR binding property assay. lllustration of the chemistries used for codeine
coupling to the (A) Sepharose matrix and (B) Biacore CM5 sensor chip surface. Note that the
codeine-immobilized sensor surface more closely mimics that of the affinity matrix used
during the aptamer selection process versus coupling methods that employ a protein linker.
The asterisk next to the oxygen group of codeine in (B) represents a succinimidyl group (the
same group that is covalently attached to the carboxyl group of the sensor surface after
EDC/NHS activation), which reacts with the amine group of the 1,8-diaminooctane linker.
Codeine is thereby immobilized onto the chip surface through the same functional group
used to attach it to the affinity matrix during the selection process. Trenbolone, the negative
control molecule, is immobilized to the chip surface through the same chemistry and its
structure is shown in (B).

2.2.2. Qualitative assessment of codeine-binding affinity of the enriched final pool
The codeine-binding affinity of the final pool was qualitatively assessed by
monitoring eluted levels of the radiolabeled aptamer pool using codeine affinity

chromatography. Radiolabeled RNA from the enriched pool was incubated with codeine-
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modified and unmodified columns. The eluted RNA from each column was run on a
polyacrylamide gel and visualized with a phosphorimager (Supplementary Figure 2.1).
Significantly stronger radioactive signals were detected in the sample eluted from the codeine
affinity column than that eluted from the unmodified column, indicating that the RNA

aptamers in the final pool are highly enriched in codeine-binding affinity.

2.2.3. Determination of small molecule-aptamer binding constants using a direct coupling
surface plasmon resonance assay

Quantitative assessment of the codeine-binding properties of the final pool, the initial
pool, and several aptamers from the final pool was performed using a modified SPR assay
developed on a Biacore 2000. Previous studies where SPR was used to determine binding
affinities between aptamers and non-protein targets involved the use of BSA and
biotin/streptavidin as intermediate linkers between the sensor surface and the target
molecules®” %°. Here we employ a direct coupling approach, similar to a previously described

d22, 23

metho , in which the small-molecule target is directly coupled to the sensor surface

without a supporting intermediate such as BSA or biotin/strepavidin. Previous direct

22.23 \which is a

coupling strategies have used target molecules that contain an amine group
commonly used functional group in Biacore sensor chip immobilization strategies. However,
since codeine does not contain an amine group, a chemical modification strategy was
developed to directly couple codeine to the chip surface through its hydroxyl group. In this
coupling strategy codeine is first modified at its hydroxyl group with an amine-reactive

succinimidyl group. This chemical modification enables codeine molecules to readily react

with the amine groups attached to the activated chip surface (Figure 2.2B). Trenbolone was

39



also immobilized onto the sensor surface in the same manner and used as a negative control
molecule. Following the immobilization of codeine and trenbolone in their respective flow
cells of the sensor chip, serial dilutions of RNA samples were injected into these flow cells.
The response detected from the trenbolone-immobilized flow cell was used as the
background subtraction in evaluating the binding constants. An equilibrium binding curve
was generated from concentration-dependent binding response data for each sample to

determine the corresponding Kq value.
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Figure 2.3. Concentration-dependent codeine-binding responses (left) and the corresponding
equilibrium binding curve (right) of (A) the initial pool and (B) the enriched final pool.
Codeine was coupled to the sensor chip as described. Serial dilutions of the appropriate RNA
sample were injected across the sensor surface and binding responses were recorded over
time. Kinetic rate constants were determined by examining the rate of change of binding
response when the RNA samples were initially injected over the surface until equilibrium
responses were reached (kon) and when a solution lacking the RNA sample was injected over
the surface once equilibrium levels were bound to the chip surface (Koff). Equilibrium binding
constants (Kgy) were determined by plotting the equilibrium binding response versus the RNA
sample concentration and calculating the corresponding RNA concentration at which half of
the maximal response was achieved. Binding responses were adjusted for background
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binding by subtracting responses of the corresponding RNA samples determined from a
trenbolone-coupled sensor surface.

The binding data from the SPR assay supports the qualitative binding data obtained
from the chromatography-based assay. The data indicate that there was little to no detectable
binding (Figure 2.3A) between the initial pool and codeine, whereas the final pool bound
codeine with significant binding responses (Figure 2.3B). The overall K4 value of the final
pool was evaluated to be approximately 15 uM, whereas that of the initial pool was estimated
to be in the high millimolar range. This latter value is only an estimate, as no binding curve
could be established for the initial pool due to its insufficient binding response. Therefore,
codeine-binding affinity of the final pool was enhanced over 1000-fold from that of the initial
pool.

Table 2.1. Codeine-binding affinities of the full-length aptamer sequences as determined
from the direct coupling SPR assay.

RNA RNA RNA
sample Ka sample Ka sample Ka

final pool 15.20 £ 0.38 uM FC27 10.90 £ 0.95 uM B11 5.80 +0.29 uM

initial pool  N/A (high mM) FC34  28.00+1.42 .M B12 8.80 + 0.44 uM
FC3 28.60 £ 0.96 uM FC45 2.50 £ 0.06 uM Cc4 78.00 £ 4.15 uM
FC5 4.00£0.13 pM A3 11.50 + 0.27 uM c9 9.17 £ 0.33 uM
FC13 14.50 + 0.58 uM A20 13.00 + 0.65 uM C12 8.88 £ 0.39 uM
FC17 43.70£1.23 uM A25 7.23+£0.34 uM C15 7.67 £0.26 uM
FC21 23.60+1.22 uM B2 4.75+0.32 uM Cc23 8.18 £ 0.23 uM
FC23 19.10+1.49 uM B9 5.77 £ 0.36 uM

The Ky values of the analyzed aptamer clones are listed in Table 2.1. Several of the
aptamer sequences have K values that are much lower than that of the enriched final pool.
Two of the highest binding aptamers FC45 and FC5, with Ky values of 2.50 + 0.06 uM and

4.00 + 0.13 uM, respectively, were subject to further characterization studies (Figure 2.4).
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Despite their similar affinities for codeine, FC5 and FC45 may form different binding
pockets since their corresponding mini-aptamers adopt different predicted secondary
structures supported by structural studies described in a later section. In addition, FC5 and
FC45 exhibit fairly different binding kinetics (Table 2.2), where the latter has faster kinetics
(both binding and dissociation) than that of the former. Some clones such as FC3, FC13,
FC34, and C9 have observed dissociation constants on the same order as that of FC5, while
other clones such as FC23, A3, A20, B11, C15, and C23 exhibit similar dissociation kinetics
to FC45 (data not shown). The kinetic data of the modified FC5 and FC45 sequences

discussed in later sections are also reported in Table 2.2.
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Figure 2.4. Equilibrium codeine-binding response curves of (A) FC5 and (B) FC45.

Table 2.2. Dissociation rate constants (Kos) for codeine binding of the final pool, FC5, FC45,
and their corresponding truncated sequences. The corresponding association rate constant
(kon) is equivalent to koff/Kd.

RNA RNA
sample Kotr (1/5) sample Kotr (1/5)
final pool 7.62e-315.81% initial pool N/A
FC5 6.50e-3+3.78% FC45 1.14e-243.35%

FC5L 6.70e-3+2.80% FC45L 1.03e-2+£3.61%
FC5L-S1 6.65e-3+2.79% FC45L-S1 6.84e-3+3.98%
FC5L-S2 6.54e-3+2.44% FC45L-S2 2.43e-3+3.29%
FC5L-S3 4.79e-3+5.00% FC45L-S3 2.69e-3+2.23%
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The affinities of the two highest binding aptamers, FC5 and FC45, to codeine in
solution were also determined through a standard isocratic affinity elution method?” %. This
control enables the comparison of the surface-based binding affinities determined with the
described SPR assays to the solution-based affinities. The determined solution-binding
affinity of FC45 (K4 = 4.5 uM) was very similar to its surface-binding affinity (Kq = 2.5
uM), whereas FC5 was determined to bind free codeine with an approximately 10-fold lower
affinity (Kq = 47 uM) than that to surface-immobilized codeine (Kyq = 4.0 uM). For a given
aptamer-ligand pair, the binding affinities for free target in solution and a target immobilized
onto a solid support may differ, as has been observed in previous studies'® # . For the
aptamers studied here, FC5 shows differing affinities for free and immobilized codeine,

whereas FC45 exhibits similar binding affinities.

2.2.4. Assays reveal distinct specificities of the codeine-binding aptamers to other
benzylisoquinoline alkaloid targets

The ability of FC5 and FC45 to distinguish between three similar BIA molecules,
codeine, thebaine, and morphine, was determined using a chromatography-based assay.
Radiolabeled RNA aptamers were eluted with codeine, morphine, and thebaine, which are all
closely related structural analogues (Figure 2.5A). Eluted FC5 and FC45 demonstrated
approximately 4-fold and 6-fold increases in radioactivity counts, respectively (Figure 2.5B)
when eluted with codeine versus morphine. The semi-quantitative molecular specificities of
these aptamers were supported by isocratic affinity elution experiments in which the solution
affinities of these aptamers were determined and observed to differ by similar magnitudes.

The solution affinity for FC45 was determined to be approximately 4.5 uM to codeine and 25
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uM to morphine, whereas the solution affinity for FC5 was determined to be approximately
47 uM to codeine and 212 uM to morphine. These results demonstrate that the single
morphine counter-selection performed during the in vitro selection process was effective at
enhancing the specificity of the aptamers in the final pool to codeine over morphine. While
aptamers that discriminate between molecules that differ by a single methyl group have been

described previously for purine alkaloid targets®" *2

, these results indicate that aptamers can
exhibit this level of molecular discrimination in spite of the presence of the bulky 4 six-
membered rings in the BIA targets examined here.

These assays also demonstrate that these two aptamers exhibit differing specificities
to thebaine. The eluted FC5 exhibited nearly a two-fold increase in radioactivity counts when
eluted with thebaine versus codeine, whereas FC45 exhibited an approximately 30% decrease
in signal. These results indicate that FC5 exhibits higher specificity for thebaine over
codeine, whereas FC45 exhibits higher specificity for codeine over thebaine. It should be
noted that during the selection process codeine was coupled to the Sepharose column in such
a way that there was no differentiable functional group between codeine and thebaine. With
the attachment chemistry used in these studies through the functional group at C5, these two
molecules exhibit conformational differences in that the former has one double bond in the
C5-six-membered ring, whereas the latter contains two (Figure 2.5A). These results suggest
that aptamers can potentially perform molecular discrimination at the level of conformation,

as the difference between these two targets is at the level of torsional structure of the ring

backbone.
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Figure 2.5. The FC5 and FC45 aptamers exhibit differing specificities to BIA structural
analogues. (A) Structures of the three BIA molecules, codeine, thebaine, and morphine, used
in examining aptamer specificity. (B) Specificity elution profiles of the FC5 and FC45
aptamers. Radiolabeled aptamers were incubated with a codeine-modified Sepharose matrix.
The bound aptamers were subsequently eluted with the different BIA targets and
radioactivity levels in the eluted fractions were measured. Radioactivity levels were
normalized with respect to values obtained from the codeine elutions for each aptamer.
2.2.5. Characterization of mini-aptamers that demonstrate binding affinities similar to the
full-length aptamers

Truncation experiments were systematically performed on the full-length FC5 and
FC45 aptamers to identify minimal aptamer domains, or mini-aptamers. Various truncated

aptamer sequences were characterized for their codeine-binding properties. Truncated

sequences that form well-defined secondary structures as predicted by mfold or
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RNAstructure were selected for further analysis. The described SPR small molecule-aptamer
binding assays were employed to determine the codeine-binding affinities of these truncated
sequences.

An FC5 mini-aptamer was identified by characterizing three truncated sequences of
the FC5 full-length aptamer. The codeine-binding properties of the random region (FC5Ran),
which is the N30 region of the aptamer library; the cloning region (FC5CIn), which includes
the random region, most of the 3’ constant terminus, and part of the 5’ constant terminus; and
FC5L, which includes the random region and the 5’ constant terminus, were analyzed using
the described SPR binding assay. No binding was observed between FC5Ran and the
codeine-immobilized sensor surface, indicating that the FC5 random region is not sufficient
for the codeine-binding properties of this aptamer. FC5CIn demonstrated a significantly
reduced affinity to codeine (Kq = 39.50 + 2.27 uM), suggesting that the remainder of the 5’
constant terminus of FC5 may play an important role in the formation of the correct binding
pocket for codeine. FC5L binds codeine with an affinity similar to that of its full-length (59
nucleotides) parent sequence (Kq = 4.55 + 0.14 uM) despite its significantly reduced length
(41 nucleotides). These results indicate that FC5L, referred to as FC5 mini-aptamer, contains
the necessary and sufficient sequence within FC5 for binding codeine (Figure 2.6, A and C).

An FC45 mini-aptamer was identified by characterizing two truncated sequences of
the FC45 full-length aptamer. The codeine-binding properties of the cloning region
(FC45CIn), which includes the random region, most of the 3’ constant terminus, and part of
the 5’ constant terminus; and FC45L, which includes the random region and the 5’ constant
terminus, were analyzed using the described SPR binding assay. FC45Ran, harboring the

N30 region of the library, was not analyzed in this set of truncation experiments, as there was
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no well-defined secondary structure predicted for this sequence by mfold or RNAstructure.
FC45CIn did not exhibit binding to codeine, suggesting that the codeine binding pocket was
not correctly formed within the secondary structure adopted by this sequence. However,
FC45L (44-nt) binds codeine with an affinity (2.59 + 0.09 uM) that is almost identical to that
of the full-length FC45 sequence (Figure 2.6, B and D). Therefore, this FC45 mini-aptamer
includes the sequence within FC45 required to form the correct binding pocket for codeine in

contrast to that of FC45ClIn.
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Figure 2.6. Codeine-binding mini-aptamer characterization. Proposed secondary structures
from mfold of (A) the FC5 mini-aptamer (FC5L) and (B) the FC45 mini-aptamer (FC45L),
and the corresponding equilibrium codeine-binding curves of (C) FC5L and (D) FC45L.
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These truncation experiments support the importance of the formation of the correct
binding pocket for aptamer molecular recognition capabilities. In addition, both FC5 and
FC45 mini-aptamers lack the 3’ constant terminal sequence, indicating that the 3’ terminus is
not involved in binding codeine. Secondary structure predictions from mfold and
RNAstructure indicate that the 3* terminus forms a small hairpin (Supplementary Figure
2.2C), isolating itself from the remaining sequences of FC5 and FC45. The proposed
secondary structures of the FC5 and FC45 mini-aptamers (Figure 2.6) are supported by the

structural modification and structural probing experiments described in the next section.

2.2.6. Characterization of modified mini-aptamer sequences supports the proposed
secondary structures

The proposed secondary structures of the FC5 and FC45 mini-aptamers do not
possess a strong base stem (Figure 2.6, A and B) in comparison to other reported aptamer
structures. For instance, the tetracycline minimer® has a base stem that is comprised of five
base-pairs, which contribute to the stability of the overall secondary structure of the minimer.
Sequences lacking strong or stabilized base stems may adopt a number of possible secondary
structures, whereas a stabilized base stem can significantly reduce presumed structural
variability and therefore restrict a given aptamer sequence to adopt a very few, and in some
cases just one, distinct structures. Therefore, the proposed secondary structures of the FC5
and FC45 mini-aptamers may be evaluated by examining the binding properties of these

aptamers modified with stabilized base stems.
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Figure 2.7. Structural stabilization and sequence requirements of the FC5 mini-aptamer
stems. Proposed secondary structures from mfold of (A) the original FC5 mini-aptamer
(FC5L), (B) the FC5 mini-aptamer with a stabilized base stem (FC5L-S1), (C) the FC5 mini-
aptamer with a stabilized base stem composed of randomly-selected nucleotides (FC5L-S2).
The base stems of the mini-aptamers were modified with an extension of GC base-
pairs to stabilize the proposed structures of these mini-aptamers. The FC5 mini-aptamer
(FC5L) was stabilized by extending the existing three base-pair stem with two GC base-pairs
(Figure 2.7B), based on the assumption that a few nucleotides present on each end of the
original mini-aptamer are unessential for codeine binding. Similarly, the FC45 mini-aptamer

(FC45L) was stabilized by extending the base stem formed by the 5’-CUU and 3’-GGG

pairing with two GC base-pairs (Figure 2.8B), excluding several nucleotides from the 5’ end.
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Figure 2.8. Structural stabilization of the FC45 mini-aptamer. Proposed secondary structures
from mfold of (A) the original FC45 mini-aptamer (FC45L) and (B) the FC45 mini-aptamer
with a stabilized base stem (FC45L-S1) in which several nucleotides at the termini of the
original mini-aptamer are truncated.

Following the modification, the structures of these stabilized mini-aptamers were
further analyzed in mfold using the DotPlot Partition Function, which confirms these
structures to be the most favorable ones to adopt among others. The codeine-binding
properties of the resulting mini-aptamers, referred to as FC5L-S1 and FC45L-S1,
respectively, were determined using the described SPR assay. FC5L-S1 and FC45L-S1 were
determined to bind codeine with Ky values of 5.51 + 0.23 uM and 4.18 + 0.48 uM,
respectively (Supplementary Figure 2.3, A and B). These results indicate that the modified
mini-aptamers bind the target molecule codeine with affinities similar to the corresponding
unmodified mini-aptamers. Therefore, these results support the proposed secondary
structures of the FC5 and FC45 mini-aptamers (Figure 2.6) and that their codeine-binding
affinities were minimally affected by extending the original base stems. Structural probing

studies were performed on FC5 and FC45 full-length aptamers using a standard lead-based

cleavage assay to confirm the structures predicted through the SPR analysis. Lead-induced
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and RNase T1 cleavage patterns were observed to be in agreement with the corresponding
proposed structures (Supplementary Figure 2.4).

The sequence requirements and flexibility of the mini-aptamer base stems were
examined with directed mutational analysis coupled with characterization of the effects of
these sequence changes on the codeine-binding properties of these aptamers by the described
SPR assays. Two of the three original base-pairs in the base stem of the FC5 mini-aptamer
were replaced with randomly selected base-pairs (Figure 2.7C). This new sequence (FC5L-
S2) was determined to bind codeine with an affinity (Kyq = 5.39 £+ 0.28 uM) (Supplementary
Figure 2.3C) comparable to that of the original aptamer sequence, indicating that while the
presence of the base stem is essential for codeine-binding, its sequence is not. The sequence
space flexibility demonstrated for the aptamer base stem of FC5L has been reported in other
aptamers such as the theophylline aptamer®".

Studies were also conducted to demonstrate that the formation of the correct binding
pocket within a given aptamer sequence is highly dictated by the formation of the correct
base stem. The base stems of two alternative secondary structures for the FC45 mini-aptamer
were extended with two GC-pairs to stabilize these proposed secondary structures
(Supplementary Figure 2.2, A and B), in the same way as previously described for FC45L-
S1. Binding assays revealed that these structures did not bind codeine with as high affinity as
the initially proposed structure. The Ky values of these alternative FC45 mini-aptamer
structures were increased approximately 10-fold (~25 uM), indicating that the codeine-
binding pocket may be somewhat disrupted in these structures. These results indicate that the
formation of the correct base stem can have significant influence on the formation of the

correct binding pocket for aptamer recognition events.
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2.2.7. Validation of the direct coupling SPR assay for characterization of small molecule-
aptamer binding properties

Biacore assays are widely used to study a variety of molecular interactions such as
RNA-protein and protein-protein interactions. While these assays are applicable to a broad
range of target molecules, proteins have most often been used as the primary targets.
Although Biacore assays have been used to measure the interaction between aptamers and
non-protein targets, these assays often include a carrier or linker protein between the target
and the sensor surface®® ?°. However, significant discrepancies have been observed in Ky
values determined from these assays and other commonly used methods potentially due to
the use of a linker protein between the dextran surface and the small molecule. While SPR
assays in which the small-molecule target is directly coupled to the sensor surface without
inclusion of a linker protein have been previously reported®” %, the observed binding
properties have not been validated or proven to potentially eliminate non-specific interactions
or artifacts that may arise from the presence of a linker protein used in the assay. Therefore,
experiments were conducted to examine the reproducibility, accuracy, and versatility of these
direct coupling assays.

Table 2.3. Codeine-binding affinities of several full-length aptamers determined from
replicate SPR binding assays for method reproducibility assessment.

s:rrl\llSe Ky (first trial) K4 (second trial)
initial pool  no binding response  no binding response
final pool 15.20 + 0.38 uM 15.00 + 0.30 pM
FC5 4.00+0.13 pM 4.15+0.10 uM
FC34 28.00+£1.42 uM 27.80+1.37 uM
FC45 2.50 £0.06 uM 2.45+0.10 uM
A25 7.23+£0.34 uM 717 +£1.12 uM
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The reproducibility of the assay method was confirmed through several means.
Binding assays were repeated for several samples: two randomly-selected sequences (FC34
and A25), the initial pool, FC5, and FC45. The codeine-binding affinities determined from
these replicate experiments were nearly identical, thereby confirming the reproducibility of
the assay method (Table 2.3). In addition, the assay was repeated for the initial pool, FC5,
and FC45 such that the concentration series sets of these samples were injected into the flow
cells in a random order. Consistent Ky values (data not shown) were obtained from the
random-injection experiments for all three of the tested RNA samples when compared to the
values obtained from injecting them sequentially from lowest to highest concentrations.
These results demonstrate the reproducibility and the robustness of this direct coupling assay
method. FC45 was used as a positive control when performing the described assays on the
remainder of the RNA aptamer sequences.

The potential elimination of non-specific interactions between an aptamer and the
linker protein by the direct coupling small molecule-aptamer binding assay was demonstrated
on a previously characterized RNA aptamer to a different small-molecule target. The
described SPR binding assay was performed on a previously characterized dopamine aptamer
(dopa2)®®, whose reported Kq value was determined through commonly used solution-based
affinity methods. Dopamine was immobilized onto the sensor chip through the same
coupling chemistry that was used in the original selection of this dopamine-binding aptamer.
The binding affinity determined through the direct coupling SPR assay of the dopa2 RNA

aptamer to dopamine (Kq = 2.71 + 0.06 uM) was nearly identical to the reported value of 2.8

uM*® (Figure 2.9A).

53



Response (RU)

Response (RU)

>
w

25 Flow cell 2 250 Flow cell 2
Kq (dopa2) = 2.71 + 0.06 uM Kq (dopa2) = 332.0 + 25.6 uM
20 5’200
x
15 o 150
[72]
[
10 8 100
3
5 o 50
0 0
10° 10° 10°® 10°
Concentration (M) Concentration (M)

@]
O

Response (RU)

4 & & 1m0 170 140 160 B W I

Time (S) | ITime I(s)

E F
Scatchard Plot Analysis of Direct Scatchard Plot _Analysis of Indirect
Coupling Assay Coupling Assay
- 20 _
8 ) .
2 § 15 |
8 ] S
() Q
» » 10
4 ¢ S
2 5 . . *
£ 2 g
0 T T 1 0 T T 1
0 10 20 30 0 50 100 150
Resnonse Response

Figure 2.9. Validation of the direct coupling SPR assay. Equilibrium binding curve of the
dopamine-dopa2 RNA aptamer interaction obtained from (A) the direct coupling binding
assay and (B) the indirect coupling binding assay using BSA as a protein linker for
dopamine. The arrow in (A) indicates the inflection point of the equilibrium binding curve
obtained from the direct coupling method and the determined Ky value is nearly identical to
the reported value obtained from a commonly used characterization assay. The arrow in (B)
indicates where the inflection point should have been if there were no non-specific
interactions or artifacts arising from the presence of the protein linker. Kinetic data analysis
shows that the kinetics of the binding responses obtained from the indirect coupling method
satisfy (C) a multiple binding site model rather than (D) a one-to-one binding model.
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Scatchard plot analysis suggests (E) the direct coupling system as a single binding site
system and (F) the indirect coupling system as a multiple binding site system.

An indirect coupling assay was performed on the dopamine aptamer using BSA as a
protein linker to demonstrate that the presence of a linker protein in a SPR small molecule-
aptamer binding assay may generate non-specific interactions or artifacts. It was observed
that aptamer samples at the same concentrations take considerably longer to reach an
equilibrium binding response in the BSA linker assay versus the direct coupling assay, which
is indicative of non-specific interactions. The two highest concentration samples reached a
near equilibrium response after 50 min of injection, approximately 33 times longer than that
employed in the direct coupling assay. Data analysis revealed that the aptamer binding
affinity was significantly affected and resulted in a false assessment as the observed Ky value
was substantially higher than the reported value of 2.8 uM (Figure 2.9B).

To better analyze the data, Clamp® was used to fit the kinetic binding responses, as
the two highest concentration samples did not completely reach equilibrium. Kinetic data
analysis suggested that multiple binding events are present in the BSA linker assay since the
data were well-fit with a multiple binding site model and did not satisfy a one-to-one binding
model (Figure 2.9, C and D). This finding was further supported by Scatchard plot analysis,
which also suggested this indirect coupling assay as a multiple binding site system
represented by a curvature in this plot, a hallmark of a multiple binding site model (Figure
2.9F). In contrast, the direct coupling data fit a single binding site system represented by a
linear fit to this data (Figure 2.9E). These results indicate that the presence of a protein linker

can cause an aptamer to bind to its surface-immobilized target molecule in a non-specific
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manner, leading to an inaccurate assessment of the binding affinity of the aptamer to its

small-molecule target.

2.3. Discussion

In this study, we employed in vitro selection strategies to isolate RNA aptamers with
high affinity and specificity to a subclass of BIA molecules, including codeine, within 15
selection cycles. A counter-selection with morphine and three error-prone PCR steps were
incorporated into the selection process to enhance the specificity and affinity of the selected
aptamers for their target molecule. The qualitative binding assays revealed that the final
aptamer pool was highly enriched with codeine-binding affinity. The binding affinity of the
enriched aptamer pool was determined to be 15 uM when characterized through the
described Biacore assay; however, several of its member sequences, including FC5 and
FC45, were determined to have higher affinities to codeine. In addition both of these
aptamers were shown to be highly specific to codeine over morphine, indicating that the
morphine counter-selection performed during the selection process was effective at
enhancing the desired target specificity of the aptamers. Interestingly, while FC45 maintains
codeine-binding specificity over another structural analogue, thebaine, FC5 demonstrates
higher specificity to the latter. Therefore, these aptamers exhibit differing specificities to BIA
alkaloid molecules, displaying molecular discrimination between targets differing by a single
methyl group or structural conformation.

This work also highlights a direct coupling SPR binding assay for accurately and
robustly determining the binding properties of aptamers to small-molecule ligands. The

described method is based on the direct immobilization of the target small molecule onto the

56



sensor chip surface without inclusion of a linker protein as is commonly used. This direct
coupling may provide a more accurate assessment of the binding affinity between the small-
molecule target and the aptamer by eliminating potential non-specific binding between the
nucleic acid aptamer and the protein linker and more accurately reproducing conditions used
in the selection process. Significant discrepancies have been observed between reported Kgq
values obtained from Biacore assays that employ a protein linker connecting the target
molecule to the sensor surface and other methods that involve direct target coupling. In one
example, BSA was used as a linker between a target carbohydrate and the sensor surface®.
The binding affinity of a selected aptamer was reported as 85 pM using this assay method.
However, when the aptamer was immobilized onto the sensor surface and target molecules
were injected over the surface, the binding affinity to the BSA-linked target was similar to
that observed with the earlier experimental setup (Kq = 57 pM), whereas the binding affinity
to the target molecule alone was determined to be approximately 60-fold lower (Kq = 3.3
nM). In another example, an existing tobramycin aptamer, characterized with a Biacore
binding assay using a streptavidin linker, showed a lower degree of selectivity and
significantly reduced affinity®® from previously reported binding properties for this aptamer
determined using a number of different assay methods®*>’. These results indicate that the
presence of a protein linker may introduce artifacts or non-specificity in the small molecule-
aptamer interaction, preventing an accurate assessment of the intact affinity of the aptamer to
its target molecule. Direct coupling of the small-molecule target onto the sensor surface may
provide a more accurate assessment of small molecule-aptamer binding properties by
eliminating potential non-specific interactions or artifacts introduced when using a linker

protein.
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The direct coupling SPR small molecule-aptamer binding assay has the additional
benefit of providing a rapid characterization assay. In comparison to other commonly used
binding assays, such as isocratic elution or equilibrium filtration, Biacore assays offer a
rapid, high-throughput platform, which provides information about both equilibrium and
kinetic binding properties. Using the Biacore 2000 and the serial dilution method described
in this work, the binding properties of as many as eight aptamer sequences may be accurately
and precisely determined in one day on a single chip. It should be noted, that the binding
properties determined through this assay correspond to ligand-immobilized binding
properties, which may differ from free ligand binding properties depending on the particular
aptamer-ligand pair as demonstrated in this and previous work. However, this high-
throughput assay strategy may be particularly useful when applied to the screening of
libraries for aptamers that exhibit particular binding properties. From this initial screen, those
aptamers exhibiting desired binding affinities for surface-immobilized targets may be further
analyzed with standard solution affinity assays to determine and verify the corresponding
binding affinities of those selected aptamers to free target in solution. Furthermore, the high-
throughput nature of this platform may be used to rapidly determine the mini-aptamers for
selected aptamers through truncation experiments, eliminating the need to perform time-

18,38 |n addition, while

consuming and labor-intensive chemical probing experiments
traditional binding assays involve the use of radiolabeled aptamers or often rare and
expensive radiolabeled target molecules, Biacore assays eliminate this requirement. The
same assay methodology may be employed to perform structural stabilization studies, which

were used to develop mini-aptamers with stabilized base stems. Aptamers with stabilized,

modifiable, and extendable base stems are more functionally attractive for applications in
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downstream molecular design strategies that involve exploiting structural rearrangements
associated with the base stem formation®’. Therefore, the FC5 and FC45 mini-aptamers may
be readily employed in molecular engineering applications as their stems are extendable and
modifiable. Finally, the versatility of this direct coupling SPR assay to the study of small
molecule-aptamer interactions was demonstrated through several means and validated on a
previously characterized dopamine RNA aptamer. Elimination of non-specific interactions
was demonstrated in the direct coupling assay compared to the indirect coupling assay for the
same aptamer, where non-specific interactions or binding artifacts arose in the presence of
the linker protein. Therefore, the SPR assay discussed here is proven to be a rapid, versatile,
accurate, and robust method for quantitative measurement of small molecule-RNA

interactions.

2.4. Materials and Methods
2.4.1. DNA template library preparation

A random DNA library was generated through PCR using the following

oligonucleotide sequences: a 59-nt DNA template 5’-
GGGACAGGGCTAGC(N30)GAGGCAAAGCTT CCG-3’, primerl 5’-
TTCTAATACGACTCACTATAGGGACAGGGCTAGC-3’, and primer2 5’-

CGGAAGCTTTGCCTC-3". All DNA synthesis was performed by Integrated DNA
Technologies, Inc. The template contains a 30-nt randomized region flanked by two fixed
primer-binding regions (Figure 2.1A). Primerl contains a 17-nt T7 promoter sequence
(italic). Nhel and HindlIll restriction endonuclease sites (underlined) were included in

primerl and primer2, respectively, for cloning of aptamer sequences.
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2.4.2. Codeine coupling and affinity chromatography matrix preparation

Approximately 300 mg of epoxy-activated Sepharose 6B (GE Healthcare) was
hydrated and incubated with 2.5 mM codeine in coupling buffer (0.05 M Na,PO,, pH 13)
overnight at 37°C according to the manufacturer’s instructions. The coupled medium was
washed three times with 2 ml of coupling buffer to remove uncoupled codeine. The medium
was then incubated overnight with 1 M Tris-HCI, pH 8 at 40°C to block any remaining active
groups. Finally, the medium was washed with a solution containing 0.1 M NaOAc, pH 4 and
0.5 M NaCl followed by a second solution containing 0.1 M Tris-HCI, pH 8 and 0.5 M NaCl.
The wash was repeated twice and the matrix was resuspended in 10 mM Tris-HCI, pH 8 and
stored at 4°C. The codeine affinity chromatography matrix was prepared by packing the
coupled medium (500 pl) into a column following the manufacturer’s instructions (Pierce).
The packed column was washed with 10 column volumes of binding buffer (250 mM NacCl,

20 mM Tris-HCI, pH 7.4, 5 mM MgCl,) and equilibrated prior to the selection process.

2.4.3. Initial RNA library pool preparation

The initial DNA library pool was generated by PCR conducted for 12 cycles on a
mixture (100 pl) containing 20 pmol DNA template, 300 pmol each primerl and primer2,
200 uM each dNTPs, 1.6 mM MgCl,, and 10 U Tag DNA polymerase (Roche). This DNA
library pool (~1.2x10* molecules) was transcribed into an initial RNA library pool by
incubating overnight at 37°C in the presence of 40 mM Tris-HCI, pH 7.9, 16 mM MgCl,, 10
mM DTT, 2 mM spermidine, 3 mM each rNTPs, 50 uCi a-[**P] UTP (GE Healthcare), 500
U RNase inhibitor, and 50 U T7 RNA polymerase (New England Biolabs). The DNA

template was subsequently degraded by incubating the reaction mixture with 10 U of DNase
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I (Invitrogen) at 37°C for 15 min. The unincorporated nucleotides were removed with a
NucAway spin column (Ambion) following the manufacturer’s instructions and binding

buffer was added to the flow-through RNA to bring the total volume up to 500 pl.

2.4.4. In vitro selection of codeine-binding aptamers

Prior to incubation with the codeine-modified affinity column, the RNA pool was
denatured at 70°C for 3 min and allowed to renature at room temperature for 30 min. To
eliminate RNA molecules that non-specifically bind to the column matrix, the initial pool
was first incubated with an unmodified column. The flow-through fraction from this
incubation was subsequently transferred to a codeine-modified affinity column and incubated
for 45 min. Following the incubation period, the affinity column was washed with 10 column
volumes of binding buffer for cycles 1 to 5 to remove unbound RNAs. This wash volume
was increased 10 column volumes for each of the subsequent cycles. Bound RNA was eluted
with 7 column volumes of 5 mM codeine in binding buffer. The eluted RNA was recovered
by ethanol precipitation in the presence of 20 ug/ml glycogen. Reverse transcription and
cDNA amplification (15 PCR cycles) were performed in a single step using 200 U of
SuperScript 111 reverse transcriptase (Invitrogen) and 5 U of Tag DNA polymerase in a 50 pl
reaction volume. One-fifth of this DNA library was transcribed into an RNA library pool for
the subsequent selection cycle. A total of 15 selection cycles were carried out during the in
vitro selection process.

At the tenth cycle, a counter-selection against morphine was performed by eluting the
bound RNA with 3 column volumes of 5 mM morphine in binding buffer prior to elution

with codeine. Only RNA eluted with codeine was used to make the input DNA library pool
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for the subsequent selection cycle. Following the reverse transcription step of cycles 11, 12,
and 13, an error-prone PCR was performed in a mutagenic buffer containing 40 pmol each
primerl and primer2, 7 mM MgCl;, 50 mM KCI, 10 mM Tris-HCI, pH 8.3, 0.2 mM dGTP,
0.2 MM dATP, 1 mM dCTP, 1 mM dTTP, and 0.5 mM MnCl,. One fifth of the error-prone
PCR product from each of these cycles was used as the input DNA library pool for the

subsequent selection cycle.

2.4.5. Aptamer library sequence analysis

The DNA pool from cycle 15 was amplified by PCR and cloned into a plasmid using
the Nhel and Hindlll restriction sites present in the fixed regions of the aptamer sequence
and the plasmid construct. This plasmid library was transformed into an electrocompetent
Escherichia coli strain, DH10B (Invitrogen; F- mcrA  A(mrr-hsdRMS-mcrBC)
$80dlacZAM15 AlacX74 deoR recAl endAl araD139 A(ara, leu)7697 galU galK A- rpsL
nupG). Subcloning was confirmed by colony PCR, and a total of 58 positive colonies were
sequenced by Laragen, Inc. The resulting sequences were aligned using the ClustalX

sequence alignment program.

2.4.6. Qualitative binding affinity assay

Radiolabeled RNA was prepared from approximately 1 pg of the final DNA pool
(cycle 15) in the presence of 40 mM Tris-HCI, pH 7.9, 14 mM MgCl,, 10 mM DTT, 2 mM
spermidine, 3 mM each rAGC mix, 150 uM rUTP, 50 uCi o-[*P] UTP, 40 U RNase
inhibitor, and 50 U T7 RNA polymerase. After allowing the transcription reaction to proceed

for 3 h at 37°C, 5 U of DNase | were added to the mixture and the reaction was incubated for
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15 min. The unincorporated nucleotides were removed with a NucAway spin column and the
flow-through RNA was divided equally into two volumes. One of the radiolabeled RNA
pools was incubated with a codeine-modified column, whereas the other pool was incubated
with an unmodified column. After a 15 min incubation, each column was washed with 3
column volumes of binding buffer followed by elution with 7 column volumes of 5 mM
codeine in binding buffer. The eluted RNA from each column was separated by
electrophoresis on an 8% polyacryamide/7 M urea gel in 1X Tris-borate buffer. The gel was

dried and the recovered radiolabeled RNA was imaged on a FX phosphorimager (BioRAD).

2.4.7. Quantitative direct coupling small molecule-aptamer binding assay

A CMb5 sensor chip was primed with RNase-free water followed by preconditioning
with a 50 mM sodium hydroxide, 0.1% hydrochloric acid, 0.1% (w/v) sodium dodecyl
sulfate, 0.085% phosphoric acid solution prior to immobilization of codeine onto the chip
surface. The chip was subsequently activated with a 0.2 M N-ethyl-N’-
(dimethylaminopropyl)carbodiimide (EDC), 0.05 M N-hydroxysuccinimide (NHS) solution.
An amine surface was created by injecting a solution of 0.1 M 1,8-diaminooctane dissolved
in 50 mM sodium borate, pH 8.5 over the activated sensor chip at 5 ul/min for 10 min. In
order to couple codeine to the amine surface, codeine was modified at its hydroxyl group
with a succinimidyl group by placing 10 mM codeine in a pyridine solution containing 40
mM disuccinimidyl carbonate and 40 mM 4-dimethylamino pyridine. This modification
reaction was allowed to take place for 30 min and the reaction mixture was subsequently
diluted with 100 mM sodium borate, pH 7.0 in a 1:1 v/v ratio. Trenbolone (Figure 2.2B), a

small molecule structurally distinct from codeine, was modified in the same manner for use
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as a background response. The modified trenbolone and codeine molecules were separately
coupled onto flow cells 1 and 2 of the sensor chip, respectively, by alternating injections for
7 min at 5 ul/min for a total of 28 min for each molecule. After ligand coupling, the chip was
deactivated with 1 M ethanolamine, pH 8.5 and primed twice with binding buffer.

RNA samples (initial pool, final pool, and randomly-selected individual sequences
from the final pool) were prepared for Biacore analysis using the Ampliscribe T7 High Yield
Transcription Kit (Epicentre) following the manufacturer’s instructions. Samples were
sequentially injected over the sensor surface for 1.5 min at 5 pl/min with a 2 min dissociation
time. For each sample, various RNA concentrations were injected by serially diluting
samples from 48 uM to 0.375 uM along with two blank samples containing just binding
buffer for use as double referencing. After each run, the surface was regenerated with 10 mM
EGTA for 2 min at 5 ul/min. The raw data were processed and analyzed to determine the
binding constant for each aptamer using Scrubber (Biologic Software, Pty, Australia,

http://www.cores.utah.edu/interaction/).

2.4.8. Isocratic affinity elution and specificity assays

Radiolabeled FC5 and FC45 RNA were prepared using the Ampliscribe T7 High
Yield Transcription Kit with minor modifications to the manufacturer’s instructions (3 mM
each rATP, rCTP, rUTP, 150 pM rGTP, and 50 uCi o-[**P] GTP). After 3 h of incubation,
DNase | was added to the transcription mixture and the reaction was incubated at 37°C for 15
min. Unincorporated nucleotides were removed with a NucAway spin column.

Isocratic affinity elution assays were performed on radiolabeled FC5 and FC45 as

previously described?” 2. The binding affinities to codeine and morphine in solution were
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determined using the following equation: Ky = [Le] X (Vei=Vh) / (Ve=Vel), Where L is the
free ligand concentration used to elute bound RNA, V¢ and V. are the elution volumes for
RNA in the presence and absence of free ligand in binding buffer, respectively, and V, is the
column void volume.

Specificity assays were performed by equally dividing the flow-through radiolabeled
FC5 and FC45 into three Sepharose columns (300 ul) modified with codeine. After a 30 min
incubation, each column was washed with 7 column volumes of binding buffer. Columns
were then eluted with a 5 mM solution of the different targets (codeine, morphine, or
thebaine) in binding buffer, and 5 column volumes of the elution were collected. Collected
samples were added to 10 ml of Safety-Solve scintillation liquid (Reseach Products
International Corp.) and radioactivity levels were measured on a liquid scintillation counter

(Beckman Coulter).

2.4.9. Truncation experiments

Two full-length aptamers with the lowest determined Ky values were truncated
primarily into four different sequences containing distinct regions of their parent sequences:
(1) the random region (Ran), (2) the cloning region (ClIn), (3) the random region and the 5’
constant terminus (L), and (4) the random region and the 3’ constant terminus (R). Predicted
secondary structures formed by these truncated sequences were examined using mfold®® and
RNAstructure (http://rna.chem.rochester.edu/RNAstructure.html). Sequences that adopt well-
defined secondary structures were selected for subsequent Ky determination through the

described small molecule-aptamer binding affinity SPR assay.
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2.4.10. Structural probing assay

Structural probing of the FC5 and FC45 full-length aptamers was performed using a
lead ion cleavage assay as described by Berens et al.® with the following slight
modifications. 5’-end labeled RNA was incubated in binding buffer containing 0-250 uM
codeine and 0.5 mM lead (I) acetate. After a 15 min incubation, the cleavage reactions were
stopped by adding 0.5 mM EDTA and 1 ug/ul glycogen and the cleaved RNA was recovered
by ethanol precipitation. Radiolabeled RNA was also subject to RNase T1 cleavage
(Ambion) and alkaline hydrolysis (Ambion) following the manufacturer’s instructions to be
used as ladders. The recovered RNA samples were separated by electrophoresis on a 10%
polyacryamide/8 M urea gel in 1x Tris-borate buffer. The gel was dried and the RNA

cleavage patterns were imaged on a FX phosphorimager (BioRAD).

2.4.11. Dopamine aptamer binding assay

For direct coupling of dopamine to the sensor surface, a CM5 sensor chip was
activated with EDC/NHS as described above. Following the EDC/NHS activation step, a 10
mM dopamine, 50 mM sodium borate, pH 8.5 solution was injected over the activated sensor
surface for 30 min at 5 pl/min to couple dopamine to the surface through its amino group.
This is the same chemistry used in the selection of dopamine-binding aptamers described by
Mannironi et al.'®, After dopamine immobilization, the sensor surface was deactivated with 1
M ethanolamine for 10 min at 5 ul/min to block the remaining unreacted succinimidyl
groups. The previously selected dopamine-binding dopa2 RNA aptamer®® was synthesized
using a similar transcription procedure as described above. Various concentrations of this

RNA sample were injected over the dopamine-coupled sensor surface and concentration-
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dependent binding responses were recorded and subsequently analyzed for binding properties
as described previously.

For indirect coupling of dopamine to the sensor surface through a BSA protein linker,
a CM5 sensor chip was activated with EDC/NHS as described above. Following the
EDC/NHS activation step, BSA was injected over the activated surface at 5 pl/min until a
signal of 12,500 response units (RU) was reached. A 0.2 M EDC and 0.1 M dopamine
solution was injected over the BSA-immobilized surface for 30 min at 5 pl/min to couple
dopamine to BSA. This chemistry couples dopamine to BSA through the same functional
group as in the direct coupling chemistry. The remaining steps in the indirect coupling

method are identical to those used in the direct coupling method.
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2.5. Supplementary Information

Supplementary Figures
uM c™M

weak signal strong signal

Supplementary Figure 2.1. Qualitative assessment of the enrichment in codeine-binding
affinity of the final aptamer pool. The left column (weak) and the right column (strong)
represent the signals obtained from the eluted pool incubated with an unmodified (UM) and
codeine-modified column (CM), respectively.
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Supplementary Figure 2.2. Alternative FC45 mini-aptamer structures support the proposed
structure of the FC45 mini-aptamer. Alternative secondary structures proposed by mfold for
the FC45 mini-aptamer sequence were examined by stabilizing the base stems of these
structures with an extension of two GC base-pairs as illustrated in (A) and (B). SPR assays
demonstrated that these stabilized alternative structures did not exhibit significant codeine-
binding affinities and therefore do not allow for the formation of the correct codeine-binding
pocket. (C) Formation of a small hairpin by the 3’ constant terminus proposed by mfold.
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Supplementary Figure 2.3. Structural stabilization studies of FC5 and FC45 mini-aptamers.
Equilibrium codeine-binding curves of (A) FC5L-S1, (B) FC45L-S1, and (C) FC5L-S2 from
their corresponding Biacore binding assays.
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Supplementary Figure 2.4. Structural probing results of (A) FC5 and (B) FC45 through
lead-induced and RNase T1 cleavage patterns. Lanes 1, 9: alkaline hydrolysis with 5 min and
15 min reaction times, respectively; lanes 2, 8: RNase T1 cleavage patterns using 1 ul and
0.1 pl of the enzyme, respectively; lane 3: intact RNA; lanes 4-7: lead-induced cleavage
patterns in the presence of increasing codeine concentrations from 0-250 uM.
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Chapter I11: A modular and extensible RNA-based gene-regulatory platform for

engineering cellular function*

Abstract

Engineered biological systems hold promise in addressing pressing human needs in
chemical processing, energy production, materials construction, and maintenance and
enhancement of human health and the environment. However, significant advancements in
our ability to engineer biological systems have been limited by the foundational tools
available for reporting on, responding to, and controlling intracellular components in living
systems. Portable and scalable platforms are needed for the reliable construction of such
communication and control systems across diverse organisms. We report an extensible RNA-
based framework for engineering ligand-controlled gene regulatory systems, called ribozyme
switches, that exhibit tunable regulation, design modularity, and target specificity. These
switch platforms contain a sensor domain, comprised of an aptamer sequence, and an
actuator domain, comprised of a hammerhead ribozyme sequence. We examined two modes
of standardized information transmission between these domains and demonstrate a
mechanism that allows for the reliable and modular assembly of functioning synthetic RNA
switches and regulation of ribozyme activity in response to various effectors. In addition to
demonstrating the first examples of small molecule-responsive, in vivo functional allosteric
hammerhead ribozymes, this work describes a general approach for the construction of
portable and scalable gene-regulatory systems. We demonstrate the versatility of the platform
in implementing application-specific control systems for small molecule-mediated regulation

of cell growth and non-invasive in vivo sensing of metabolite production.

*Reproduced with permission from: M. N. Win and C. D. Smolke. (2007) Proc. Natl. Acad. Sci. U. S. A., 104, 14283-14288.

76



3.1. Introduction

Basic and applied biological research and biotechnology are limited by our ability to
get information into and out from living systems, and to act on information inside living
systems™ % For example, there are only a small number of inducible promoter systems
available to provide control over gene expression in response to exogenous molecules® *.
Many of the molecular inputs to these systems are not ideal for broad implementation, as
they can be expensive and introduce undesired pleiotropic effects. In addition, broadly-
applicable methods for getting information out of cells non-invasively has been limited to
strategies that rely on protein and promoter fusions to fluorescent proteins, which enable
researchers to monitor protein levels and localization and transcriptional outputs of networks,
leaving a significant amount of the cellular information content currently inaccessible.

To address these challenges scalable platforms are needed for reporting on,
responding to, and controlling any intracellular component in a living system. A striking
example of a biological communication and control system is the class of RNA regulatory
elements called riboswitches, comprised of distinct sensor and actuation (gene regulatory)
functions, that control gene expression in response to specific ligand concentrations®.
Building on these natural examples, engineered riboswitch elements have been developed for
use as synthetic ligand-controlled gene regulatory systems®®. However, these early examples
of riboswitch engineering do not address the challenges posed above because they lack
portability across organisms and systems, and their designs and construction do not support
modularity and component reuse.

We set out to develop a universal and extensible RNA-based platform that will

provide a framework for the reliable design and construction of gene regulatory systems that
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can control the expression of specific target genes in response to various effector molecules.
We implemented five engineering design principles (DPs) in addressing this challenge:
scalability (DP1: a sensing platform enabling de novo generation of ligand-binding elements
for implementation within the sensor domain); portability (DP2: a regulatory element that is
independent of cell-specific machinery or regulatory mechanisms for implementation within
the actuator domain); utility (DP3: a mechanism through which to modularly couple the
control system to functional level components); composability (DP4: a mechanism by which
to modularly couple the actuator and sensor domains without disrupting the activities of these
individual elements); and reliability (DP5: a mechanism through which to standardize the
transmission of information from the sensor domain to the actuator domain). A glossary of

terms is available in Supplementary Text 3.1.

3.2. Results
3.2.1. Component specification for a scalable and portable gene-regulatory system

To satisfy the engineering design principle of scalability (DP1) we chose RNA
aptamers, nucleic acid ligand-binding molecules, as the sensing platform for the universal
control system. Our choice of sensing platform was driven by the proven versatility of RNA
aptamers. Standard in vitro selection strategies or SELEX™" *? have been used to generate
RNA aptamers de novo to a wide variety of ligands, including small molecules, peptides, and
proteins'®. In addition, the specificity and affinity of an aptamer can be tuned through the
selection process to meet the specific performance requirements of a given application. The

continued selection of new aptamers to appropriate cellular molecules that function under in
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vivo conditions will enable these elements to be implemented as sensors in RNA-based
control systems.

To satisfy the engineering design principle of portability (DP2) we chose the
hammerhead ribozyme, a catalytic RNA, as the regulatory element in the universal control
system. Our choice of regulatory element was driven by the ability of the hammerhead
ribozyme to exhibit self-cleavage activity across various organisms and its demonstrated
potential in biomedical and biotechnological applications owing to its small size, relative
ease of design, and rapid kinetics'. The utility of hammerhead ribozymes as gene regulatory
elements has been demonstrated in various systems™™’. In addition, several research groups
have engineered a special class of synthetic hammerhead ribozymes referred to as allosteric
hammerhead ribozymes that contain separate catalytic and ligand-binding domains, which
interact in a ligand-dependent manner to control the activity of the ribozyme®®?. While this
class of ribozymes enables a better control system due to the presence of the integrated
ligand-binding domain, there has been no success in translating them to in vivo

environments.

3.2.2. Design strategies for engineering portability, utility, and composability into a
biological control system

To support a framework for engineering ligand-controlled gene regulatory systems,
we specified a design strategy that is in accordance with our engineering principles stated
above (Figure 3.1, A and B). This strategy is comprised of three components that address
mechanisms for the portability (DP2), utility (DP3), and composability (DP4) of the control

system and are critical to the development of a general ribozyme switch platform. First, the

79



cis-acting hammerhead ribozyme constructs are integrated into the flexible and portable
regulatory space of the 3° UTR (Figure 3.1A). We chose to locate the synthetic ribozymes
within the 3 UTR of their target gene as opposed to the 5 UTR in order to isolate their
specific cleavage effects on transcript levels from their non-specific structural effects on
translation initiation, as secondary structures have been demonstrated to repress efficient
translation when placed in the 5 UTR?*; K. Hawkins and C.D.S., unpublished observations).
In addition, cleavage within the 3° UTR is a universal mechanism for transcript
destabilization in eukaryotic and prokaryotic organisms. Second, each ribozyme construct is
insulated from surrounding sequences, which may disrupt its structure and therefore its
activity, by incorporating spacer sequences immediately 5” and 3’ of stem Ill (Figure 3.1A).
By implementing these two components, we ensure that these control systems will be
portable across organisms and modular to coupling with different coding regions (Y. Chen
and C.D.S., manuscript in preparation). The third component was necessitated by the fact that
previous engineered in vitro allosteric ribozyme systems, which replace stem loops | or 1l
with part of the aptamer domain (Figure 3.1B, lower right), do not function in vivo. From
previous studies on the satellite RNA of tobacco ringspot virus (STRSV) hammerhead
ribozyme™®, we suspect that this lack of in vivo functionality in earlier designs results from
removal of stem loop sequences that may play a critical role in tertiary interactions that
stabilize the catalytically active conformation under physiological Mg** concentrations. To
develop ribozyme switches that function in vivo, we chose to integrate the hammerhead
ribozyme into the target transcript through stem 111 and couple the sensor domain directly to
the ribozyme through stem loops | or Il to maintain these potentially essential sequence

elements (Figure 3.1B, upper right). We constructed a series of ribozyme controls
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(Supplementary Text 3.2 and Supplementary Figure 3.1), which consist of loop coupling and
stem integration controls. Implementation and characterization of the gene regulatory activity
of these ribozyme constructs within a modular plasmid system in the eukaryotic model
organism Saccharomyces cerevisiae (Figure 3.1A) indicate that maintenance of loop I and Il
sequences and thus integration through stem Il are essential for in vivo functionality of such

gene regulatory elements (Supplementary Figure 3.1D).
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GC
gé component 3: integration through stem Il
GFP CCUAGG GC CUCGAG. AAAAA
component 2: spacer sequences to insulate the
ribozyme from surrounding sequences
component 1: flexible regulatory space of the 3’ UTR of a target gene
@ ﬁct coupling M
regulatory domain sensor domain neither loop is replaced allowing
(sTRSV ribozyme) (aptamer) tertiary interactions

loop replacement

[ X

one of the two loops is replaced
eliminating tertiary interactions

Figure 3.1. General design strategy for engineering ribozyme switches. Color schemes:
catalytic core, purple; aptamer sequences, brown; loop sequences, blue; spacer sequences,
yellow; brown arrow, cleavage site. (A) General compositional framework and design
strategy for engineering universal cis-acting hammerhead ribozyme-based regulatory
systems; restriction enzyme sites are underlined. (B) Modular coupling strategies of the
sensor and regulatory domains to maintain in vivo activity of the individual domains.
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3.2.3. Engineering mechanisms for information transmission between the modular switch
domains

The final design challenge in building a universal switch platform is to develop a
standardized means of transmitting information (encoded within an information transmission
domain) from the sensor (aptamer) domain to the regulatory (ribozyme) domain (DP5).
There are two different strategies for transmitting information between the aptamer and
ribozyme domains: strand displacement and helix slipping. We constructed and characterized
ribozyme switch platforms based on both mechanisms.

The first information transmission domain that we developed is based on a strand
displacement mechanism, which involves the rational design of two sequences that compete
for binding to a general transmission region (the base stem of the aptamer) (Figure 3.2, A and
B). We employed this mechanism in engineering a ribozyme switch platform that enables
both up- and down-regulation of gene expression in response to increasing effector
concentrations (‘ON’ and ‘OFF’ switches, respectively). An initial ribozyme switch,
L2bulgel, was constructed to up-regulate gene expression through the corresponding base
platform (L2Theo, Supplementary Figure 3.1C) by incorporating a competing strand
following the 3’ end of the theophylline aptamer® (Figure 3.2A). This competing strand is
perfectly complementary to the base stem of the aptamer at the 5” end. Using the same design
principles, we engineered another ribozyme switch, L2bulgeOffl (Figure 3.2B), for down-
regulating gene expression. Our strand displacement strategy is based on the conformational
dynamics characteristic of RNA molecules that enables them to distribute between at least
two different conformations at equilibrium: one conformation in which the competing strand

is not base-paired or base-paired such that the ligand-binding pocket is not formed, and the
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other conformation in which the competing strand is base-paired with the aptamer base stem,
displacing the switching strand and thus allowing the formation of the ligand-binding pocket.
Strand displacement results in the disruption (L2bulgel) or restoration (L2bulgeOff1) of the
ribozyme’s catalytic core. Binding of theophylline to the latter conformation shifts the
equilibrium distribution between these two conformations to favor the aptamer-bound form

as a function of increasing theophylline concentration.
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Figure 3.2. Regulatory properties of the strand displacement information transmission
mechanism. Color schemes: switching strand, red; competing strand, green; all other schemes
correspond to those used in Figure 3.1. (A) Gene expression ‘ON’ ribozyme switch platform,
L2bulgel. (B) Gene expression ‘OFF’ ribozyme switch platform, L2bulgeOffl. The
theophylline-dependent gene regulatory behavior of (C) L2bulgel (‘ON’ switch), (D)
L2bulgeOffl (*OFF’ switch), and L2Theo (non-switch control). Gene expression levels are
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reported in fold as defined in Materials and Methods and normalized to the expression levels
in the absence of effector.

Increased binding of theophylline to L2bulgel resulted in an approximate 25 folds
increase in target expression levels at 5 mM theophylline relative to those in the absence of
effector (Figure. 3.2C and Supplementary Figure 3.2). In contrast, increased binding of
theophylline to L2bulgeOffl resulted in an approximate 18 folds reduction in expression
levels at 5 mM theophylline relative to those in the absence of effector (Figure. 3.2D and
Supplementary Figure 3.2). Through our strand displacement mechanism, we have
engineered ribozyme switches de novo, L2bulgel and L2bulgeOffl, that provide allosteric
regulation of gene expression and function as ‘ON’ and ‘OFF’ switches, respectively.

We engineered a second class of ribozyme switch platforms to examine an alternative
information transmission domain based on a helix slipping mechanism, which does not allow
for rational design (Figure. 3.3A). This mechanism involves the functional screening of

‘communication modules’*®?

within the base stem of the aptamer. Communication modules
are dynamic elements capable of transmitting the binding state of an aptamer domain to an
adjacent regulatory domain through a ‘slip-structure’ mechanism®®, in which a nucleotide
shift event within the element is translated to a small-scale change in the conformation of the
regulatory domain in a ligand-dependent manner. These elements have been developed
through in vitro screening processes, and their dynamic and communicative properties have
been demonstrated in vitro in engineered allosteric ribozymes'®?!. We screened the in vivo
functionality of previously in vitro selected communication modules'®?! by assaying the

activity of these sequences within L1Theo and L2Theo. A critical difference between the

design of the previously developed in vitro allosteric ribozymes, from which these
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communication modules were generated, and that of our engineered ribozyme switches is the
coupling strategies between the aptamer and ribozyme domains and their effects on the in

vivo activity of the ribozyme domain as described previously (Figure 3.1B).
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Figure 3.3. Regulatory properties of the helix slipping information transmission mechanism.
Color schemes: communication module schematic, red and green; communication module
sequence, orange; all other schemes correspond to those used in Figure 3.1. (A) Gene
expression ‘OFF’ ribozyme switch platform based on helix slipping. The base stem of the
aptamer is replaced with a communication module. (B) Regulatory activities of helix
slipping-based ribozyme switches. Gene regulatory effects of the ‘OFF’ switches at 5 mM
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theophylline are reported in fold repression relative to expression levels in the absence of
effector. The corresponding communication module sequences are indicated. Sequence and
structure of representative helix slipping ribozyme switches, (C) L2cm4 and (E) L1cm10.
The theophylline-dependent gene regulatory behavior of (D) L2cm4 and (F) L1cm10. Gene
expression levels are reported as described in Figure 3.2, except that in (F) L1Theo is used as
a non-switch control.

Among the thirteen communication modules™®#

screened for in vivo activity, five
(cm1, cm4, cm5, cm9, and cmd) exhibit down-regulation of expression levels through loop
I, whereas only two (cm10 and cmd) exhibit such regulation through loop I (Figure 3.3B).
The regulatory activities of two helix slipping-based ribozyme switches, L2cm4 (Figure 3.3,
C and D, and Supplementary Figure 3.3) and L1lcml0 (Figure 3.3, E and F, and
Supplementary Figure 3.3), were characterized across a range of theophylline concentrations
and exhibit substantial regulatory effects. Although the helix slipping constructs are
comprised of identical aptamer and catalytic core sequences, they exhibit different extents of
regulation. This variability suggests that each construct contains a different equilibrium
distribution between the adoptable conformations and that the energy required for structural
switching between the conformations is also different.

We validated the regulatory mechanisms of representative strand displacement- and
helix slipping-based switches. Relative steady-state transcript levels in the absence and
presence of effector are consistent with corresponding fluorescent protein levels
(Supplementary Table 3.1), indicating that cleavage in the 3" UTR results in rapid decay and
inactivation of the target transcript. In addition, we demonstrated that changes in expression

levels are induced shortly after effector addition (Supplementary Figure 3.4), indicating that

the response of the regulatory elements to changes in effector levels is relatively rapid.
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3.2.4. Rational tuning strategies enable programming of switch regulatory response

The ability to program the regulatory response of a universal switch platform is an
important property in tuning the platform performance to comply with the design
specifications for a particular application. We demonstrate that our strand displacement-
based ribozyme switch platform incorporates an information transmission mechanism that is
amenable to rational tuning strategies for programming regulatory response properties.
Programming of new regulatory information is achieved by sequence alteration resulting in a
change in the molecule’s structural stability, which may affect its conformational switching
dynamics if the molecule can adopt multiple conformations. These rational sequence

modification tuning strategies are not applicable to communication module-based switches

due to an inability to predict their activities. be
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Figure 3.4. Tunability of the strand displacement-based ribozyme switches. Sequences
targeted by the rational tuning strategies are indicated in the dashed boxes on the effector-
bound conformations of (A) L2bulgel (ribozyme inactive) and (B) L2bulgeOffl (ribozyme
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active). Regulatory activities of tuned strand displacement-based (C) ‘ON’ and (D) ‘OFF’
ribozyme switches. Gene regulatory effects of these switches at 5 mM theophylline are
reported in fold induction for ‘ON’ switches and fold repression for ‘OFF’ switches relative
to the expression levels in the absence of theophylline as described in Figure 3.2.

A more complete description of our tuning strategies is provided in Supplementary
Text 3.3, Supplementary Figure 3.5, and Supplementary Table 3.2. Briefly, our rational
tuning strategies target alteration of the nucleotide composition of the base stem of the
aptamer domain to affect the stabilities of individual switch constructs and the energies
required for the construct to switch between two adoptable conformations. Using these
strategies, we rationally engineered a series of tuned ‘ON’ and ‘OFF’ switches from
L2bulgel and L2bulgeOff1, respectively (Figure 3.4, A and B). These tuned switches exhibit

different regulatory ranges in accordance with our rational energetic tuning strategies (Figure

3.4, C and D, and Supplementary Figure 3.6).

3.2.5. The ribozyme switch platform exhibits component modularity and specificity

In implementing a standardized mechanism through which to transmit information
between the domains of a switch platform (DP5), we needed to confirm that the modular
coupling between the aptamer and ribozyme domains is maintained (DP4). We performed
modularity studies on our strand displacement-based ribozyme switch platform, in which
aptamers possessing sequence flexibility in their base stems can be swapped into the sensor
domain. To begin to demonstrate that ribozyme switch activity may be controlled by
different effector molecules we replaced the theophylline aptamer of L2bulgel with a
tetracycline mini-aptamer® to construct a tetracycline-repsonsive ON switch (L2bulgeltc)

23, 24

(Figure 3.5A). Despite similar aptamer ligand affinities™ <°, the extent of up-regulation with
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L2bulgeltc was greater than that with L2bulgel at the same extracellular concentration of
their respective ligands (Figure 3.5B). This is likely due to the high cell permeability of
tetracycline®® compared to theophylline®®. These results demonstrate that our strand
displacement-based ribozyme switch platform maintains modularity between the aptamer and
ribozyme domains. We also performed similar modularity studies on the helix slipping-based
switch platform by replacing the theophylline aptamer of L1cm10, L2cm4 and L2cm5 with
the tetracycline mini-aptamer (L1cm10, L2cmdtc, and L2cmb5tc, respectively). These

constructs do not exhibit effector-mediated gene-regulatory effects (data not shown).

r~—o_ r=eo_
! =~ ;! Tiom-e m no effector
< 1
’: gucu' ’: GAﬂAG B O molecular analogue (1 mM caff or 0.25 mM doxy)
U,GY, A Ap 1 5
K P == e @ specific effector (1 mM theo or 0.25 mM tc)
c A A Ul .
! /¢ ! [ W o B specific effector (5 mM theo or 1 mM tc)
oy ! 1A Ace-aCcac
1yACE ! ~oA ! @«
1A C, 1 -~ I c
T~ ] ~—e S
GAy C =& - S
cu Gp 6 GUAC CCAG ~1 ©
G UCCGGU GuUCe g/c =
AGGCCA CAGG, c
u [V @
UA sy
/ Ge c
g 38
“—GC AAAA K] g
[ =
L2bulge1 ; uUg £8
Yo u S 0
ARG AGA pe S s
AC A UacCalU~  AGRA ©
cAUA cgsu AAG A ACA Acef A 3 =
A A u c o
3 A S c £5
A R getACcact A O Ag8 ACcAG <
Q:G e A e 73
CUGAUGA Gu:G acac® cuG Ve, o gUC 2
& uccecu aucc® U G UCCGGU succ®ut =S
ULURSECER | GCAGE,E UL AGGGEA . 3
7y o X s :
UA A
uA > ua
b G annaa I & AAAAA
L2bulge1tc, aptamer unbound, L2bulge1tc, aptamer bound, L2bulge1 L2bulge1tc

ribozyme active conformation ribozyme inactive conformation

Figure 3.5. Modularity and specificity of the strand displacement-based ribozyme switches.
(A) Modular design strategies for the construction of new ribozyme switches. The
theophylline (left dashed box) and tetracycline (right dashed box) aptamers are shown. (B)
Regulatory activities of the modular ribozyme switch pair, L2bulgel and L2bulgeltc, in
response to their respective ligands, theophylline (theo) and tetracycline (tc), and closely-
related analogues, caffeine (caff) and doxycycline (doxy). Regulatory effects are reported in
fold induction relative to the expression levels in the absence of effector as described in

Figure 3.2.

We also demonstrated that the aptamer sequences (theophylline and tetracycline)
incorporated into our ribozyme switch platforms maintain highly specific target recognition

capabilities in vivo similar to their in vitro specificities generated during the selection process
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against corresponding molecular analogues (caffeine and doxycycline, respectively)®® 2

(Figure 3.5B). This is an important property in implementing these platforms in cellular
engineering applications that involve complex environments where molecular species similar

to the target ligand may be present.

3.2.6. Component modularity enables implementation of ribozyme switches as regulatory
systems in diverse applications

To demonstrate the scalability and utility of these switch platforms as application-
specific control systems, we demonstrate the implementation of ribozyme switches in two
distinct cellular engineering application areas. First, utility (DP3) and the ability to respond
to and control cellular information is demonstrated by the application of ribozyme switches
to small molecule-mediated regulation of cell growth. Second, scalability (DP1) and the
ability to respond to and report on cellular information is demonstrated by the
implementation of ribozyme switches as non-invasive in vivo sensors of metabolite
production.

The first system explores the application of our ribozyme switches to the regulation
of a survival gene, where modification of expression levels is expected to produce an
observable and titratable phenotypic effect on cell growth. The reporter gene within the
original constructs was replaced with a growth-associated gene (his5) responsible for the
biosynthesis of histidine in yeast”’ (Figure 3.6A). We performed growth regulation assays
across various effector concentrations using representative switch constructs and
demonstrated that these switches mediate cell growth in a highly effector-dependent manner

(Figure 3.6B). Plate-based assays confirm the theophylline-dependent ribozyme switch-based
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regulation of cell growth (Figure 3.6C). This application demonstrates the utility (DP3) of

our switch platform, in which the control system exhibits modularity to the functional level

components in the regulatory system.
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Figure 3.6. System modularity of ribozyme switches enables implementation in programmed
cell growth. (A) System design for ribozyme switch-based regulation of cell growth. Small
molecule-mediated regulation of a gene required for cell growth is illustrated for a strand
displacement-based ‘OFF’ switch. (B) Theophylline-mediated ribozyme switch-based
regulation of cell growth. Changes in growth are reported as ODgqo Values for cells grown in
5 mM 3AT in media lacking histidine. (C) Demonstration of theophylline-regulated cell
growth by ribozyme switches through plate-based assays. Cells harboring ribozyme switches
and control constructs were streaked on two plates containing the same medium except
different effector concentrations (0 mM versus 5 mM theophylline). OFF switches (L1cm10,
L2cm4, L2cml, L2bulgeOffl) exhibit suppressed cell growth on the plate containing 5 mM
theophylline while an ON switch (L2bulge8) exhibits a higher growth level on the plate
containing 5 mM theophylline. The control constructs (L1Theo, L2Theo, STRSV Contl, and
STRSV) exhibit similar growth levels on both plates. STRSV exhibits no cell growth due to
its efficient cleavage activity and STRSV Contl exhibits the highest levels of growth due to
its lack of cleavage activity.
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Figure 3.7. System modularity of ribozyme switches enables implementation in non-invasive
detection of metabolite biosynthesis. (A) System design for ribozyme switch-based in vivo
sensing of metabolite production. Xanthine is converted from fed xanthosine through an
activity endogenous to yeast and product accumulation over time is detected through a strand
displacement-based xanthine-responsive ‘ON’ switch coupled to the regulation of a reporter
protein. (B) Ribozyme switch-based xanthine synthesis detection through L2bulge9.
Metabolite sensing through L2bulge9 is reported in fold induction of GFP levels relative to
the expression levels in the absence of xanthosine feeding as described in Figure 3.2.
Expression data for experiments performed with L2bulgel exhibit similar induction profiles
and levels (data not shown).

The second system explores the application of these ribozyme switches to the in vivo
sensing of metabolite production to demonstrate that these switches provide a non-invasive
mechanism through which to transmit molecular information from cells. Nucleoside
phosphorylase activities resulting in N-riboside cleavage of purine nucleosides have been
identified in various organisms®®. We observe that feeding xanthosine to our yeast cultures
results in the production of xanthine, a product synthesized through riboside cleavage of
xanthosine. Relatively high xanthine accumulation was detected in cell extracts between 24-
48 h after substrate feeding by HPLC analysis (Supplementary Figure 3.7). Xanthosine
accumulation was detected in cell extracts at earlier times, indicating that specific levels of
intracellular xanthosine accumulation may be required for efficient conversion to xanthine,

possibly due to a high K, value for this enzyme. The theophylline aptamer employed in our

switch platforms possesses a reduced binding affinity for xanthine (27-fold lower than
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theophylline)®®. We employed two ‘ON’ switch constructs (L2bulgel and L2bulge9) for the
in vivo detection of xanthine production in cultures fed the precursor xanthosine (Figure
3.7A). GFP levels in cells fed xanthosine rose steadily between 24-40 h post-feeding in
correlation with HPLC data (Figure 3.7B), illustrating the non-invasive metabolite-sensing
capabilities of these switches through transmitting changes in metabolite accumulation to
changes in reporter expression levels. This application demonstrates the scalability (DP1) of
our switch platform, in which the unique properties of the sensing platform employed in this
control system enable broad implementation in diverse applications not generally accessible

by other regulatory systems.

3.3. Discussion

A key component in the development of an RNA-based framework for engineering
ligand-controlled gene regulatory systems is captured within DP5: a mechanism through
which to reliably transmit information between distinct domains of the molecule. The strand-
displacement and helix-slipping mechanisms demonstrate different strengths and weaknesses
as standardized means of transmitting information from the aptamer domain to the ribozyme
domain. Only 7 out of the 26 tested communication modules exhibited regulatory activity in
our system. In addition, all of the functional communication module sequences demonstrate
‘OFF’ activity in our in vivo system, whereas one of these sequences (cmd) exhibited ‘ON’
activity in an in vitro system®. These results indicate that in vitro functionality of these
elements is selectively translated to in vivo activity due to their sensitivity to surrounding
sequences. Furthermore, modularity studies performed on this platform indicate that the helix

slipping mechanism is not amenable to modular domain swapping strategies. In contrast, we

93



have demonstrated that strand displacement exhibits greater reliability as an information
transmission mechanism in our platform and is characterized by engineering properties such
as modular assembly, rational de novo design, flexible induction and repression profiles, and
response programmability. Although not preferred for the rational design strategies presented
here, our helix slipping platform can be employed for the effective generation of new
ribozyme switches by in vivo screening for helix slipping elements that function with new
aptamer sequences, different regulatory ranges, and flexible regulatory profiles. In addition,
screening strategies may represent a powerful alternative when rational design strategies fail.
For example, we applied our rational design strategies to the construction of strand
displacement-based ribozyme switches that modulate cleavage through stem | (L1bulgel-6 in
Supplementary Table 3.3). Although these design strategies were successfully applied to
stem Il, they did not result in functional switches when applied to stem I. These results
indicate that screening strategies may be more effective in generating ribozyme switches that
modulate activity through stem 1.

We have developed and demonstrated universal RNA-based regulatory platforms
called ribozyme switches using engineering design principles. This work describes a
framework for the reliable de novo construction of modular, portable, and scalable control
systems that can be used to achieve flexible regulatory properties, such as up- and down-
regulation of target expression levels and tuning of regulatory response to fit application-
specific performance requirements, thereby expanding the utility of our platforms to a
broader range of applications. For example, these switch platforms may be applied to the
construction of transgenic regulatory control systems that are responsive to cell-permeable,

exogenous molecules of interest for a given cellular network. In regulating sets of functional
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proteins, these switches can act to rewire information flow through cellular networks and
reprogram cellular behavior in response to changes in the cellular environment. In regulating
reporter proteins, ribozyme switches can serve as synthetic cellular sensors for diverse input
molecules to monitor temporal and spatial fluctuations in the levels of their target molecules.
The switch platforms described here represent powerful tools for constructing ligand-
controlled gene regulatory systems tailored to respond to specific effector molecules and
enable regulation of target genes in various living systems, and due to their general
applicability our platforms offer broad utility for applications in synthetic biology,

biotechnology, and health and medicine.

3.4. Materials and Methods
3.4.1. Plasmid, switch construction, and cell strains
Using standard molecular biology techniques®, a modular characterization plasmid,
pRzS, harboring the yeast-enhanced green fluorescence protein (yEGFP)*® under control of a
GAL1-10 promoter, was constructed and employed as a universal vector for the
characterization of all ribozyme switches. For the ribozyme switch-mediated growth studies,
the yegfp gene was replaced with the his5 gene®”. The engineered ribozyme constructs were
generated by PCR amplification using the appropriate oligonucleotide templates and primers.
All oligonucleotides were synthesized by Integrated DNA Technologies. All engineered
ribozyme constructs were cloned into two unique restriction sites, Avrll and Xhol, 3
nucleotides downstream of the yEGFP stop codon and upstream of an ADH1 terminator.
Cloned plasmids were transformed into an electrocompetent Escherichia coli strain,

DH10B (Invitrogen) and all ribozyme constructs were confirmed by subsequent sequencing
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(Laragen, Inc). Confirmed plasmid constructs were transformed into a Saccharomyces
cerevisiae strain (W303 MAT« his3-11,15 trpl-1 leu2-3 ura3-1 ade2-1) using standard

lithium acetate procedures®.

3.4.2. RNA secondary structure prediction and free energy calculation

RNAstructure 4.2 (http://rna.urmc.rochester.edu/rnastructure.html) was used to

predict the secondary structures of all switch constructs and their thermodynamic properties.
RNA sequences that are predicted to adopt at least two stable equilibrium conformations

(ribozyme inactive and active) were constructed and examined for functional activity.

3.4.3. Ribozyme characterization assays

S. cerevisiae cells harboring the appropriate plasmids were grown in synthetic
complete medium supplemented with an appropriate dropout solution and sugar (2%
raffinose, 1% sucrose) overnight at 30°C. Overnight cultures were back diluted into fresh
medium to an optical density at 600 nm (ODso) of approximately 0.1 and grown at 30°C. An
appropriate volume of concentrated effector stock (to the appropriate final concentration of
theophylline or tetracycline) dissolved in medium or an equivalent volume of the medium
(no effector control) was added to the cultures at the time of back dilution. In addition, at this
time an appropriate volume of galactose (2% final concentration) or an equivalent volume of
water were added to the cultures for the induced and non-induced controls, respectively. For
specificity assays, an appropriate volume of a concentrated caffeine or doxycycline stock
(final concentrations of 1 mM and 250 uM, respectively) was added to a separate culture.

Cells were grown to an ODgo of 0.8-1.0 or for a period of approximately 6 h before
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measuring GFP levels on a Safire fluorescent plate reader (Tecan) and/or on a Cell Lab
Quanta SC flow cytometer (Beckman Coulter). For temporal response assays, cultures were
grown as described above in the absence of the appropriate effector and fluorescence data
were taken every 30 min. After 4 h growth, appropriate volumes of the concentrated effector
stock or plain medium were added to the cultures and fluorescence was monitored for several

hours thereafter.

3.4.4. Cell growth regulation assays

For liquid culture assays, S. cerevisiae cells carrying appropriate plasmids were back
diluted and grown according to procedures described above with minor modifications. A
competitive inhibitor of the his5 gene product, 3-amino-triazole (3AT), was added to a final
concentration of 5 mM to increase the threshold level of histidine required for cell growth.
Cultures were grown in various theophylline concentrations and the growth of each sample
was monitored over a 24 h period. The theophylline-regulated growth at 24 h is reported in
terms of ODgo readings measured on the Tecan. For plate-based assays, 10 uL of the back
diluted culture samples was streaked on plates containing 0 and 5 mM theophylline. A higher
concentration of 3AT (25 mM) was used in the plate-based assays to optimize visual

assessment of theophylline-regulated cell growth.

3.4.5. Metabolite sensing assays
S. cerevisiae cells carrying appropriate plasmids were back diluted and grown
according to procedures described above with minor modifications. Cultures were grown in

the absence and presence of xanthosine (250 uM final concentration). To account for inducer
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depletion, galactose was added to the cultures at 8 h time intervals to a 2% final
concentration. Fluorescence levels of the samples were monitored over a 48 h period
according to procedures described above. For HPLC analysis, cell extracts were prepared
after appropriate growth periods following xanthosine feeding by rapid freezing of cell
cultures in liquid nitrogen in the form of beads. Frozen cell beads were subsequently lysated
by grinding using a mortar and pestle followed by extraction with methanol. Intracellular
metabolite levels were analyzed using an HPLC system integrated with a mass spectrometer
(HPLC-MS) (Agilent Technologies), which enables confirmation of metabolite peaks based

on their corresponding molecular weights.

3.4.6. Fluorescence quantification

The population-averaged fluorescence of each sample was measured on a Safire
fluorescence plate reader with the following settings: excitation wavelength of 485 nm, an
emission wavelength of 515 nm, and a gain of 100. Fluorescence readings were normalized
to cell number by dividing fluorescence units by the ODggo of the cell sample and subtracting
the background fluorescence level to eliminate autofluorescence.

Fluorescence distributions within the cell populations were measured on a Quanta
flow cytometer with the following settings: 488 nm laser line, 525 nm bandpass filter, and
PMT setting of 5.83. Fluorescence data was collected under low flow rates for approximately
30,000 cells. Viable cells were selected and fluorescence levels were determined from 10,000
counts in this selected population. A non-induced cell population was used to set a ‘negative
GFP’ gate. Cells exhibiting fluorescence above this negative gate are defined as the “positive

GFP’ cell population.
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Similar to previous reports*” *2

, We report gene expression levels as “fold’, where 1
fold is defined as the reporter gene expression level of STRSV relative to the background
fluoresence level. Ligand-directed regulatory effects are reported as fold gene expression
levels normalized to the levels in the absence of effector. All fluorescence data and mean

+s.d. are reported from at least three independent experiments.

3.4.7. Quantification of cellular transcript levels

Briefly, total RNA was extracted employing standard acid phenol extraction
methods®® followed by cDNA synthesis and PCR amplification. cDNA was synthesized
using gene-specific primers (Supplementary Table 3.3) and Superscript 11l Reverse
Transcriptase (Invitrogen) following manufacturer’s instructions. Relative transcript levels
were quantified from the cDNA samples by employing an appropriate primer set and the iQ
SYBR Green Supermix (BioRAD) according to manufacturer’s instructions on an iCycler iQ
gRT-PCR machine (BioRAD). The resulting data were analyzed with the iCycler iQ software
according to manufacturer’s instructions. Transcript levels of switch constructs were

normalized to that of the endogenous actl gene** using actl-specific primers.

3.5. Supplementary Information

Supplementary Text 3.1: Glossary of terms

actuator domain A switch domain that encodes the system control function.
As used here, the actuator domain encodes the gene
regulatory function and is comprised of a hammerhead

ribozyme sequence.
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communication module

A sequence element that typically forms an imperfectly
paired double-stranded stem that can adopt different base
pairs between nucleotides through a ‘slip-structure’
mechanism. As used here, a communication module is a
type of information transmission domain that transmits the
binding state of the aptamer domain to the adjacent
actuator domain through a helix slipping mechanism. As
demonstrated in this work, a communication module does
not act in a modular fashion with other switch domains.
The term is retained here from earlier work in the field of

nucleic acid engineering.

competing strand

The nucleic acid sequence within a strand displacement
domain that is bound to the general transmission region of
the switch when the sensor domain is in the restored
conformation (i.e., in the presence of ligand). The
competing strand competes for binding with the switching
strand, which is initially bound to this transmission region

in the absence of ligand.

component

A part of a system that encodes a distinct activity or

function.

composability

A property of a system that indicates its ability to be

comprised of components that can be selected and
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assembled in a modular fashion to achieve a desired
system performance. As used here, composability refers to
the ability of the individual domains of the control system

to be modularly linked without disrupting their activities.

engineering design principle

A required property of a constructed system that enables

use by others.

framework

A Dbasic conceptual structure that is used to solve a
complex product design issue. As used here, the
framework is used to reliably design and construct specific
instances of RNA switches. The conceptual structure of
our framework is comprised of specified engineering
design principles and design strategies that enable

extensible and reusable system design.

helix slipping domain

A subset of information transmission domains that act
through a helix slipping mechanism. The helix slipping

domain is also referred to as the communication module.

helix slipping mechanism

An information transmission mechanism that is based on
an information transmission domain that functions
through a helix slipping event and does not allow for
rational design. Such a helix slipping event utilizes a

communication module (or helix slipping domain) within
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the general transmission region of the switch (the base
stem of the aptamer) to result in disruption or restoration
of the actuator domain in response to restoration of the

sensor domain.

information transmission

domain

A switch domain that encodes the function of transmitting
information between the sensor domain and the actuator

domain.

information transmission

mechanism

A general mechanism for transmitting information
between the sensor domain and the actuator domain of a
switch. As used here, this mechanism regulates the
activity of the actuator domain in response to the binding

state of the sensor domain.

modular

A property of a system comprised of modules, which
indicates that the modules can be interchanged as parts
without changing the interface between modules or the

modules themselves.

module

A self-contained system component that has a well-

defined interface with other system components.

platform

A general framework on which specific applications can
be implemented. As used here, the platform enables

specific instances of switches to be built in a standardized
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manner.

portability

A property of a system that indicates its ability to be
implemented in environments different from that which it
was originally designed. As used here, portability refers to
the ability of the control system to be implemented in

different organisms.

reliability

A property of a system that indicates its ability to perform
and maintain its functions under a set of specified
conditions. As used here, reliability refers to the ability of
the information transmission domain to standardize the
transmission of information between the sensor and

actuator domains.

scalability

A property of a system that indicates its ability to handle
increasing work. As used here, scalability refers to the
ability of the control system to be implemented across
broad application space by being able to forward design

its response to different molecular information.

switch

A molecule that can adopt at least two different
conformational states, where each state is associated with
a different activity of the molecule. Often a ligand can

bind to one or more conformations of the switch, such that
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the presence of the ligand shifts the equilibrium
distribution across the adoptable conformations and
therefore regulates the activity of the switch molecule. As
used here, switch refers to an RNA molecule that can
adopt different structures that correspond to different
gene-regulatory activities. An RNA switch is then a

ligand-controlled gene regulatory system.

switch domain

A component of a switch that encodes a distinct activity or

function.

switching strand

The nucleic acid sequence within a strand displacement
domain that is bound to the general transmission region of
the switch when the sensor domain is in the disrupted
conformation (i.e.,, in the absence of ligand). The
switching strand is displaced by the competing strand in

the presence of ligand.

sensor domain

A switch domain that encodes a ligand-binding function.
As used here, the sensor domain is comprised of an RNA

aptamer sequence.

strand displacement domain

A subset of information transmission domains that act

through a strand displacement mechanism.
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strand displacement

mechanism

An information transmission mechanism that is based on
the rational design of an information transmission domain
that functions through a strand displacement event. Such a
strand displacement event utilizes competitive binding of
two nucleic acid sequences (the competing strand and the
switching strand) to a general transmission region of the
switch (the base stem of the aptamer) to result in
disruption or restoration of the actuator domain in

response to restoration of the sensor domain.

universal

A system property that indicates its ability to maintain
function across different applications, environments, and
component interfaces. As used here, a universal system is
composed of the five engineering design principles
(scalability, portability, utility, composability, and
reliability) and results in the specified extensible platform

for RNA switch construction.

utility

A property of a system that indicates its ability to be of
practical use. As used here, utility refers to the ability of
the control system to interface with different functional
level components to enable forward design of the function

that is being controlled by the system.
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Supplementary Text 3.2: Ribozyme control constructs for loop sequence coupling and stem
integration controls

To establish and make useful our design strategy we constructed and characterized a
series of ribozyme controls. We characterized the regulatory activity of our ribozyme
constructs within a modular ribozyme characterization system in the eukaryotic model
organism Saccharomyces cerevisiae (Figure 3.1A). First, an inactive ribozyme control
(STRSV Contl, Supplementary Figure 3.1A) was constructed to adopt the same structural
motif as STRSV (Figure 3.1A), while carrying a scrambled catalytic core sequence. Second, a
synthetic STRSV ribozyme (hhRz 1) that contains closed loops in stems Il and Il and is
embedded through stem | was constructed as a stem integration control (Supplementary
Figure 3.1A). Finally, we constructed four loop sequence controls. In one set, stem loops |
and Il (L1R and L2R, respectively) were replaced by the theophylline aptamer TCT8-4%
(Supplementary Figure 3.1B), and in another set, the theophylline aptamer was coupled
directly to sequences in loops | and Il (L1Theo and L2Theo, respectively) (Supplementary
Figure 3.1C). sTRSV exhibits a 50-fold reduction in target expression levels relative to
STRSV Contl (Supplementary Figure 3.1D). HhRz I, L1R, and L2R exhibit similar target
expression levels to that of STRSV Contl, suggesting that ribozyme activity was abolished in
these constructs. In contrast, L1Theo and L2Theo exhibit significantly lower target
expression levels relative to sSTRSV Contl. L1Theo and L2Theo were employed as the
primary base constructs in engineering our synthetic ribozyme switch platforms. In addition,
scrambled core versions of L1Theo and L2Theo exhibit no theophylline-dependent shifts in
gene expression (data not shown), indicating that theophylline binding in that region of the

transcript alone is not responsible for the observed regulatory effects. Taken together, we
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find that our design strategy enables the construction of a universal ribozyme switch platform

that satisfies the design principles of portability, utility, and composability.

Supplementary Text 3.3: Rational tuning strategies for strand displacement-based switches

A series of nine tuned ‘ON’ switches were constructed from L2bulgel as a base
structure by employing rational energetic tuning strategies developed in this work. This
strategy is based on the effects of altering the predicted free energies of a particular
conformation (-AG) and the predicted difference between the free energies of two
conformations (AAG) on RNA conformational dynamics, or the ability of the RNA molecule
to distribute between these two conformational states. Supplementary Table 3.2 lists free
energies (-AG) of ribozyme active and inactive conformations and the energy difference
(AAG) between the free energies of these two conformations. Specifically, lowering values
for either of these energetic measurements (-AG or AAG) is expected to make it easier for a
particular RNA molecule to switch between the conformational states in question. Therefore,
there is an anticipated optimum conformational energy and energetic difference between
conformations to achieve the desired range of switching in response to effector concentration
(i.e., energy measurements too high will result in stable non-switch designs, and energy
measurements or energy difference measurements too low will result in fairly equal
distributions between the two conformational states and lower switching capabilities). It is
also expected, then, that one can “push” switches into a non-switch state by moving away
from this energetic optimum. This strategy was examined in a series of tuning experiments

described below.
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L2bulge2 and L2bulge3 (Supplementary Figure 3.5) replace canonical base pairs in
the aptamer base stem of the ribozyme inactive conformation of L2bulgel with U-G wobble
pairs. As a result of these destabilizing alterations, both equilibrium conformations (ribozyme
active and ribozyme inactive) become less thermodynamically stable than those of L2bulgel,
as estimated from their predicted free energies (-AG). In addition, the energy required to
switch between the two equilibrium conformations was maintained similar to that of
L2bulgel, as estimated by the difference between the free energies of the two conformations
(AAG). Ribozyme assays indicate that both L2bulge2 and L2bulge3 exhibit smaller dynamic
ranges than that of L2bulgel (Figure 3.4C and Supplementary Figure 3.8). It is proposed that
the lower stabilities of the conformational states enable more frequent dynamic switching
between the two equilibrium conformations and therefore lower the difference in distribution
favoring one state over the other.

L2bulged4 (Supplementary Figure 3.5) incorporates an additional G-U wobble pair
within the aptamer base stem of the ribozyme inactive conformation of L2bulgel. However,
this aptamer stem extension does not result in an appreciable predicted change in the
thermodynamic stabilities of the equilibrium conformations or the energy required to switch
between the two equilibrium conformations when compared to L2bulgel. Ribozyme assays
indicate that L2bulge4 exhibits a dynamic range in response to theophylline levels similar to
that of L2bulgel (Figure 3.4C and Supplementary Figure 3.8).

L2bulge5 (Supplementary Figure 3.5) incorporates an additional canonical base pair
(A-U) within the aptamer base stem of L2bulgel. As a result of this stabilizing alteration, the
conformation of the ribozyme switch, in which the aptamer structure is formed and the

catalytic core is disrupted (ribozyme inactive), is increased in stability and as stable as the
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conformation in which the catalytic core is not disrupted (ribozyme active). The increased
stability of the ribozyme inactive conformation in L2bulge5 in comparison to L2bulgel and
L2bulge4 indicates that the equilibrium distribution between these two conformations will
shift to favor the ribozyme inactive conformation. Ribozyme assays indicate that L2bulge5
exhibits significantly higher GFP expression levels in the absence and presence of
theophylline compared to those of L2bulgel and L2bulge4, such that the theophylline-
regulated increase in gene expression is similar to that of L2bulge3 but different in regulatory
dynamic ranges (Figure 3.4C and Supplementary Figure 3.8).

Two switches in this series, L2bulge6 and L2bulge7, were constructed to demonstrate
the ability of this tuning strategy to “push” the ribozyme switch constructs out of a
switchable energetic range and approach non-switching extremes. L2bulge6 (Supplementary
Figure 3.5) was designed to energetically favor the conformation, in which the aptamer
structure is formed and the catalytic core is disrupted, (ribozyme inactive) in the absence of
theophylline by introducing a stabilizing G-C base pair into the aptamer stem of this
conformation. Since the aptamer conformation is expected to be favored in L2bulge6, the
presence of theophylline is expected to have little or no effect on the conformational
dynamics of this switch. L2bulge7 (Supplementary Figure 3.5) was designed to energetically
favor the conformation, in which the aptamer structure is not formed and the catalytic core is
undisrupted (ribozyme active), by introducing a stabilizing U-A base pair into the stem
extending from loop Il in this conformation. As the stability of the ribozyme active
conformation is significantly higher than that of the ribozyme inactive conformation for
L2bulge7, the presence of theophylline is expected to have little effect on the conformational

dynamics of this ribozyme switch. Ribozyme assays indicate that L2bulge7 exhibits very low
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GFP expression levels and L2bulge6 exhibits very high GFP expression levels in the
presence and absence of theophylline (Supplementary Figure 3.8). As rationally designed,
both constructs exhibit little increase in target expression levels in response to theophylline
by energetically favoring one of the two conformational states (Figure 3.4C).

L2bulge 8 (Supplementary Figure 3.5) was modified from L2bulge7 by replacing the
canonical base pair (U-A) with a wobble base pair (U-G), thereby reducing the stability of
the ribozyme active conformation of L2bulge7 and allowing it to adopt the ribozyme inactive
conformation. Similarly, L2bulge 9 (Supplementary Figure 3.5) was modified in such a way
to reduce the energy difference between the two conformations of L2bulge7. Ribozyme
assays indicate that L2bulge8 and L2bulge9 exhibit theophylline-dependent up-regulation of
target gene expression in accordance with the reduced stabilities of the ribozyme active
conformations and energy differences between the two adoptable conformations for each of
these switch constructs (Figure 3.4C and Supplementary Figure 3.8).

In addition, a series of three tuned ‘OFF’ switches were constructed by using rational
energetic tuning strategies from L2bulgeOffl as a base structure. L2bulgeOff2 and
L2bulgeOff3 were constructed to demonstrate tunability of the ‘OFF’ switch platform using
similar energetic design strategies (Supplementary Figure 3.5). These switch variants exhibit
different theophylline-responsive dynamic ranges from that of L2bulgeOff1 (Figure 3.4D and
Supplementary Figure 3.8).

Flow cytometry analysis of the tuned ribozyme switch series demonstrate that the
tuned switches exhibit corresponding shifts in the mean fluorescence of the cell populations
in the presence and absence of theophylline (Supplementary Figure 3.6). The relative

dynamic ranges of the switches across the full regulatory range bracketed by the ribozyme
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active and inactive controls, STRSV and sTRSV Contl respectively, are presented in
Supplementary Figure 3.8.

Among the twelve tuned switches (both ‘ON’ and ‘OFF’), the dynamic regulatory
ranges of most of these switches are in agreement with our rational tuning strategies based on
the -AG and AAG values predicted by RNAstructure 4.2. Two exceptions are noted:
L2bulge9 and L2bulgeOff3. L2bulge9 exhibits a larger dynamic regulatory effect despite its
higher AAG than L2bulge8. L2bulgeOff3 exhibits a smaller dynamic regulatory effect despite
its smaller AAG than L2bulgeOff2. However, it is more difficult to make a direct comparison
between L2bulgeOff2 and L2bulgeOff3, as both conformations of L2bulgeOff3 are
significantly more stable than those of L2bulgeOff2, likely resulting in L2BulgeOff3 less
frequently switching between its two conformations and thus enabling this molecule to get
‘trapped’ in its lower free energy states. In addition, outliers may also arise because the
RNAstructure program predicts these energy values based on the secondary structure of a
particular conformation and does not take into consideration energy contributions from
tertiary interactions (that have been observed in prior work'®) in estimating these energies.
Nevertheless, we demonstrate that energetic predictions based solely on secondary structure
are useful for our rational tuning design strategies. The different dynamic regulatory ranges
exhibited by our tuned switches in response to their specific effector (Supplementary Figure
3.8) validate that such response programming can be achieved by altering the nucleotide
composition of the information transmission region within a switch, thereby demonstrating

the interdependence between RNA sequence, structure, and function.
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Supplementary Figures and Tables

ue
cG [=1Y] uc
¢ b g
stem Il ua GCA A
GC Unle, Cu
A G ccCc G&
G astem il BN €
GUg A ‘acacc? Y ASac A Acte™”
A
cVu AC A G S wéucé £ <% cu®le, o cVu cu®ile, Ve
& Ucceey aucc®u . Uy uccoay succ®u & uccesy oucc 4
U AGGCCA ACAGG,G uA Ua— AGGCCA CAGG, G AGGCCA GCAGE—G
cY *—CUAAG GC cuAAA Ugu’ C ya AR
é¢ 6c X
aa stem| ¢ i ¢
| | &8 AAAAA } UA, AAAAA | I G- AAAAA | : &8 AAAAA
! STRSV Contl hhRz | LR LR
e} 50 49 52
o 48 —F
w ]
cvy TS = 50 —
GCSAU AuﬁGU j—
AcCece e g 40
u /¢ (0]
A cAuu® -
G uACE c 304
L o < o
Ua A uc ‘»
GUAC clu CuG UGA G u CUG UGA AGCA ¢ 8 21
U CoGY Gucc®u & uccesy qucc® Ul 20 -
U ACSCEA AGCASEAE 1 AGBECA GCAGG,G’, <
L3’ / ua u / Cunnt 122 s
GC
& & & 104 6
” €& aaaaa | 1 et AAAAA o 1
T
L1Theo L2Theo s J— |j|
o 0 T T T T T T
o sTRSV sTRSV hhRz|  L1R L2R  L1Theo L2Theo

Contl

Supplementary Figure 3.1. Control constructs supporting the design strategy for
engineering ligand-regulated ribozyme switches. Color schemes are as follows: catalytic
core, purple; aptamer sequences, brown; loop sequences, blue; brown arrow, cleavage site.
(A) Sequences of the ribozyme (STRSV Contl) and stem integration (hhRz 1) controls. (B)
Sequences of the loop sequence controls in which the loop I and Il sequences are replaced by
the theophylline aptamer (L1R and L2R, respectively). (C) Sequences of the loop sequence
controls in which the theophylline aptamer is connected directly to the loop | nucleotides
through L1.3 and L1.4 (L1Theo) and the loop Il nucleotides through L2.2 and L2.3
(L2Theo). (D) Gene expression levels (in fold) of the control constructs. 1-fold is defined as
the reporter gene expression level of STRSV relative to that of the background fluorescence
level. The mean %s.d. from at least three independent experiments is shown.
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Supplementary Figure 3.2. Flow cytometry histograms of L2bulgel, L2bulgeOff1, and the
ribozyme control cell populations grown in the presence (+) and absence (-) of 5 mM
theophylline. Red line: cell populations grown in the absence of theophylline; green line: cell
populations grown in 5 mM theophylline; shaded population: cell populations indicative of
the non-induced cell population, shaded here to indicate the portion of cells in the population
that have lost the plasmid and exhibit non-induced, or background, levels of
autofluorescence. Histograms are representative of three independent experiments.
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Supplementary Figure 3.3. Flow cytometry histograms of the helix slipping-based
ribozyme switch cell populations grown in the presence (+) and absence (-) of 5 mM
theophylline. Population data is measured and reported as described in Supplementary Figure
3.2. Histograms are representative of three independent experiments.
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Supplementary Figure 3.4. Temporal responses of L2bulgel, L1cm10, and L2cm4 in
response to the addition of 5 mM theophylline (final concentration). The time point at which
theophylline was added to the cultures is indicated by an arrow. Brown: 5 mM theophylline
added to growing cultures; gray: no theophylline added to growing cultures. Gene expression
levels are reported as RFU/OD by dividing fluorescence units by the OD600 of the cell
sample and subtracting the background fluorescence level. L2bulgel exhibits up-regulation
of GFP levels in response to the addition of theophylline; L1cm10 and L2cm4 exhibit down-
regulation of GFP levels in response to theophylline addition. The mean + s.d. from at least
three independent experiments is shown for all graphs.
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Supplementary Figure 3.5. Sequences and structures of tuned ribozyme switches in the
L2bulge series. The nucleotides altered from the parent construct, L2bulgel, are highlighted.
The two stable equilibrium conformations, ribozyme active and inactive conformations, are
indicated for the parent ribozyme switch. The ribozyme active conformations of L2bulge2-5
are not shown as they are similar to L2bulgel. L2bulge6 and L2bulge7 assume a single
predominant conformation, ribozyme inactive and ribozyme active, respectively, and do not
undergo theophylline-induced conformational switching. L2bulge8 and L2bulge9, modified
from L2bulge7 by reducing the stability of the ribozyme active conformation and the energy
difference between the two conformations of L2bulge7, now become capable of switching.
For these two modified switch constructs, only the ribozyme active conformations are shown,
as their ribozyme inactive conformations are similar to those of the other switches illustrated.
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Supplementary Figure 3.6. Flow cytometry histograms of the tuned ribozyme switch series
cell populations grown in the presence (+) and absence (-) of 5 mM theophylline. Population
data is measured and reported as described in Supplementary Figure 3.2. Histograms are
representative of three independent experiments.
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Supplementary Figure 3.7. Detection of intracellular accumulation of the substrate
xanthosine and the product xanthine over three different time points. Accumulation of
xanthosine is observed at earlier time points. Conversion of xanthosine to xanthine was
detected at 24 h after substrate feeding and a higher accumulation of xanthine was detected at
48 h after substrate feeding.
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Supplementary Figure 3.8. Dynamic ranges of regulation of the ribozyme switches and
controls engineered in this work. The regulatory effects at 5 mM theophylline are reported on
a full transcriptional range spectrum scale without normalization to the corresponding base
expression level of each switch in the absence of effector (0 mM). Little or no effector-
mediated gene regulatory effect is observed in the non-switch control constructs. Gene
expression fold is defined as previously where 1 fold is equivalent to the reporter gene
expression level of STRSV relative to the background fluorescence level. STRSV is the most
active ribozyme construct exhibiting the lowest gene expression level and sTRSV Contl is
the most inactive ribozyme construct exhibiting the highest gene expression level, providing
a 50-fold range as the full spectrum equivalent to a total of 50 folds. Arrows indicate the
direction of regulation as an increasing concentration of theophylline. These switches offer
diverse dynamic ranges of regulation and thus provide a broader utility to fit specific
applications of interest. Data are reported from three independent experiments and the + s.d.
is the same as that reported in the manuscript figures.
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Supplementary Table 3.1. Relative steady-state ribozyme switch and ribozyme control
transcript levels in the presence and absence of theophylline.

constructs 0 mM theopylline 5 mM theophylline regulatory effect
sTRSV 0.08+0.01 0.11+0.01 little
sTRSV Contl 1.00+0.06 1.10+£0.04 little
L2bulge1 0.4910.04 0.77+0.10 up-regulation
L1cm10 0.66+0.05 0.43+0.06 down-regulation
L2cm4 0.67+0.05 0.38+0.06 down-regulation

Quantitative RT-PCR (qRT-PCR) analysis was performed on L2bulgel, L1cm10, L2cm4,
satellite RNA of tobacco ringspot virus (STRSV), and sTRSV control (STRSV Contl).
Transcript levels in the presence or absence of theophylline are reported as fractions relative
to those of STRSV Contl. L2bulgel exhibits a higher steady-state level of target transcript,
while L1cm10 and L2cm4 exhibited lower steady-state target transcript levels in the presence
of 5 mM theophylline than in the absence of theophylline. The ribozyme controls, STRSV
and sTRSV Contl, exhibited little effect on steady-state transcript levels due to the presence
of theophylline. In addition, relative steady-state levels of these switches corresponded to the
relative GFP expression levels as determined through the functional ribozyme switch assays.
All data are reported from three independent experiments.

Supplementary Table 3.2. Free energies (-AG, kcal/mol) of individual conformations
(ribozyme-active and -inactive) and the energy difference (AAG, kcal/mol) between the free
energies of these two conformations predicted by RNAstructure 4.2.

switch constructs aptamer—unlf)roelfnznceorgf):)?;ation (-AG) aptamer-btl;f:de;oer:%{:\;tion (-AG) free energy difference (AAG)
ON switches ribozyme active ribozyme inactive
L2bulge1 38.9 38.1 0.8
L2bulge2 36.0 35.2 0.8
L2bulge3 35.5 34.6 0.9
L2bulge4 39.5 38.8 0.7
L2bulge5 39.5 39.5 0.0
L2bulge6 39.2 40.5 -1.3
L2bulge7 40.2 36.5 3.7
L2bulge8 39.4 38.0 1.4
L2bulge9 39.3 377 1.6
OFF switches ribozyme inactive ribozyme active
L2bulgeOff1 39.3 38.6 0.7
L2bulgeOff2 39.3 37.2 21
L2bulgeOff3 39.9 38.2 1.7
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Supplementary Table 3.3. Primer and additional ribozyme construct sequences.

name oligonucleotide sequences comments

5' spacer 5' AAACAAACAAA spacer sequence preceding each construct

3' spacer 5' AAAAAGAAAAATAAAAA spacer sequence following each construct

L1-2 fwd 5' GACCTAGGAAACAAACAAAGCTGTCACC forward primer for all constructs

L1-2 rev 5' GGCTCGAGTTTTTATTTTTCTTTTTGCTGTTTCG reverse primer for all constructs

yEGFP fwd 5' CGGTGAAGGTGAAGGTGATGCTACT forward primer specific for QqRT-PCR of yegfp

yEGFP rev 5' GCTCTGGTCTTGTAGTTACCGTCATCTTTG reverse primer specific for cDNA synthesis and qRT-PCR of yegfp

Actl fwd 5' CGGTGAAGGTGAAGGTGATGCTACT forward primer specific for qRT-PCR of actl

Actl rev 5' GCTCTGGTCTTGTAGTTACCGTCATCTTTG reverse primer specific for cDNA synthesis and gRT-PCR of actl

L1bulge1 5 GCTGTCACCGGATGTACCGGAATACCAGCATCGTCTTGAT  [no functional activity observed
GCCCTTGGCAGTCTGGTCCGGTGCTTTCCGGTCTGATGAGT
CCGTGAGGACGAAACAGC

L1bulge2 5' GCTGTCACCGGATGTACCGGAATACCAGCATCGTCTTGAT  [no functional activity observed
GCCCTTGGCAGTCCGGTCCGGTGCTTTCCGGTCTGATGAGT
CCGTGAGGACGAAACAGC

L1bulge3 5' GCTGTCACCGGATGTACCGGAATACCAGCATCGTCTTGAT  |no functional activity observed
GCCCTTGGCAGTCTGGGTCCGGTGCTTTCCGGTCTGATGAGT
CCGTGAGGACGAAACAGC

L1bulge4 5' GCTGTCACCGGATGTACCGGAATACCAGCATCGTCTTGAT  |[no functional activity observed
GCCCTTGGCAGTCCGGGTCCGGTGCTTTCCGGTCTGATGAGT
CCGTGAGGACGAAACAGC

L1bulge5 5' GCTGTCACCGGATGTACCGGAATACCAGCATCGTCTTGAT  [no functional activity observed
GCCCTTGGCAGTCTGGTTCCGGTGCTTTCCGGTCTGATGAGT
CCGTGAGGACGAAACAGC

L1bulge6 5' GCTGTCACCGGATGTACCGGAATACCAGCATCGTCTTGAT  [no functional activity observed
GCCCTTGGCAGTCTGGATCCGGTGCTTTCCGGTCTGATGAGT
CCGTGAGGACGAAACAGC

L1cm10 5'CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGG |[This sequence represents a template for other communication

TCTGATGAGTCCGTAAATGATACCAGCATCGTCTTGATGCCCTTmodule constructs through L1 by replacing the colored sequences
GGCAGCTGCGAGGACGAAACAGCAAAAAGAAAAATAAAAA with corresponding modules

CTCGAG
L2cm4 5'CCTAGGAAACAAACAAAGCTGTCACCGGATGTCCTGGATACC|This sequence represents a template for other communication
AGCATCGTCTTGATGCCCTTGGCAGTCATAGCTTTCCGGTCTG|module constructs through L2 by replacing the colored sequences
ATGAGTCCGTGAGGACGAAACAGCAAAAAGAAAAATAAAAA with corresponding modules

CTCGAG

cma 5'CCTT ref. 19, "class | induction element"
5'ACGT

cm2 5'CCAGG ref. 20
5TTTGA

cm3 5TCTGG ref. 20
5TCTTA

cmé 5'GGATG ref. 21
5'CAAT

cm7 5'GGAGG ref. 21
5'CCTT

cm8 5'ATACG ref. 21
5'CGGT

cm11 5'TCGAG ref. 21
5'CTCTA

cm12 5'AGGG ref. 21
5'CTCTA

Acknowledgements

We thank K. Hawkins for assistance in controls and HPLC experiments and data
analysis; A. Babiskin for supply of pRzS and assistance in qRT-PCR assays; K. Dusinberre,
J. Michener, J. Liang for assistance in controls; E. Kelsic for assistance in image

presentation; Y. Chen, K. Hoff for critical reading of the manuscript. This work was

121



supported by the Arnold and Mabel Beckman Foundation, the National Institutes of Health,

and the Center for Biological Circuit Design at Caltech (fellowship to M.N.W.).

References

1. Endy, D. Foundations for engineering biology. Nature 438, 449-53 (2005).

2. Voigt, C. A. Genetic parts to program bacteria. Curr Opin Biotechnol 17, 548-57
(2006).

3. Gossen, M. & Bujard, H. Tight control of gene expression in mammalian cells by
tetracycline-responsive promoters. Proc Natl Acad Sci U S A 89, 5547-51 (1992).

4, Lutz, R. & Bujard, H. Independent and tight regulation of transcriptional units in
Escherichia coli via the LacR/O, the TetR/O and AraC/I1-12 regulatory elements.
Nucleic Acids Res 25, 1203-10 (1997).

5. Mandal, M. & Breaker, R. R. Gene regulation by riboswitches. Nat Rev Mol Cell
Biol 5, 451-63 (2004).

6. Kim, D. S., Gusti, V., Pillai, S. G. & Gaur, R. K. An artificial riboswitch for
controlling pre-mRNA splicing. Rna 11, 1667-77 (2005).

7. An, C. I, Trinh, V. B. & Yokobayashi, Y. Artificial control of gene expression in
mammalian cells by modulating RNA interference through aptamer-small molecule
interaction. Rna 12, 710-6 (2006).

8. Bayer, T. S. & Smolke, C. D. Programmable ligand-controlled riboregulators of
eukaryotic gene expression. Nat Biotechnol 23, 337-43 (2005).

9. Isaacs, F. J., Dwyer, D. J. & Collins, J. J. RNA synthetic biology. Nat Biotechnol 24,

545-54 (2006).

122



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Bunka, D. H. & Stockley, P. G. Aptamers come of age - at last. Nat Rev Microbiol 4,
588-96 (2006).

Tuerk, C. & Gold, L. Systematic evolution of ligands by exponential enrichment:
RNA ligands to bacteriophage T4 DNA polymerase. Science 249, 505-10 (1990).
Ellington, A. D. & Szostak, J. W. In vitro selection of RNA molecules that bind
specific ligands. Nature 346, 818-22 (1990).

Hermann, T. & Patel, D. J. Adaptive recognition by nucleic acid aptamers. Science
287, 820-5 (2000).

Birikh, K. R., Heaton, P. A. & Eckstein, F. The structure, function and application of
the hammerhead ribozyme. Eur J Biochem 245, 1-16 (1997).

Marschall, P., Thomson, J. B. & Eckstein, F. Inhibition of gene expression with
ribozymes. Cell Mol Neurobiol 14, 523-38 (1994).

Khvorova, A., Lescoute, A., Westhof, E. & Jayasena, S. D. Sequence elements
outside the hammerhead ribozyme catalytic core enable intracellular activity. Nat
Struct Biol 10, 708-12 (2003).

Yen, L. et al. Exogenous control of mammalian gene expression through modulation
of RNA self-cleavage. Nature 431, 471-6 (2004).

Koizumi, M., Soukup, G. A., Kerr, J. N. & Breaker, R. R. Allosteric selection of
ribozymes that respond to the second messengers cGMP and cAMP. Nat Struct Biol
6, 1062-71 (1999).

Soukup, G. A. & Breaker, R. R. Engineering precision RNA molecular switches. Proc

Natl Acad Sci U S A 96, 3584-9 (1999).

123



20.

21.

22,

23.

24,

25.

26.

217,

28.

29.

Soukup, G. A., Emilsson, G. A. & Breaker, R. R. Altering molecular recognition of
RNA aptamers by allosteric selection. J Mol Biol 298, 623-32 (2000).

Kertsburg, A. & Soukup, G. A. A versatile communication module for controlling
RNA folding and catalysis. Nucleic Acids Res 30, 4599-606 (2002).

Pelletier, J. & Sonenberg, N. Insertion mutagenesis to increase secondary structure
within the 5' noncoding region of a eukaryotic mRNA reduces translational
efficiency. Cell 40, 515-26 (1985).

Jenison, R. D., Gill, S. C., Pardi, A. & Polisky, B. High-resolution molecular
discrimination by RNA. Science 263, 1425-9 (1994).

Berens, C., Thain, A. & Schroeder, R. A tetracycline-binding RNA aptamer. Bioorg
Med Chem 9, 2549-56 (2001).

Hanson, S., Berthelot, K., Fink, B., McCarthy, J. E. & Suess, B. Tetracycline-
aptamer-mediated translational regulation in yeast. Mol Microbiol 49, 1627-37
(2003).

Koch, A. L. The metabolism of methylpurines by Escherichia coli. I. Tracer studies. J
Biol Chem 219, 181-8 (1956).

Nishiwaki, K. et al. Structure of the yeast HIS5 gene responsive to general control of
amino acid biosynthesis. Mol Gen Genet 208, 159-67 (1987).

Ogawa, J. et al. Purification, characterization, and gene cloning of purine
nucleosidase from Ochrobactrum anthropi. Appl Environ Microbiol 67, 1783-7
(2001).

Sambrook, J. & Russell, D. W. Molecular cloning: a laboratory manual (Cold Spring

Harbor Laboratory Press, Cold Spring Harbor, NY, 2001).

124



30.

31.

32.

33.

34.

Mateus, C. & Avery, S. V. Destabilized green fluorescent protein for monitoring
dynamic changes in yeast gene expression with flow cytometry. Yeast 16, 1313-23
(2000).

Gietz, R. & Woods, R. in Guide to Yeast Genetics and Molecular and Cell Biology,
Part B. (eds. Guthrie, C. & Fink, G.) 87-96 (Academic Press, San Diego, 2002).
Isaacs, F. J. et al. Engineered riboregulators enable post-transcriptional control of
gene expression. Nat Biotechnol 22, 841-7 (2004).

Caponigro, G., Muhlrad, D. & Parker, R. A small segment of the MAT alpha 1
transcript promotes mMRNA decay in Saccharomyces cerevisiae: a stimulatory role for
rare codons. Mol Cell Biol 13, 5141-8 (1993).

Ng, R. & Abelson, J. Isolation and sequence of the gene for actin in Saccharomyces

cerevisiae. Proc Natl Acad Sci U S A 77, 3912-6 (1980).

125



Chapter 1V: Higher-order cellular information processing using synthetic RNA

devices*

Abstract

The engineering of biological systems is critical to developing effective solutions to
many societal challenges including energy and food production, environmental quality, and
health and medicine. Programmed cellular information processing and control devices are
needed to engineer biological systems'. Here, we demonstrate synthetic RNA devices that
perform a variety of higher-order cellular information processing operations, including logic
(AND, NOR, NAND, OR gates), signal filters, and signal gain (cooperativity). RNA devices
process and transmit molecular input signals to targeted protein level outputs, linking
computation and logic to gene expression and thus cellular function. The devices are
assembled from modular RNA components through a first-generation composition
framework, highlighting the potential of such synthetic biology strategies to support the rapid

engineering of cellular behavior.

*Reproduced with permission from: M. N. Win and C. D. Smolke. (2008) Manuscript submitted.
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4.1. Introduction

Our ability to transmit information to and from living systems and to act on
information inside living systems is critical to advancing the scale and complexity at which
we can engineer, manipulate, and probe biological systems. There is a need for higher-order
cellular information processing and control devices that produce new cellular functions from
the diverse molecular information present within biological systems, such as small
molecules, proteins, and RNA. For example, logic operations that process and translate
multiple molecular inputs into prescribed levels of new molecular outputs are critical to a
cell’s ability to integrate diverse environmental and intracellular signals to a smaller number
of phenotypic responses. As another example, basic computation operations such as signal
gain, amplification, restoration, and filtering enable useful manipulation of molecular
information through cellular networks.

Researchers have demonstrated many examples of molecular information processing
systems that perform computation and logic with biological substrates. For example, protein-
based systems that perform logic operations to convert molecular inputs to the regulation of
transcriptional events have been demonstrated”>. However, systems based on protein
components have faced limitations in the molecular inputs that can be processed,
programmability of the components themselves, functional dependence on cell-specific
machinery, and the variety of information processing operations that can be readily obtained.
As a second example, inspired by the diverse functions exhibited by nucleic acids® and the
predictability of Watson-Crick base pairing interactions, researchers have built many in vitro
information processing systems comprised of nucleic acid components, including DNA

computing machines that implement logic operations and signaling cascades based solely on
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nucleic acid hybridization events” ®, molecular automata comprised of deoxyribozymes
regulated by nucleic acid inputs that perform various computation and logic functions’'', and
molecular computers that utilize protein enzymes to regulate sequence-specific cleavage and

joining of nucleic acids'* '*. Allosteric ribozymes that implement logic functions in response

14, 15 d16, 17

to small molecule and nucleic aci inputs have also been demonstrated in vitro.
Significantly, researchers have constructed a variety of single-input RNA switches
that process nucleic acid and small molecule inputs to regulate gene expression events in

18, 19

Vivo . RNA-based systems that integrate multiple RNAi substrates for combinatorial

regulation of gene expression in vivo have also been demonstrated ** '

. However, an
important next challenge is to combine the inherent richness that nucleic acid substrates
possess for performing information processing and control operations with the design
advantages expected from the relative ease by which RNA structures can be modeled and

thus designed, as compared to proteins™> >

. Incremental progress towards overcoming this
challenge would allow many new generic devices to be engineered, which operate reliably

inside living cells, provide access to otherwise inaccessible information of cellular state, and

allow sophisticated exogenous and embedded control of cellular functions.

4.2. Results
4.2.1. Functional RNA device composition framework and general signal integration
schemes

We recently described a framework for the construction of single input/output RNA
devices™ that is based on the modular assembly of three functional components: a sensor

component, comprised of an RNA aptamer; an actuator component, comprised of a
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hammerhead ribozyme®’; and a transmitter component, comprised of a sequence that couples
the sensor and actuator components. The transmitter component utilizes competitive
hybridization events to enable design of conformational changes that are linked to functional
states of the molecule. The proposed framework is also based on the modular coupling of the
RNA device and the target genetic construct through the 3’ untranslated region (UTR), where
self-cleavage inactivates the transcript independent of cell-specific machinery. From this
early framework, we demonstrated simple RNA devices that function as single-input gene
expression ON and OFF switches (here referred to as Buffer and Inverter gates, respectively),
which convert both cellular and exogenous molecular inputs to regulated gene expression via
input-dependent regulation of ribozyme activity**.

In engineering design, the utility of a proposed composition framework depends, in
part, on the extensibility of the framework itself. We hoped to demonstrate that our careful
specification of defined points of integration, or ‘nodes’, could be used to facilitate the
assembly of putatively modular RNA components into more sophisticated cellular
information processing devices (Figure 4.1A). Thus, here, we describe an extended
framework for engineering higher-order RNA devices, based on three signal integration (SI)
schemes that correspond to different modes of assembly for device components (Figure
4.1B). The first signal integration scheme (SI 1) is used to construct RNA devices that
perform logic (AND, NOR gates) and bandpass signal filter operations through the assembly
of independent single-input gates in the 3> UTR. The second integration scheme (SI 2) is
used to construct devices that perform other logic operations (NAND, OR gates) through the
assembly of two individual sensor-transmitter components linked to both stems of the

ribozyme. The third scheme (SI 3) is used to construct devices that perform logic (AND, OR
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gates) and signal gain (cooperativity) operations through the assembly of two individual
sensor-transmitter components linked to a single ribozyme stem.

A Functional composition of an RNA device

modular components and information flow assembled RNA device
input

TR
jé

e
[P | L 1 & .

sensor  transmitter actuator - transmitter

I > @—]gene of interest Ak s-u—AAAAA

gene of interest AAAAA ’ '
3'UTR The transmitter can be modified to achieve desired gate function. The
remaining ‘nodes’, or points of integration, can be used to assemble devices

output that exhibit desired information processing operations.

B Signal integration (Sl) schemes

Sl 1: Signal integration within the 3’ UTR

Sl 3: Signal integration at a single ribozyme stem

L] #

.—| gene of interest AAAAA f

Sl 2: Signal integration at the ribozyme core M
through both stems

4

.—| gene of interest i ; AAAAA

&

.—| gene of interest i i AAAAA

Figure 4.1. Functional RNA device composition framework. Color schemes follow those
previously described**: brown, aptamer or sensor component; purple, catalytic core of the
ribozyme or actuator component; blue, loop regions of the actuator component; green and
red, competing and switching strands of the transmitter component, respectively. (A)
Schematics of the functional composition framework for assembling RNA devices. An RNA
device is composed of three modular components: a sensor, a transmitter, and an actuator.
Information in the form of a molecular input is received by the sensor and transmitted by the
transmitter to a regulated activity of the actuator, which in turn controls the target expression
level as an output. Nodes specify physical points of integration between components through
which devices are assembled. (B) Schematics of three primary signal integration schemes
representing different component assembly strategies to build higher-order RNA devices.
The RNA device in SI 1 involves multiple actuator components controlled by single sensor-
transmitter components, whereas those in SI 2 and 3 involve multiple sensor-transmitter
components controlling a single actuator component. The mode of assembly determines the
mechanism of signal integration as highlighted by the coupled nodes.
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4.2.2. Higher-order RNA device based on Sl 1 (signal integration within the 3° UTR)
Different information processing operations are implemented through SI 1 by altering
the function (Buffer, Inverter) and input responsiveness of the coupled single-input gates.
The single-input gates act independently and therefore computation is performed through the
integration of individual gate actions in the 3 UTR of the target transcript. We constructed a
set of higher-order RNA devices by coupling representative Buffer or Inverter gates®
responsive to either theophylline or tetracycline (SI 1.1; Figure 4.2A). The coupled same-
input gate device has a naturally-occurring functional counterpart composed of two distinct
riboswitches responsive to the same metabolite, thiamine pyrophosphate (TPP)*. By
coupling two functionally identical single-input gates that are responsive to the same
molecular input, a signal shift in the device response, or output swing, was observed from the
coupled device compared to that of the single-input gate response, confirming the
independent action of each gate (Figure 4.2B, Supplementary Text 4.1 and 4.2,
Supplementary Table 4.1). This information processing operation can be used to program the
output swing and basal output signal of a given single-input device to match the desired

threshold values for a particular application.
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Figure 4.2. Higher-order RNA devices based on signal integration within the 3> UTR (SI 1).
Color schemes follow those described in Figure 4.1. Each single-input gate is indicated in a
boxed region, and triangles indicate relationships between associated gate inputs and outputs.
(A) Schematic representation of an RNA device comprised of two Buffer gates responsive to
the same input molecule. The RNA device functions to shift the output swing from that of the
single-input gate. (B) The device response of RNA devices comprised of two single-input
gates and their single-input gate counterparts. Device response (bars) is reported as the output
swing in units of expression as described in Materials and Methods and the corresponding
percent device response (arrows) is reported over the full transcriptional range of the
employed promoter system. Output swings are reported from 0 mM to 10 mM theophylline
and 0 mM to 1 mM tetracycline. The negative sign indicates the down-regulation of target
gene expression by the Inverter gates. (C) Schematic representation of an RNA device that
performs an AND gate operation by coupling two Buffer gates responsive to different input
molecules and the associated truth table. (D) The device response of an AND gate operator
(L2bulgel+L2bulgeltc). Device response under different input conditions (theo or tc (-), 0
mM; theo (+), 5 mM; tc (+), 0.25 mM) is reported as the output swing in units of expression
relative to the absence of both inputs as described in Materials and Methods. (E) Schematic
representation of an RNA device that performs a NOR gate operation by coupling two
Inverter gates responsive to different input molecules and the associated truth table. (F) The
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device response of a NOR gate operator (L2bulgeOff1+L2bulgeOffltc). Device response
under different input conditions (theo or tc (-), 0 mM; theo (+), 10 mM; tc (+), 0.5 mM) is
reported as in (D), except that output swings are reported relative to the presence of both
inputs.

We next constructed a higher-order RNA device that performs an AND gate
operation by coupling a theophylline-responsive Buffer gate (L2bulg6124) and a tetracycline-
responsive Buffer gate (L2bulgeltc®®) in the 3> UTR (SI 1.2; Figure 4.2C). In the absence of
the molecular inputs (theophylline or tetracycline), both Buffer gates favor the ‘ribozyme-
active’ state, a conformation that results in transcript cleavage and low device output (low
gene expression levels). In the presence of either input, one of the single-input gates remains
in the ribozyme-active state and device output remains low. Device output is substantially
increased only when both molecular inputs are present (Figure 4.2D). Similar to other
molecular systems that perform cellular logic operations®’, the RNA devices reported here
exhibit non-digital logic. We constructed a second RNA device that performs an AND gate
operation by coupling L2bulgeltc and a different theophylline-responsive Buffer gate
(L2bulge9**) to demonstrate the generality of SI 1 for constructing AND gate operators with
different single-input gates (Supplementary Figure 4.1).

We constructed another higher-order RNA device that performs a NOR gate
operation by coupling a theophylline-responsive Inverter gate (L2bulgeOff1**) and a
tetracycline-responsive Inverter gate (L2bulgeOffltc; Supplementary Figure 4.2) in the 3’
UTR (SI 1.3; Figure 4.2E). The coupled different-input Inverter gate device has a naturally-
occurring functional counterpart composed of two distinct riboswitches, responsive to
respective metabolites coenzyme B, and S-adenosylmethionine, in which the regulated gene

expression output is low in the presence of either metabolite or both, thereby functioning as a
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NOR gate operator27. Similarly, in the absence of the molecular inputs, both Inverter gates in
our engineered device favor the ‘ribozyme-inactive’ state, a conformation that results in
reduced transcript cleavage and high device output. In the presence of either input, one of the
single-input gates favors the ribozyme-active state and device output is lowered. Device
output is more effectively lowered when both inputs are present, as both single-input gates
favor ribozyme-active states (Figure 4.2F). We also constructed a second NOR gate
operation by coupling L2bulgeOffl to a different tetracycline-responsive Inverter gate
(L2bulgeOff2tc; Supplementary Figure 4.2) in order to demonstrate the generality of SI 1 for
constructing NOR gate operators with different single-input gates (Supplementary Figure
4.3).

We next constructed an RNA device that performs a bandpass filter operation by
coupling theophylline-responsive Buffer and Inverter gates (L2bulgel and L2bulgeOffl) in
the 3° UTR (SI 1.4; Supplementary Figure 4.4). In the absence of the molecular input, the
Buffer gate favors the ribozyme-active state, resulting in low device output. However, in the
presence of the input, the Inverter gate favors the ribozyme-active state, also resulting in low
device output. Only over intermediate input concentration ranges do both single-input gates
favor a ribozyme-inactive state, resulting in higher device output. Therefore, diverse cellular
computation and logic operations can be constructed through SI 1, where layering strategies
may be used to extend device designs to other information processing operations

(Supplementary Text 4.3).

4.2.3. Higher-order RNA devices based on Sl 2 (signal integration at the ribozyme core)
Different information processing operations are implemented through SI 2 by altering

the function and input responsiveness of the coupled sensor-transmitter components (Figure
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4.1B). The sensor-transmitter components act independently through the linked ribozyme
stems and therefore computation is performed through the integration of individual sensor-
transmitter actions in the ribozyme core of the RNA device. An independent sensor-
transmitter component is indicated as an internal Inverter gate if the presence of input results
in activation of the coupled component, such as an actuator or another internal gate.
Similarly, an internal Buffer gate indicates a sensor-transmitter component that results in

inactivation of the coupled component in the presence of input.

NAND gate 7

5.9

[Sl2.1]
4.3

Device response in unit expression

0

0

- GFP high high high low
output protein (high when AB) theo — + — +
e — — + +
Figure 4.3. Higher-order RNA devices based on signal integration at the ribozyme core (SI
2). Color schemes follow those described in Figure 4.1. Each internal gate, comprised of a
sensor-transmitter component, is indicated in a boxed region, and triangles indicate
relationships between associated internal gate inputs and outputs. (A) Schematic
representation of an RNA device that performs a NAND gate operation by coupling two
internal Inverter gates responsive to different input molecules to different ribozyme stems
and the associated truth table. (B) The device response of a NAND gate operator (L1cm10-
L2bulgeOff3tc). Device response under different input conditions (theo or tc (-), 0 mM; theo

(+), 10 mM; tc (+), 1 mM) is reported as in Figure 4.2F.
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We constructed a higher-order RNA device that performs a NAND gate operation by
coupling a theophylline-responsive internal Inverter gate (Llem10*) through stem I and a
tetracycline-responsive internal Inverter gate (L2bulgeOff3tc; Supplementary Figure 4.2)
through stem II (SI 2.1; Figure 4.3A). In the absence of the molecular inputs, both internal
Inverter gates and hence the RNA device, favor the ribozyme-inactive state, resulting in high
device output. In the presence of either input, one of the internal Inverter gates remains in the
ribozyme-inactive state and the device output remains high. The RNA device only favors the
ribozyme-active state, resulting in low device output, when both molecular inputs are present
(Figure 4.3B). We constructed a second RNA device that performs a NAND gate operation
by coupling Llcml0 and a different tetracycline-responsive internal Inverter gate
(L2bulgeOffltc; Supplementary Figure 4.2) in order to demonstrate the generality of SI 2 for
constructing NAND gate operators with different sensor-transmitter components
(Supplementary Figure 4.5). By altering the function of the coupled sensor-transmitter
components, other logic operations can be constructed through SI 2, such as an OR gate

operation through the coupling of two internal Buffer gates (Supplementary Text 4.4).

4.2.4. Higher-order RNA devices based on SI 3 (signal integration through a single
ribozyme stem)

In SI 3 different information processing operations are constructed through the
coupling of multiple sensor-transmitter components through one stem of the ribozyme
(Figure 4.1B). Here, the actions of the sensor-transmitter components are coupled, with
computation occurring via the integrated action of the internal gates within a single ribozyme
stem. Internal gates are linked through the aptamer loop of the lower gate, IG(n), to the

transmitter sequence of the higher gate, IG(n+1), where the state of the internal gate adjacent
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to the ribozyme (IG1) determines the state of the RNA device. We constructed a second type
of higher-order RNA device that performs an AND gate operation by coupling a
theophylline-responsive internal Buffer gate (IG1) and a tetracycline-responsive internal
Inverter gate (IG2) at stem II (SI 3.1; Figure 4.4A). In the absence of both molecular inputs
or the presence of input to IG1, the RNA device favors the ribozyme-active state, resulting in
low device output. In the presence of the molecular input to 1G2, although the state of 1G2
changes, the RNA device remains in the ribozyme-active state and the device output remains
low. Only in the presence of both molecular inputs do the states of both internal gates change
and the RNA device favors the ribozyme-inactive state, resulting in high device output
(Figure 4.4B). We constructed two other RNA devices through SI 3 that perform AND gate
operations to demonstrate the generality of the assembly scheme for constructing AND gate
operators with different internal gates (Supplementary Figure 4.6). We also constructed RNA
devices that perform OR gate operations through SI 3 (Supplementary Text 4.4).

We used SI 3 to examine the design strategies for RNA devices that perform signal
gain operations, or programmed cooperativity. We constructed RNA devices that perform
signal gain by coupling theophylline-responsive internal Buffer (IG1) and Inverter (1G2)
gates (SI 3.2; Figure 4.4C). The sensor-transmitter components of the RNA device can be
programmed to bind inputs in a cooperative manner by manipulating the relative energies
required to switch the device between different states (programmed through the transmitter
components). Functional characteristics of cooperative ligand-binding regulatory systems
typically involve a larger change in the response properties transiting from a low-affinity
state to a high-affinity state as more ligands occupy the available binding sites, and are

quantitatively represented by Hill coefficients (ny) greater than one™.
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Figure 4.4. Higher-order RNA devices based on signal integration at a single ribozyme stem
(SI 3). Color schemes follow those described in Figure 4.1. Each internal gate (IGn),
comprised of a sensor-transmitter component, is indicated in a boxed region, and triangles
indicate relationships between associated internal gate inputs and device outputs. The three
states that the device can adopt and associated free energy changes between each state are
illustrated. (A) Schematic representation of an RNA device that performs an AND gate
operation by coupling internal Buffer (IG1) and Inverter (IG2) gates responsive to different
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input molecules to a single ribozyme stem. (B) The device response of an AND gate operator
(tc-theo-Onl). Device response under different input conditions (theo or tc (-), 0 mM; theo
(1), 2.5 mM; tc (+), 0.5 mM) is reported as in Figure 4.2D. (C) Schematic representation of
an RNA device comprised of internal Buffer (IG1) and Inverter (IG2) gates responsive to the
same input molecule coupled to a single ribozyme stem. (D) The device response of RNA
devices comprised of internal Buffer and Inverter gates and their single-internal gate device
counterpart (L2bulgel). Device response is reported as in Figure 4.2B. Theo-theo-On10 — 13
are devices that exhibit varying levels of signal gain. (E) The device response of theo-theo-
On13 shows a high degree of programmed cooperativity compared to that of L2bulgel. The
percent device response is plotted by normalizing corresponding dynamic switching ranges
between the absence and presence of 10 mM theophylline to 0-100% as described in
Materials and Methods.

We first engineered a series of nine RNA devices, in which the sequences within the
IG2 transmitter component were altered to modify the energetic differences between the first
and second states (AAGjgz), while keeping the energetic differences between the second and
third states constant (AAGjg; = 0.3 kcal/mol) (Supplementary Table 4.2). All nine RNA
devices function as Buffer gates similar to L2bulgel (Supplementary Figure 4.7); however,
none of the devices exhibited gain in their output response (ng = 1) (Supplementary Figure
4.8). This suggests that the energy required to switch between the second and third states
(AAGig:; programmed into IG1 transmitter component) may play a critical role in simulating
different effective binding affinities between 1G1 and I1G2 that will result in a signal gain
operation (Supplementary Text 4.5). Therefore, we constructed a second series of RNA
devices in which the energetic difference between the second and third states is increased
(AAGig; = 1 kcal/mol; Supplementary Table 4.2). All four devices function as Buffer gates
(Figure 4.4D) and exhibited substantial levels of gain in the output response as indicated by
Hill coefficients greater than 1 (Supplementary Figure 4.9), where theo-theo-On13 exhibited
the highest signal gain (ng ~ 1.65) (Figure 4.4E) and a similar degree of cooperativity as the
naturally-occurring glycine riboswitch®. In general, the degree of programmed cooperativity

(ng) was positively correlated with AAGg, values. We also constructed a series of RNA

139



devices in which internal Inverter gates were placed into IG1. All eight devices function as
Inverter gates similar to L2bulgeOff1 (Supplementary Figure 4.10), and one of these devices
(theo-theo-Off6) exhibited slight signal gain (ng = 1.2) (Supplementary Figure 4.11).
Mutational studies validated that the device response and signal gain operation is achieved
through binding of the molecular input to both sensor components (Supplementary Figures

4.12-4.15).

4.3. Discussion

Functional composition frameworks that support the programming of complex
devices through the modular assembly of distinct components are important foundations to
engineering design'. Such frameworks support the efficient and reliable engineering of
diverse device functions from well-characterized components without complex device
redesign. We have developed a first-generation composition framework for constructing
higher-order RNA devices. Functional modularity is a critical element of any composition
framework and achieved in part here through the separation of device functions (sensing,
actuation, and information transmission) into distinct components. Rational modular
assembly is achieved by controlling information transmission between the sensing and
actuation components through hybridization interactions. Therefore, while the functions of
sensing and actuation frequently rely on more complex tertiary interactions, which are not
accounted for in this first-generation framework, the integration of these functions into an
RNA device is simplified via a transmitter that acts to both insulate component functions and
control the interactions between components through predictive secondary structure

interactions.
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Besides the utility of the devices themselves, the variety of cellular information
processing operations demonstrated here contributes important validation for our modular
assembly and rational design approach. In addition, the framework may be further extended
to more complex devices by combining the proposed signal integration schemes (SI 1, 2, and
3) within an RNA device. Future efforts leading to new device designs that enable other
computation, such as signal restoration and amplification, will be critical to the extension to
more complex information processing schemes.

The integration of future scientific and technological advances with the design
approaches presented here, should lead to improved, next-generation frameworks for more
reliable and robust assembly of RNA devices. For example, scientific advances that lend
further insight into RNA structure-function relationships®’, and improve predictions of RNA
secondary and tertiary structures relevant to in vivo folding environments®, will allow for the
development of improved modular assembly schemes, where the insulation of device
functions across distinct components and controlled interaction between these components
remains a design challenge. As a second example, the development of modeling tools that
can predict both thermodynamic and kinetic properties of RNA folding in vivo®, incorporate
tertiary interactions, and link those properties to functional states and gene expression
pathways will support future design tools that efficiently optimize and program device
properties in silico. As a third example, technological advances that allow for the efficient
generation of well-characterized libraries of sensor components, RNA aptamers’" *2, that
recognize biologically-relevant molecules, function in the cellular environment, and are
compatible with the composition frameworks will be critical to the broader implementation

of RNA devices toward user-specified processing of environmental and intracellular signals.
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Taken together, the thoughtful combination of scientific research and engineering theory will
allow still more sophisticated RNA devices to be developed. The resulting improvements in
our ability to transmit information to and from living systems, and implement control within

cells themselves, will transform how we interact with and program biology.

4.4. Materials and Methods
4.4.1. Plasmid construction, cloning, and cell strains

Using standard molecular biology techniques®, the plasmid pRzS, harboring the
yeast-enhanced green fluorescence protein (yEGFP)*™ under the control of a GAL1-10
promoter, was constructed as previously described”* and employed as a universal vector for
the characterization of all higher-order RNA devices. All RNA device constructs were
generated by PCR amplification using the appropriate oligonucleotide templates and primers.
All oligonucleotides were synthesized by Integrated DNA Technologies (IDT). Single
ribozyme devices (SI 2 and 3) were cloned into two unique restriction sites, Avril and Xhol, 3
nucleotides downstream of the stop codon of yEGFP and upstream of an ADH]1 terminator
sequence. For dual ribozyme devices (SI 1), the second single-input gate including spacer
sequences was cloned immediately downstream of the first single-input gate in the second
restriction site (Xhol). Sequences of all devices are available in Supplementary Text 4.6.
Representative secondary structures and sequences are illustrated in Supplementary Figures
4.16 and 4.17. Cloned plasmids were transformed into an electrocompetent Escherichia coli
strain, DH10B (Invitrogen) and all ribozyme constructs were confirmed by subsequent

sequencing (Laragen, Inc). Confirmed plasmid constructs were transformed into a
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Saccharomyces cerevisiae strain (W303 MAT« his3-11,15 trpl-1 leu2-3 ura3-1 ade2-1)

using standard lithium acetate procedures®”.

4.4.2. RNA secondary structure prediction, free energy calculation, and corresponding
proposed mechanism

RNAstructure 4.2 (http://rna.urmc.rochester.edu/rnastructure.html) was used to

predict the secondary structures of all RNA devices and their corresponding thermodynamic
properties as previously described®®. Prediction of the secondary structures of the RNA
devices based on SI 1 and 2 have been previously described®’. RNA sequences that are
predicted to adopt at least two stable equilibrium conformations (ribozyme active and
inactive) were constructed and characterized for their functional activity. Our design strategy
is based on the conformational dynamics characteristic of RNA molecules that enables them
to distribute between these two different conformations: one in which the competing strand is
not base-paired or base-paired such that the ligand-binding pocket is not formed, and the
other in which the competing strand is base-paired with the aptamer (sensor) base stem,
displacing the switching strand and thus allowing the formation of the ligand-binding pocket.
Strand displacement results in the disruption (Buffer gate) or restoration (Inverter gate) of the
catalytic core of the actuator ribozyme. Binding of input to the latter conformation shifts the
equilibrium distribution to favor the input-bound form as a function of increasing input
concentration. For RNA devices comprised of two internal gates (SI 3), RNA sequences that
are predicted to adopt generally at least three stable equilibrium conformations of interest, as

illustrated in Figure 4.4A and 4.4C, were constructed and characterized for their functional
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activity. The device design strategies and their regulatory mechanisms closely follow those

described above.

4.4.3. In vivo assays for characterization of RNA device properties and fluorescence
quantification

As previously described™, S. cerevisiae cells harboring plasmids carrying appropriate
RNA devices were grown in synthetic complete medium supplemented with an appropriate
amino acid dropout solution and sugar (2% raffinose, 1% sucrose) overnight at 30°C. The
overnight cell cultures were back-diluted into fresh medium to an ODgg of approximately
0.1. At the time of back-dilution, an appropriate volume of galactose (2% final concentration)
or an equivalent volume of water were added to the cultures for the induced and non-induced
controls, respectively. In addition, an appropriate volume of concentrated input stock
dissolved in medium, or an equivalent volume of the medium (no input control) was added to
the cultures (to the appropriate final concentration of theophylline, tetracycline, or both
inputs, as described in the figure legends). The back-diluted cells were then grown to an
ODgoo of 0.8-1.0 or for a period of approximately 6 hours before measuring output GFP
levels on a Cell Lab Quanta SC flow cytometer (Beckman Coulter). Output GFP expression
level distributions within the cell populations were measured using the following settings:
488 nm laser line, 525 nm bandpass filter, and a PMT setting of 5.83. Fluorescence data were
collected from 10,000 viable cell counts of each culture sample under low flow rates. A non-
induced cell population was used to set a background level, and cells exhibiting fluorescence

above this background level are defined as the GFP-expressing cell population.
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4.4.4. Characterization of device higher-order information processing properties

Device responses are reported as output swings, or dynamic ranges of gene
expression, in fluorescence units of expression in the presence of both inputs relative to the
levels in the absence of inputs. To better represent the functional behaviors of the NOR and
NAND operators, the output swings are reported as levels in the absence of inputs relative to
the levels in the presence of both inputs. Output swings represent arithmetic differences
between the expression levels in the absence and presence of appropriate molecular inputs.
As previously described, 1 unit expression is defined as the gene expression level of the
construct carrying the parental active ribozyme sTRSV relative to the background
fluorescence level*’. The expression level of the STRSV construct is ~2% of that of the
construct carrying the inactive ribozyme control sTRSV Contl or the full transcriptional
range of 50 units of expression. Percent device response represents the expression level of an
RNA device in the absence or presence of appropriate molecular inputs normalized to the
expression level of the inactive ribozyme control sSTRSV Contl.

Cooperative binding activities of RNA devices were determined using the Hill

equation: Y= Yo X (XnH * KnH) where y is the gene expression response at an input
concentration X, Ymax 1S the maximum gene expression response or saturation level, and ny
and K represent the Hill coefficient and the ligand concentration at the half maximal
response, respectively. Experiments demonstrate that the device responses begin to saturate
at 10 mM theophylline, such that Hill coefficients were determined by normalizing dynamic
switching ranges or device output swings between the absence and presence of 10 mM

theophylline to 0-100% and plotting log [fraction expressed (or repressed) / (1 - fraction

expressed (or repressed))] versus log [input concentration], where the slope represents the
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Hill coefficient (ny). All fluorescence data and mean +s.d. are reported from at least three

independent experiments.

4.5. Supplementary Information
Supplementary Text 4.1: RNA device response properties and standards in data
presentation

There has been significant effort directed to the characterization of natural and
engineered RNA devices. These efforts have resulted in important descriptions and
demonstrations of RNA devices; however, the work is often reported through different
metrics and standards. Standard means of reporting the characterized device properties are
needed to accurately evaluate, compare, and appreciate the functional properties of the
diverse RNA devices that have been developed or will be developed.

The RNA device properties that characterize the performance of a device include
output swing (absolute difference of the dynamic range; here reported as device response),
output fold induction or repression (ratio of the dynamic range: [signal in the presence
(absence) of input]/[signal in the absence (presence) of input]), baseline expression
(expression level in the absence of ligand; here reported as output basal signal), and input
swing (input concentration over which device output changes). In order to fully characterize
the dynamic range of an RNA device, either the baseline expression and the output swing or
the baseline expression and the output fold induction (repression) should be reported.
However, such dynamic range data cannot be compared across different genetic constructs
and systems which can alter the observed response of an RNA device. For example, different

organisms will have different transcriptional capacities; different regulated genes will have
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different fold expression/activity levels (e.g., enzyme-based reporters exhibit turnover of a
substrate and an amplified fold induction range relative to fluorescent protein-based
reporters); and different promoters will have different fold transcriptional ranges. Therefore,
reporting device response properties relative to standards are critical to enabling comparison
of the performance of different devices within the context of different genetic constructs and
systems.

Here, we propose the use of two standards in RNA device characterization: (i) the
level of gene expression from the genetic construct (including promoter, gene, etc.) in the
absence of the RNA device (100%; signal standard), and (ii) the level of gene expression in
the absence of the genetic construct (0%; background standard). The proposed standards
allow researchers to determine the performance of the RNA device across the full
transcriptional range of a specified promoter, without any non-specific effects that an
inactive RNA device might exhibit due to its location relative to other components in the
genetic construct and its secondary structure. The use of reference standards is important
because the RNA device (and therefore its performance) is coupled to other components in
the genetic construct, including a promoter. Therefore, components can be changed to alter
the baseline expression level relative to the signal standard as appropriate for a given
application.

A device architecture that enables modification of baseline expression levels of
single-input gates is shown in Figure 4.2A, where multiple single-input gate devices are
coupled to alter both the baseline expression and output swing. We selected single-input
gates with varying baseline expression levels to demonstrate the effects of gate coupling on

baseline expression from the device (Figure 4.2B; Supplementary Text 4.2). We have
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previously reported on a tuning strategy targeted to the transmitter component that can be
used to build single-input gates with lower baseline expression levels (L2Bulge8; ~12%)**.
Therefore, the combination of these two strategies (transmitter tuning and gate coupling)
results in devices that exhibit much lower baseline expression levels (2xL2Bulge8; ~7%).
We report output swing and baseline expression in Figure 4.2B to demonstrate the tuning of
baseline expression. To simplify data presentation and focus on the response of the RNA
devices to inputs, we report only output swing for most of the other devices in the main
figures, and report baseline expression levels in the Supplementary Information
(Supplementary Table 4.1). In addition, another straightforward way to alter the baseline
expression from an RNA device is to alter the promoter that it is coupled to. For example, in
the systems reported here all devices are coupled to a very strong promoter (GAL1-10). If we
replaced that promoter with a weaker promoter, the baseline expression level would be much
lower relative to the signal standard.

With the goal of integrating RNA devices into different genetic circuits (comprised of
various biological components), such standardized characterization information is critical to
match properties of the components in the circuit to achieve the desired system response.
RNA devices do not necessarily need to exhibit output swings that span the full
transcriptional range of a very strong promoter in order to be biologically relevant. Many
endogenous proteins and enzymes are expressed at levels much lower than that obtained
from the stronger promoters commonly used in recombinant work. In addition, proteins can
exhibit very different thresholds of titratable function depending on their activities, such that
a very low baseline expression level is not always necessary. Even natural riboswitches may

not be used to titrate enzyme concentrations across their full response curves, as that would
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require cells to regulate input metabolite concentrations to these regulators over a ~10*-10°-
fold range. As such, an important property of RNA devices is their ability to be tuned to
exhibit different device response properties using (1) energetic tuning strategies targeted to
the transmitter component™*; (2) coupled single-input gates (Figure 4.2B); and (3) component
matching®® *’. These strategies provide important flexibility in tuning RNA device response
to fit applications with different performance requirements. We have demonstrated
previously that the output swings and baseline expression levels exhibited by RNA devices
are biologically relevant, specifically in the application of intracellular detection of metabolic
concentrations (where an output swing outside the noise in gene expression is important) and
the regulation of cell growth/death (where the ability to titrate the output swing across a
threshold concentration of the regulated protein is important)**. In addition, there are many
other examples where non-coding RNAs play key regulatory roles in controlling biological
function without exhibiting regulatory ranges across the full transcriptional range of the

promoter system of the genetic construct® ',

Supplementary Text 4.2: Predicted and observed response properties of coupled single-
input gates

Coupled single-input gate devices (SI 1) are comprised of single-input gates that are
expected to act independently. Independent function of the single-input gates results in
several predictions, regarding the response properties of such coupled gate devices relative to
the single-input gates, previously described by Welz and Breaker in a tandem riboswitch

system composed of two independent riboswitches?*. However, the predicted changes in the
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device response properties were not shown to be exhibited by the naturally-occurring
functional counterpart®, and are examined here for the synthetic devices.

The first predicted property of a coupled single-input gate device is that it will exhibit
decreased basal output signals from the single-input gate. The expected decrease in basal
output signal can be predicted from the single-input gate responses and follows a
straightforward probability determination that both gates are in the ribozyme-inactive state
(requiring AND behavior):

pa=p1 *p2
where p is the fraction in the ribozyme-inactive state (determined as the percent gene
expression relative to the ribozyme-inactive control); subscripts 1, 2, and d indicate single-
input gate 1, single-input gate 2, and the coupled single-input gate device, respectively. The
predicted and measured basal output signals are shown in Supplementary Table 4.1. For most
of the coupled single-input gate devices the predicted and measured basal output signals
match well, supporting the independent function of the single-input gates. There are two
coupled single-input gate devices, both comprised of L2cm4, for which there is not a strong
match between the predicted and measured values. The results indicate that L2cm4 may not
function independently when coupled in a higher-order device. L2cm4 has a transmitter
component that functions through a different mechanism than the other single-input gates
examined here®, specifically through a helix-slipping mechanism®. This information
transmission mechanism requires the presence of non-Watson-Crick base pairs within the
transmitter component, which may result in weaker device structural stability, potentially
allowing non-specific interactions with surrounding sequences and thus interfering with the

independent function of this single-input gate.
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The effect of decreased basal output signal, has also been predicted to result in an
increased dynamic range for such systems26. This would generally be true under situations in
which the input concentration is saturating to the response of the system and irreversible rates
do not dominate reversible rates. In the experimental systems examined here, the input
ligands may not be at fully saturating concentrations due to transport limitations across the
cell membrane and toxicity of the input molecules at high concentrations. In addition, in
certain systems the irreversible rate of ribozyme cleavage may compete with the reversible
rate of conformational switching.

The second and third predicted properties of coupled single-input gate devices apply
to devices that respond to the same inputs (SI 1.1) and apply to the characteristics of the
input-response curve. The second property is associated with the sensitivity of the device to
input concentration. As previously pointed out, devices that couple Inverter gates (repress
gene expression) are predicted to trigger a gene control response at lower input

. 26, 43
concentrations™ .

This behavior results from such coupled Inverter gate devices
functioning essentially through OR behavior, as the independent activation of either single-
input gate device through input binding results in the repression of gene expression from a
transcript. However, devices that couple Buffer gates (activate gene expression) are expected
to trigger a gene control response at higher input concentrations, as the independent
activation of both devices through input binding (AND behavior) is required to activate gene
expression from a transcript.

The third property is associated with the slope of the response curve over ranges in

gene expression. Coupled single-input gate devices are predicted to result in a more ‘digital’

26 . . .
response curve”, where the same output dynamic range can be achieved with a lower change
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in input concentration. This effect should be true for both coupled Inverter and Buffer gate
devices, although the actual increase in the ‘digital’ nature of the response curve is predicted
to be quite low”®. In addition, this effect would only generally be true under situations in
which the input concentration is saturating to the response of the system. For example, at
lower input concentrations (i.e., input concentrations lower than the midway point of the
input swing), the coupled Inverter gate device is predicted to have a higher slope than the
single-input gate, whereas the coupled Buffer gate device is predicted to have a lower slope
than the single-input gate. Therefore, the predicted effects on the slope of the response curve
are anticipated to be small.

We measured the ligand response curves of two representative coupled single-input
gate devices and their single-gate counterparts (Supplementary Text 4.2 Figure 1). The
coupled Inverter gate device (2xL2bulgeOffl) exhibits a response at slightly lower
concentrations of input than the single Inverter gate (L2bulgeOffl), whereas the coupled
Buffer gate device (2xL2bulgel) exhibits a response at slightly higher concentrations of input
than the single Buffer gate (L2bulgel). However, the observed changes in the response
curves are very slight, such that strong conclusions on the effects of gate coupling on the

input-response curves cannot be made.
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Supplementary Text 4.2 Figure 1. The device response over varying input concentrations
of representative coupled gate devices (2xL2bulgeOff1, right; 2xL2bulgel, left) constructed
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through SI 1.1 and their corresponding single-gate device counterparts (L2bulgeOffl,
L2bulgel). The percent device response is plotted by normalizing corresponding dynamic
switching ranges between the absence and presence of 10 mM theophylline to 0-100% as
described in Materials and Methods.
Supplementary Text 4.3: Layered architectures extend the information processing
capabilities of SI 1

The first assembly scheme based on signal integration within the 3> UTR provides
modular composition frameworks for two basic logic operators, AND and NOR. Additional
logic operators may be desired, including NAND and OR gates. One way in which to directly
obtain these logic operations from the assembled operations in SI 1 is to invert the output
from the AND and NOR gate operators, respectively (Supplementary Text 4.3 Figure 1). For
example, the resulting output of the AND and NOR gates could be an Inverter device such as
a repressor protein”’ or an inhibitory noncoding RNA* that acts on a separately encoded
gene product resulting in the desired NAND and OR operations, respectively. However, this
proposed framework results in a layered architecture, which may have less desirable
properties such as loss of signal and longer signal processing times. Alternative assembly

strategies for obtaining additional logic operations that result in non-layered architectures are

described in the manuscript.
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Supplementary Text 4.3 Figure 1. Schematic representation of layered architectures that
extend the information processing capabilities of SI 1. Left, schematic illustrating a NAND
gate operation by inverting the output of an AND gate. Right, schematic illustrating an OR
gate operation by inverting the output of a NOR gate.
Supplementary Text 4.4: Non-layered architectures (SI 2, SI 3) for an OR gate operation
The second assembly scheme based on signal integration at the ribozyme core (SI 2)
should be as flexible a composition framework as that specified for integration within the 3’
UTR (SI 1). For example, SI 2 can be implemented to construct a higher-order RNA device
capable of performing an OR gate operation by coupling internal Buffer gates responsive to
different molecular inputs to stems I and II of the ribozyme (SI 2.2, Supplementary Text 4.4
Figure 1). While such a logic operation is theoretically possible, its construction is currently
limited by the lack of one necessary component of this device - an internal Buffer gate
coupled to stem I. Efforts are currently underway to generate such components. Therefore, SI

2 can provide logic operations that are not obtainable through SI 1 with non-layered

architectures.

input A input B

[S12.2]

output protein (high when A+B)

Supplementary Text 4.4 Figure 1. Schematic representation of an RNA device based on SI
2 that functions as an OR gate operator.
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Alternatively, devices that perform an OR gate operation can be constructed through
SI 3 (signal integration through a single ribozyme stem) by coupling a theophylline-
responsive internal Buffer gate (IGl) and a tetracycline-responsive internal Inverter gate
(IG2) at stem II (Supplementary Text 4.4 Figure 2A). The assembly scheme is similar to that
used to construct devices that perform an AND gate operation, described in Figure 4.4A,
except that the energetic requirements for switching between the conformational states are
different. This RNA device (SI 3.3) assumes the conformation in which the binding pockets
for both inputs are formed (Supplementary Text 4.4 Figure 2A) with a lower energetic
requirement than an AND gate device (AAGigiz in SI 3.3 < AAGig+ AAGyg in SI 3.1),
effectively allowing either input to bind to its corresponding sensor. The resulting device
exhibits low output in the absence of both molecular inputs and high output in the presence
of either input or both (Supplementary Text 4.4 Figure 2B). We constructed two OR gate

devices, tc/theo-On1 and tc/theo-On2, based on different IG2 transmitter components.

A inputA or B
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Supplementary Text 4.4 Figure 2. OR gate devices. (A) Schematic representation of an
RNA device that performs an OR gate operation by coupling internal Buffer (IG1) and
Inverter (IG2) gates responsive to different input molecules to a single ribozyme stem. (B)
The device response and truth table of OR gate operators (tc/theo-Onl and tc/theo-On2)
based on SI 3.3. Device response under different input conditions (theo or tc (-), 0 mM; theo
(+), 10 mM; tc (+), 0.25 mM) is reported as the output swing in units of expression relative to
the absence of both inputs as described in Materials and Methods.
Supplementary Text 4.5: Programming signal gain through multiple sensor-transmitter
components

Cooperativity in biological molecules is often a result of multiple binding sites that
transit from a low-affinity state to a high-affinity state as more ligands occupy the available
binding sites. In RNA devices comprised of two internal gates to the same input, although the
sensor components exhibit similar input affinities (Kgp), their effective affinities are a
combined effect of the sensor affinity (K,p) and the energetic requirements for the device to
switch between two states (Kjg), the latter of which can be programmed into the transmitter
component (AAGjg). Thus, the difference in free energies between states 1 and 3 (AAGig+
AAGig)) represents an energetic contribution which lowers the effective binding affinity of
IG1 to its input. The difference in free energies between states 1 and 2 (AAGyg;) represents a
lower energetic contribution to the effective binding affinity of IG2 to its input, such that the
effective binding affinity of IG2 is higher than that of IG1. However, binding of input to 1G2
lowers the energetic contribution to IG1 to the difference in free energies between states 2
and 3 (AAGig)), resulting in an increase in effective binding affinity as a result of input
binding to IG2. The RNA device design is expected to result in a larger change in the

regulatory response as input concentrations increase and IG1 transits from a lower affinity

state to a higher affinity state. By programming the energetic differences between the
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different conformational states (AAGig; and AAGig)), we can program the degree of

cooperativity (or level of signal gain) exhibited by the system (Supplementary Table 4.2).

Supplementary Text 4.6: Device sequences

The sequences of all devices used in this work are described below. Color schemes in
the sequences correspond to those in the schematic device diagrams: purple, catalytic core of
the ribozyme or actuator component; blue, loop regions of the actuator component; brown,
aptamer or sensor component; green and red, competing and switching strands of the
transmitter component, respectively; orange, communication modules of the transmitter

component; italicized, spacer sequences; underlined, restriction sites.

Single-input gates

Single-input Buffer gates

L2buglel
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGTCTTGATGCCCTTGGCAGGGACGGGACGAGGACGAAAC
AGCAAAAAGAAAAATAAAAACTCGAG

L2bulge5
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCAATACCAGCATCGTCTTGATGCCCTTGGCAGTGGACGGGACGAGGACGAA

ACAGCAAAAAGAAAAATAAAAACTCGAG
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L2bulge9
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
TGTCCAATACCAGCATCGTCTTGATGCCCTTGGCAGTGGATGGGGACGGAGGAC
GAAACAGCAAAAAGAAAAATAAAAACTCGAG

L2bulgeltc
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCAAAACATACCAGATTTCGATCTGGAGAGGTGAAGAATTCGACCACCTGGA

CGGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAACTCGAG

Single-input Inverter gates

L2bulgeOft1
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTTGCTGATACCAGCATCGTCTTGATGCCCTTGGCAGCAGTGGACGAGGACGAA
ACAGCAAAAAGAAAAATAAAAACTCGAG

L2bulgeOffltc
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
TGTTGAGGAAAACATACCAGATTTCGATCTGGAGAGGTGAAGAATTCGACCACC
TCCTTATGGGAGGACGAAACAGCAAAAAGAAAAATAAAAACTCGAG

L2bulgeOff2tc
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
ATGAGGAAAACATACCAGATTTCGATCTGGAGAGGTGAAGAATTCGACCACCTC

CTTAGAGGAGGACGAAACAGCAAAAAGAAAAATAAAAACTCGAG
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L2bulgeOff3tc
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
TGATGAGGAAAACATACCAGATTTCGATCTGGAGAGGTGAAGAATTCGACCACC
TCCTTAGAGGAGGACGAAACAGCAAAAAGAAAAATAAAAACTCGAG

L2cm4
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
CCTGGATACCAGCATCGTCTTGATGCCCTTGGCAGTCATAGAGGACGAAACAGC
AAAAAGAAAAATAAAAACTCGAG

Lleml0O
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTAAATGATACCAGCATCGTCTTG
ATGCCCTTGGCAGCTGCGCTTTCCGGTCTGATGAGTCCGTGAGGACGAAACAGCA

AAAAGAAAAATAAAAACTCGAG

Higher-order devices (SI 1: signal integration within the 3’ UTR)

Two coupled Buffer or Inverter gates responsive to the same input

2xL2bulgel
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGTCTTGATGCCCTTGGCAGGGACGGGACGAGGACGAAAC
AGCAAAAAGAAAAATAAAAACTCGAGAAACAAACAAAGCTGTCACCGGATGTG
CTTTCCGGTCTGATGAGTCCGTGTCCATACCAGCATCGTCTTGATGCCCTTGGCA

GGGACGGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAACTCGAG
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2xL.2bulgeOff1
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTTGCTGATACCAGCATCGTCTTGATGCCCTTGGCAGCAGTGGACGAGGACGAA
ACAGCAAAAAGAAAAATAAAAACTCGAGAAACAAACAAAGCTGTCACCGGATG
TGCTTTCCGGTCTGATGAGTCCGTGTTGCTGATACCAGCATCGTCTTGATGCCCTT

GGCAGCAGTGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAACTCGAG

Note: The sequence assembly of other RNA devices based on SI 1 (2xL2bulgeltc, 2xL.2cm4,
(L2bulgel+L2bulge9), and (L2bulgeOffl+L2cm4)), and the bandpass filter operator
(L2bulge1+L2bulgeOff1) is identical to that of 2xL2bulgel or 2xL2bulgeOff1, illustrated

above as example templates. Sequences of single-input gates are shown above.

AND gates

ANDI1 (L2bulgel+L2bulgeltc)
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGTCTTGATGCCCTTGGCAGGGACGGGACGAGGACGAAAC
AGCAAAAAGAAAAATAAAAACTCGAGAAACAAACAAAGCTGTCACCGGATGTG
CTTTCCGGTCTGATGAGTCCGTGTCCAAAACATACCAGATTTCGATCTGGAGAGG
TGAAGAATTCGACCACCTGGACGGGACGAGGACGAAACAGCAAAAAGAAAAATAA

AAACTCGAG
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AND?2 (L2bulge9+L2bulgeltc)
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
TGTCCAATACCAGCATCGTCTTGATGCCCTTGGCAGTGGATGGGGACGGAGGAC
GAAACAGCAAAAAGAAAAATAAAAACTCGAGAAACAAACAAAGCTGTCACCGG
ATGTGCTTTCCGGTCTGATGAGTCCGTGTCCAAAACATACCAGATTTCGATCTGG
AGAGGTGAAGAATTCGACCACCTGGACGGGACGAGGACGAAACAGCAAAAAGAA

AAATAAAAACTCGAG

NOR gates

NORI (L2bulgeOff1+L2bulgeOff1tc)
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTTGCTGATACCAGCATCGTCTTGATGCCCTTGGCAGCAGTGGACGAGGACGAA
ACAGCAAAAAGAAAAATAAAAACTCGAGAAACAAACAAAGCTGTCACCGGATG
TGCTTTCCGGTCTGATGAGTCCGTTGTTGAGGAAAACATACCAGATTTCGATCTG
GAGAGGTGAAGAATTCGACCACCTCCTTATGGGAGGACGAAACAGCAAAAAGAAA
AATAAAAACTCGAG

NOR?2 (L2bulgeOff1+L2bulgeOff2tc)
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTTGCTGATACCAGCATCGTCTTGATGCCCTTGGCAGCAGTGGACGAGGACGAA
ACAGCAAAAAGAAAAATAAAAACTCGAGAAACAAACAAAGCTGTCACCGGATG
TGCTTTCCGGTCTGATGAGTCCGTATGAGGAAAACATACCAGATTTCGATCTGGA
GAGGTGAAGAATTCGACCACCTCCTTAGAGGAGGACGAAACAGCAAAAAGAAAAA

TAAAAACTCGAG
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Higher-order devices (SI 2: signal integration at the ribozyme core through two stems)
NAND gates

NANDI1 (L1ecm10-L2bulgeOffltc)
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTAAATGATACCAGCATCGTCTTG
ATGCCCTTGGCAGCTGCGCTTTCCGGTCTGATGAGTCCGTTGTTGAGGAAAACAT
ACCAGATTTCGATCTGGAGAGGTGAAGAATTCGACCACCTCCTTATGGGAGGAC
GAAACAGCAAAAAGAAAAATAAAAACTCGAG

NAND?2 (L1ecm10-L2bulgeOff3tc)
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTAAATGATACCAGCATCGTCTTG
ATGCCCTTGGCAGCTGCGCTTTCCGGTCTGATGAGTCCGTTGATGAGGAAAACAT
ACCAGATTTCGATCTGGAGAGGTGAAGAATTCGACCACCTCCTTAGAGGAGGAC

GAAACAGCAAAAAGAAAAATAAAAACTCGAG

Higher-order devices (SI 3: signal integration at a single ribozyme stem)

AND gates

ANDI1 (tc-theo-Onl)
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGCTCAAAACATACCAGATTTCGATCTGGAGAGGTGAAGA
ATTCGACCACCTGAGTCTTGATGCCCTTGGCAGGGACGGGACGAGGACGAAACA

GCAAAAAGAAAAATAAAAACTCGAG
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AND?2 (tc-theo-On2)
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGCTAAAACATACCAGATTTCGATCTGGAGAGGTGAAGAA
TTCGACCACCTAGTCTTGATGCCCTTGGCAGGGACGGGACGAGGACGAAACAGC
AAAAAGAAAAATAAAAACTCGAG

AND3 (tc-theo-On3)
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGTGTAAAACATACCAGATTTCGATCTGGAGAGGTGAAGA
ATTCGACCACCTACATCTTGATGCCCTTGGCAGGGACGGGACGAGGACGAAACA

GCAAAAAGAAAAATAAAAACTCGAG

OR gates

ORI (tc/theo-Onl)
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGGGCCTAAAACATACCAGATTTCGATCTGGAGAGGTGAA
GAATTCGACCACCTAGGTTTCTTGATGCCCTTGGCAGGGACGGGACGAGGACGA
AACAGCAAAAAGAAAAATAAAAACTCGAG

OR2 (tc/theo-On2)
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGGTGGTAAAACATACCAGATTTCGATCTGGAGAGGTGAA
GAATTCGACCACCTACCATTCTTGATGCCCTTGGCAGGGACGGGACGAGGACGA

AACAGCAAAAAGAAAAATAAAAACTCGAG
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Two coupled internal gates responsive to the same input

theo-theo-On1
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGTTTATACCAGCATCGTCTTGATGCCCTTGGCAGAAATCT
TGATGCCCTTGGCAGGGACGGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAA
CTCGAG

theo-theo-On2
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGTTGAATACCAGCATCGTCTTGATGCCCTTGGCAGTTGAT
CTTGATGCCCTTGGCAGGGACGGGACGAGGACGAAACAGCAAAAAGAAAAATAAA
AACTCGAG

theo-theo-On3
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGATTGATACCAGCATCGTCTTGATGCCCTTGGCAGCAGTT
CTTGATGCCCTTGGCAGGGACGGGACGAGGACGAAACAGCAAAAAGAAAAATAAA
AACTCGAG

theo-theo-On4
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGTATGATACCAGCATCGTCTTGATGCCCTTGGCAGCGTAT
CTTGATGCCCTTGGCAGGGACGGGACGAGGACGAAACAGCAAAAAGAAAAATAAA

AACTCGAG
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theo-theo-On5
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGATCATACCAGCATCGTCTTGATGCCCTTGGCAGGATTCT
TGATGCCCTTGGCAGGGACGGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAA
CTCGAG

theo-theo-On6
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGATTGATACCAGCATCGTCTTGATGCCCTTGGCAGCAATT
CTTGATGCCCTTGGCAGGGACGGGACGAGGACGAAACAGCAAAAAGAAAAATAAA
AACTCGAG

theo-theo-On7
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGGTAAATACCAGCATCGTCTTGATGCCCTTGGCAGTTGCT
CTTGATGCCCTTGGCAGGGACGGGACGAGGACGAAACAGCAAAAAGAAAAATAAA
AACTCGAG

theo-theo-On8
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGTTGAATACCAGCATCGTCTTGATGCCCTTGGCAGTTGAT
CTTGATGCCCTTGGCAGGGACGGGACGAGGACGAAACAGCAAAAAGAAAAATAAA

AACTCGAG
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theo-theo-On9
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGGTTGAATACCAGCATCGTCTTGATGCCCTTGGCAGTTGA
TTCTTGATGCCCTTGGCAGGGACGGGACGAGGACGAAACAGCAAAAAGAAAAATA
AAAACTCGAG

theo-theo-On10 (Cooperative Buffer gate)
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGGTTGAATACCAGCATCGTCTTGATGCCCTTGGCAGTTGA
CTCTTGATGCCCTTGGCAGGGATAGGACGAGGACGAAACAGCAAAAAGAAAAATA
AAAACTCGAG

theo-theo-On11 (Cooperative Buffer gate)
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGGTTGAATACCAGCATCGTCTTGATGCCCTTGGCAGTTGA
TTCTTGATGCCCTTGGCAGGGATAGGACGAGGACGAAACAGCAAAAAGAAAAATA
AAAACTCGAG

theo-theo-On12 (Cooperative Buffer gate)
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGATTGAATACCAGCATCGTCTTGATGCCCTTGGCAGTTGA
TTCTTGATGCCCTTGGCAGGGATAGGACGAGGACGAAACAGCAAAAAGAAAAATA

AAAACTCGAG
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theo-theo-On13 (Cooperative Buffer gate)
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGTGTTATACCAGCATCGTCTTGATGCCCTTGGCAGAATGT
CTTGATGCCCTTGGCAGGGATAGGACGAGGACGAAACAGCAAAAAGAAAAATAAA

AACTCGAG

Two coupled internal Inverter gates responsive to the same input

theo-theo-Off1
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTTATGATACCAGCATCGACATACCAGCATCGTCTTGATGCCCTTGGCAGGTTCT
TGATGCCCTTGGCAGCATGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAACTC
GAG

theo-theo-Off2
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTTGCTGATACCAGCATCGACATACCAGCATCGTCTTGATGCCCTTGGCAGGTTC
TTGATGCCCTTGGCAGCAGTGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAAC
TCGAG

theo-theo-Off3
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTTATGATACCAGCATCGGACATACCAGCATCGTCTTGATGCCCTTGGCAGGTTT
CTTGATGCCCTTGGCAGCATGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAAC

TCGAG
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theo-theo-Off4
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTGTCTGATACCAGCATCGACATACCAGCATCGTCTTGATGCCCTTGGCAGGTTC
TTGATGCCCTTGGCAGCAGGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAACT
CGAG

theo-theo-Off5
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTGTCCTGATACCAGCATCGGACATACCAGCATCGTCTTGATGCCCTTGGCAGGT
TTCTTGATGCCCTTGGCAGCAGGGACGAGGACGAAACAGCAAAAAGAAAAATAAAA
ACTCGAG

theo-theo-Off6 (Cooperative Inverter gate)
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTTATGATACCAGCATCGGCATACCAGCATCGTCTTGATGCCCTTGGCAGGTTCT
TGATGCCCTTGGCAGCATGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAACTC
GAG

theo-theo-Off7
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTTGCTGATACCAGCATCGACATACCAGCATCGTCTTGATGCCCTTGGCAGGTTC
TTGATGCCCTTGGCAGCAGGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAACT

CGAG
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theo-theo-Off8
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTGTTTGATACCAGCATCGACATACCAGCATCGTCTTGATGCCCTTGGCAGGTTC
TTGATGCCCTTGGCAGCAAGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAACT

CGAG

Mutated coupled internal gates

theo-theo-On1M1
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCAGACCAGCATCGTTTATACCAGCATCGTCTTGATGCCCTTGGCAGAAATCT
TGATGCCTATGGCAGGGACGGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAA
CTCGAG

theo-theo-On1M2
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGTTTATACCAGCATCGTCTTGATGCCTATGGCAGAAATCT
TGATGCCCTTGGCAGGGACGGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAA
CTCGAG

theo-theo-On13M1
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGTGTTATACCAGCATCGTCTTGATGCCCTTGGCAGAATGT
CTTGATGCCTATGGCAGGGATAGGACGAGGACGAAACAGCAAAAAGAAAAATAAA

AACTCGAG
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theo-theo-On13M2
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTCCATACCAGCATCGTGTTAGACCAGCATCGTCTTGATGCCTATGGCAGAATGT
CTTGATGCCCTTGGCAGGGATAGGACGAGGACGAAACAGCAAAAAGAAAAATAAA
AACTCGAG

theo-theo-Off2M1
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTTGCTGAGACCAGCATCGACATACCAGCATCGTCTTGATGCCCTTGGCAGGTTC
TTGATGCCTATGGCAGCAGTGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAAC
TCGAG

theo-theo-Off2M?2
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTTGCTGATACCAGCATCGACATACCAGCATCGTCTTGATGCCTATGGCAGGTTC
TTGATGCCCTTGGCAGCAGTGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAAC
TCGAG

theo-theo-Off6M 1
5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTTATGAACCCAGCATCGGCATACCAGCATCGTCTTGATGCCCTTGGCAGGTTCT
TGATGCCTATGGCAGCATGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAACTC

GAG
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theo-theo-Off6M2

5’CCTAGGAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT
GTTATGATACCAGCATCGGCATACCAGCATCGTCTTGATGCCTATGGCAGGTTCT
TGATGCCCTTGGCAGCATGGACGAGGACGAAACAGCAAAAAGAAAAATAAAAACTC

GAG

Supplementary Figures

AND gate 2.0
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Supplementary Figure 4.1. The device response and truth table of an AND gate operator
(L2bulge9+L2bulgeltc) based on SI 1.2. The RNA device is constructed by coupling a
theophylline-responsive Buffer gate (L2bulge9) and a tetracycline-responsive Buffer gate
(L2bulgeltc) in the 3> UTR of a target transcript. Device response under different input
conditions (theo or tc (-), 0 mM; theo (+), 5 mM; tc (+), 0.5 mM) is reported as the output
swing in units of expression relative to the absence of both inputs as described in Materials
and Methods.
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Supplementary Figure 4.2. Schematic representation and device response of tetracycline-
responsive Inverter gates. Color schemes follow those described in Figure 4.1. Device
response is reported as the output swing in units of expression as described in Materials and
Methods. Output swings are reported from 0 mM to 0.5 mM tetracycline. The negative sign
indicates the down-regulation of target gene expression by Inverter gates.
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Supplementary Figure 4.3. The device response and truth table of a NOR gate operator
(L2bulgeOff1+L2bulgeOff2tc) based on SI 1.3. The RNA device is constructed by coupling
a theophylline-responsive Inverter gate (L2bulgeOff1) and a tetracycline-responsive Inverter
gate (L2bulgeOff2tc) in the 3° UTR of a target transcript. Device response under different
input conditions (theo or tc (-), 0 mM; theo (+), 10 mM; tc (+), 0.5 mM) is reported as the
output swing in units of expression relative to the presence of both inputs as described in
Materials and Methods.
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Supplementary Figure 4.4. Schematic representation and device response of a bandpass
filter operator (L2bulgel+L2bulgeOffl) based on SI 1.4. Color schemes follow those
described in Figure 4.1. Each gate is indicated in a boxed region, and triangles indicate
relationships between associated gate inputs and outputs. The RNA device is constructed by
coupling a theophylline-responsive Buffer gate (L2bulgel) and a theophylline-responsive
Inverter gate (L2bulgeOff1) in the 3> UTR of a target transcript. Device response is reported
as the output swing in units of expression as a function of theophylline concentration relative
to the absence of theophylline as described in Materials and Methods.
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Supplementary Figure 4.5. The device response and truth table of a NAND gate operator
(L1cm10-L2bulgeOffltc) based on SI 2.1. The RNA device is constructed by coupling a
theophylline-responsive internal Inverter gate (Llcml0) and a tetracycline-responsive
internal Inverter gate (L2bulgeOffltc) to stems I and II, respectively, of a ribozyme. Device
response under different input conditions (theo or tc (-), 0 mM; theo (+), 10 mM; tc (+), 1
mM) is reported as the output swing in units of expression relative to the presence of both
inputs as described in Materials and Methods.
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Supplementary Figure 4.6. The device response and truth table of AND gate operators (tc-
theo-On2 and tc-theo-On3) based on SI 3.1. The RNA devices are constructed by coupling a
theophylline-responsive internal Buffer gate (IG1) and a tetracycline-responsive internal
Inverter gate (IG2) to stem II of a ribozyme. Device response under different input conditions
(theo or tc (-), 0 mM; theo (+), 2.5 mM; tc (+), 0.5 mM) is reported as the output swing in
units of expression relative to the absence of both inputs as described in Materials and
Methods.
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Supplementary Figure 4.7. The device response of RNA devices comprised of internal
Buffer and Inverter gates and their single internal gate device counterpart (L2bulgel). The
RNA devices are constructed by coupling theophylline-responsive internal Buffer (IG1) and
Inverter (IG2) gates to stem II of a ribozyme. Device response is reported as the output swing
in units of expression as described in Materials and Methods. Output swings are reported
from 0 mM to 10 mM theophylline.
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% Device response (normalized)

Supplementary Figure 4.8. The device response over varying input concentrations of a
representative RNA device comprised of internal Buffer and Inverter gates (theo-theo-Onl)
and its single internal gate device counterpart (L2bulgel) demonstrates no signal gain (ng =
1). The percent device response is plotted by normalizing corresponding dynamic switching
ranges between the absence and presence of 10 mM theophylline to 0-100% as described in
Materials and Methods. Corresponding Hill plots are constructed for 20-85% of each device
switching range by plotting log [fraction expressed / (1 - fraction expressed)] against log
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Supplementary Figure 4.9. The device response over varying input concentrations of RNA
devices comprised of internal Buffer and Inverter gates (theo-theo-On10-12) and their single
internal gate device counterpart (L2bulgel) demonstrates programmed cooperativity. The
percent device response is plotted by normalizing corresponding dynamic switching ranges
between the absence and presence of 10 mM theophylline to 0-100% as described in
Materials and Methods. Corresponding Hill plots are constructed for 20-85% of each device
switching range by plotting log [fraction expressed / (1 - fraction expressed)] against log
[input concentration], where the slope represents the Hill coefficient (ny).
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Supplementary Figure 4.10. The device response of RNA devices comprised of two
internal Inverter gates and their single internal gate device counterpart (L2bulgeOff1). The
RNA devices are constructed by coupling two theophylline-responsive internal Inverter gates
(IG1, IG2) to stem II of a ribozyme. Device response is reported as the output swing in units
of expression as described in Materials and Methods. Output swings are reported from 0 mM
to 10 mM theophylline. The negative sign indicates the down-regulation of target gene
expression.
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Supplementary Figure 4.11. The device response over varying theophylline concentrations
of representative RNA devices comprised of two internal Inverter gates (theo-theo-Off2, ny =
1; theo-theo-Off6, ny = 1.2), and their single internal gate device counterpart (L2bulgeOffl,
ny ~ 1). The percent device response is plotted by normalizing corresponding dynamic
switching ranges between the absence and presence of 10 mM theophylline to 0-100% as
described in Materials and Methods. Corresponding Hill plots are constructed for 15-80% of
each device switching range by plotting log [fraction repressed / (1 - fraction repressed)]
against log [input concentration], where the slope represents the Hill coefficient (ny).

177



Device response in unit expression

Device response in unit expression

21

HH

7.3

HH

0.8

theo-theo-
On1

T
theo-theo- theo-theo-
On1M1 On1M2

20

18 -

16

14 -

12 4

10 -

-16.1

©
2

-0.3

T

theo-theo- theo-theo-

Off2

theo-theo-

Off2M1 Ooff2m2

Supplementary Figure 4.12. The device response of
a representative RNA device comprised of internal
Buffer and Inverter gates (theo-theo-Onl) and its
mutated sensor variants demonstrates that input
binding at both internal gates is responsible for the
device response. Theo-theo-On1M1, mutation to the
sensor in IG1; theo-theco-On1M2, mutation to sensor
in IG2. Device response is reported as the output
swing in units of expression as described in Materials
and Methods. Output swings are reported from 0 mM
to 10 mM theophylline. Individual mutations in both
internal gates exhibited considerably lower output
levels, supporting that both internal gates contribute to
the overall device response. However, it was observed
that theo-theo-On1M2 demonstrated less inhibition of
device response compared to theo-theo-On1M1. The
mutation of IG1 is anticipated to have a more
significant impact on device performance as the device
response is directly regulated by IG1.

Supplementary Figure 4.13. The device response of
a representative RNA device comprised of two
internal Inverter gates (theo-theo-Off2) and its mutated
sensor variants demonstrates that input binding at both
internal gates is responsible for the device response.
Theo-theo-Off2M1, mutation to the sensor in 1G1;
theo-theo-Off2M2, mutation to sensor in IG2. Device
response is reported as the output swing in units of
expression as described in Materials and Methods.
Output swings are reported from 0 mM to 10 mM
theophylline. The negative sign indicates the down-
regulation of target gene expression. The mutation of
IG1 is anticipated to have a more significant impact on
device performance as the device response is directly
regulated by IG1.
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Supplementary Figure 4.14. The device response of a representative RNA device
comprised of internal Buffer and Inverter gates that exhibits programmed cooperativity
(theo-theo-On13) and its mutated sensor variants demonstrates that input binding at both
internal gates is responsible for the device response. Theo-theo-On13M1, mutation to the
sensor in IG1; theo-theo-On13M2, mutation to sensor in IG2. Device response is reported as
the output swing in units of expression as described in Materials and Methods. Output swings
are reported from 0 mM to 10 mM theophylline. The percent device response is plotted as
described in Figure. 4.4E. The mutation of IG1 is anticipated to have a more significant
impact on device performance as the device response is directly regulated by 1G1.
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Supplementary Figure 4.15. The device response of a representative RNA device
comprised of two internal Inverter gates that exhibits programmed cooperativity (theo-theo-
Off6) and its mutated sensor variants demonstrates that input binding at both internal gates is
responsible for the device response. Theo-theo-Off6M 1, mutation to the sensor in IG1; theo-
theo-OffoM2, mutation to sensor in IG2. Device response is reported as the output swing in
units of expression as described in Materials and Methods. Output swings are reported from
0 mM to 10 mM theophylline. The negative sign indicates the down-regulation of target gene
expression. The percent device response is plotted as described in Materials and Methods.
The mutation of IG1 is anticipated to have a more significant impact on device performance
as the device response is directly regulated by IG1.
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Supplementary Figure 4.16. Secondary structures and sequences of input-bound states of
representative RNA devices. Single-input Buffer gates: L2bulgel, L2bulgeltc; single-input
Inverter gates: L2bulgeOff1, L2bulgeOffltc; RNA device comprised of internal Buffer (IG1)
and Inverter (IG2) gates responsive to different inputs, illustrating points of coupling of two
sensor-transmitter components: tc-theo-Onl.
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Supplementary Figure 4.17. Secondary structures and sequences of input-bound states of
representative RNA device comprised of internal Buffer and Inverter gates responsive to the
same input, illustrating points of coupling of two sensor-transmitter components. Nucleotides
that were altered in the mutational studies are indicated for the sensors in IG1 and 1G2. RNA
devices that do not exhibit programmed cooperativity: theo-theo-Onl1, theo-theo-Off2; RNA
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devices that exhibit programmed cooperativity: theo-theo-On13, theo-theo-Off6.
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Supplementary Table 4.1. The basal output signals and output swings of the RNA devices
studied in this work are shown in % device response over the full transcriptional range of the
employed promoter. The predicted basal output signals of coupled devices based on the
appropriate single-gate response(s) and independent function are also reported. Predicted
signals that do not match the measured output signals are indicated in italics.

Device % Device response (over the full transcriptional range) predicted basal signal
theo, tc (-) theo (+) tc (+) theo, tc (+) for coupled devices

Si1.1
L2bulge1tc (Buffer) 0.37 0.96
2xL2bulge1tc (Buffer) 0.16 0.46 0.14
L2bulge1 (Buffer) 0.40 0.89
2xL2bulge1 (Buffer) 0.20 0.37 0.16
L2bugle8 (Buffer) 0.12 0.48
2xL2bulge8 (Buffer) 0.07 0.19 0.01
L2bulge5 (Buffer) 0.82 1.00
L2bulge1+L2bulge5 (Buffer) 0.25 0.43 0.33
L2bulgeOff1 (Inverter) 0.62 0.26
2xL2bulgeOff1 (Inverter) 0.37 0.21 0.38
L2cm4 (Inverter) 0.78 0.41
2xL2cm4 (Inverter) 0.32 0.20 0.61
L2bulgeOff1+L2cm4 (Inverter) 0.31 0.17 0.48
tc-responsive Inverter gates
L2bulgeOff1tc (Inverter) 0.39 0.12
L2bulgeOff2tc (Inverter) 0.42 0.17
L2bulgeOff3tc (Inverter) 0.42 0.17
S1 1.2 (AND gate)
L2bulge1+L2bulgeltc 0.18 0.22 0.24 0.46 0.15
L2bulge9+L2bulge1tc 0.12 0.15 0.16 0.36 0.11
L2bulge9 (single-input Buffer) 0.30 0.72
S1 1.3 (NOR gate)
L2bulgeOff1+L2bulgeOff1tc 0.27 0.15 0.13 0.11 0.24
L2bulgeOff1+L2bulgeOff2tc 0.28 0.18 0.17 0.15 0.26
Sl 2.1 (NAND gate)
L1cm10+L2bulgeOff3tc 0.54 0.52 0.55 0.43
L1cm10+L2bulgeOff1tc 0.51 0.51 0.50 0.42
Sl 3.1 (AND gate)
tc-theo-On1 0.36 0.48 0.50 0.89
tc-theo-On2 0.39 0.51 0.51 0.80
tc-theo-On3 0.39 0.53 0.61 0.90

Sl 3.2 (dual sensor-transmitter)
Buffer function

theo-theo-On1 0.36 0.73
theo-theo-On2 0.41 0.70
theo-theo-On3 0.54 0.75
theo-theo-On4 0.66 0.89
theo-theo-On5 0.69 0.98
theo-theo-On6 0.46 0.81
theo-theo-On7 0.42 0.75
theo-theo-On8 0.31 0.61
theo-theo-On9 0.23 0.44

theo-theo-On10 (cooperative) 0.16 0.54
theo-theo-On11 (cooperative) 0.13 0.55
theo-theo-On12 (cooperative) 0.12 0.60
theo-theo-On13 (cooperative) 0.23 0.75
Inverter function

theo-theo-Off1 0.34 0.15
theo-theo-Off2 0.60 0.27
theo-theo-Off3 0.67 0.36
theo-theo-Off4 0.47 0.24
theo-theo-Off5 0.40 0.24
theo-theo-Off6 (cooperative) 0.58 0.24
theo-theo-Off7 0.54 0.40
theo-theo-Off8 0.43 0.24

S13.3 (OR gate)
tc/theo-On1 0.48 0.65 0.64 0.72
tc/theo-On2 0.42 0.60 0.62 0.71
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Supplementary Table 4.2. Free energy changes associated with RNA devices comprised of
internal Buffer and Inverter gates and associated Hill coefficients. Free energy changes
between RNA device states are predicted from a standard RNA folding program,
RNAStructure 4.2.

Device AAG g, (kcal / mol) AAG g, (kcal / mol) Degree of cooperativity or signal gain

Non-cooperative

theo-theo-On1 0.3 0.3 none
theo-theo-On2 2.8 0.3 none
theo-theo-On3 1.8 0.3 none
theo-theo-On4 1.9 0.3 none
theo-theo-On5 0.0 0.3 none
theo-theo-On6 0.9 0.3 none
theo-theo-On7 3.0 0.3 none
theo-theo-On8 2.8 0.3 none
theo-theo-On9 2.9 0.0 none

Cooperative

theo-theo-On10 0.3 1.0 n,=1.32
theo-theo-On11 1 1.0 n,=1.63
theo-theo-On12 14 1.0 n,=1.47
theo-theo-On13 22 1.0 n,=1.65
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Chapter V: Engineering protein-responsive gene regulators and cellular

biosensors

Abstract

We have previously developed small molecule-responsive RNA devices, called
ribozyme switches', which are capable of regulating gene expression in response to target
ligands and detecting the biosynthesis of target metabolites in a noninvasive manner in the
cellular environment. The switch devices were constructed through a modular and portable
platform comprised of distinct functional domains: the sensor, the actuator, and the
transmitter. In this study, we explore the extensibility of the small molecule-responsive
ribozyme-switch platform to respond to a different class of target ligands, proteins, by
implementing protein-responsive RNA aptamers within the sensor domain of the device
molecule. Preliminary data demonstrates that the resulting devices function as gene
regulators/cellular biosensors in response to the presence of the target protein. The
engineering of a protein-responsive ribozyme-switch platform may enable the construction of
‘designer’ gene regulators and cellular biosensors that can be used to respond to, report on,
and manipulate the expression levels of a specific target protein of interest, such as those

associated with a particular diseased state.
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5.1. Introduction

Proteins are fundamental cellular constituents that exhibit a wide variety of functional
activities and are encoded within the genomes of organisms. Numerous diseases originate
from faulty and/or improperly-regulated protein expression. Genetically-encoded molecular
tools are needed for controlled regulation of the expression of targeted genes and probing of
corresponding protein expression. Novel gene regulators and cellular biosensors that provide
noninvasive dynamic detection, control, and manipulation of target protein expression and
activity are highly desired and represent powerful tools for basic and applied biological
research.

Many synthetic biosensors have been developed to probe various target proteins.
Antibodies are the most popular class of biosensors with a broad range of remarkable target
ligand recognition capabilities” and have made profound contributions to the elucidation of
protein interactions and functions. However, applications of antibodies as biosensors have
primarily been targeted to in vitro studies™ * or invasive studies in cellular systems’. In
addition, the employment of antibodies in biosensing applications presents issues associated
with structural stability, difficult manipulation, and use of animals for generating new
antibodies® 7. As a result, the development of antibody-based biosensors can be labor-
intensive, time-consuming, and expensive.

Alternatively, biosensors have been developed based on fluorescent protein fusion
and fluorescence resonance energy transfer (FRET) for in vivo studies of protein interactions
and functions. In the former, proteins of interest are fused with a fluorescent protein and their
expression levels and subcellular localization can be visualized using a fluorescent

microscope®. In the latter, the synthetic genetically-encoded biosensors are composed of the
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target proteins fused with appropriate donor-acceptor fluorescent protein pairs suitable for
FRET” '°. FRET-based biosensors have become more powerful following the development
of fluorescent proteins with enhanced signal response and sensitivity''. Although fluorescent
protein-fused biosensors are valuable tools in monitoring protein-associated cellular events in
living systems, these sensors pose a couple of major challenges” '°. First, many proteins are
not amenable to protein fusion strategies, which may perturb the native folding state of the
target protein and thus its functional activity, or the intensity of the fluorescent reporter
protein. Second, there are a limited number of good FRET pairs, and many classes of protein
molecules are incompatible or cannot be properly coupled with any FRET pair based on
conformations and distances required for generating detectable FRET signals. Therefore,
despite the tremendous value held by fluorescent protein-fused biosensors, their applicability
is fairly limited to certain proteins, thus lacking platform universality and potential for broad
applications. In addition, while antibody-based or fluorescent protein fusion-based biosensors
are capable of probing target proteins, they are limited in application as gene regulators.

We have previously developed modular synthetic RNA devices, called ribozyme
switches, based on an extensible gene-regulatory/biosensor platform that exploits RNA
aptamers as sensing elements for small-molecule ligands'. Aptamers are nucleic acid-based

12, 13
> and

molecular sensing elements that can bind ligands with high affinity and specificity
are well suited as sensing components of biosensors’. Other than antibodies, aptamers are the
only molecular species that exhibit ‘universal’ binding activities for a diverse range of
ligands®. The ribozyme switch platform was demonstrated to be modular such that the

sensing component of the biosensor was directly replaced with a different small molecule-

binding RNA aptamer, where the resulting biosensor was shown to exhibit ligand
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responsiveness to this new small-molecule ligand'. The ability of the direct sensor
replacement strategy to generate functional switches highlights the platform adaptability to
construct new biosensors for various target ligands. In addition to biosensing, ribozyme
switches can also function as gene regulators in response to ligand binding. However, the
switch platform has not been adapted to probe proteins. Recently, a similar ribozyme-based
system was demonstrated in vitro, in which the ribozyme cleavage activity was regulated by
a protein kinase, ERK2, through molecular recognition of the kinase by its RNA aptamer
coupled to the ribozyme'®. This system, however, does not support portability to the cellular
environment, as the sequence elements required for the in vivo functional activity of the
ribozyme are absent in the design"’.

In this study, we set out to develop an in vivo-functional platform for the construction
of RNA devices that enable both biosensing of specific protein molecules of interest and
regulation of target gene expression in response to those protein molecules in living cells. We
extend our small molecule-responsive ribozyme switch platform by implementing protein-
binding RNA aptamers within the sensor domain of the switch molecule to generate protein-
responsive ribozyme switches. Preliminary data show that the resulting switch devices
function as gene regulators/cellular biosensors in response to the presence of a target protein.
Additional experiments as described in Discussion will be conducted to further support and
confirm the functional activity of these devices currently observed. Successful construction
and demonstration of modular protein-responsive gene regulator/biosensor platform will
further advance the elucidation of protein interactions and functions. In addition, such tools
are essential for the construction of synthetic biological systems, which hold promise in

furthering current understanding of natural biological systems.
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5.2. Results
5.2.1. General composition framework and construction scheme for protein-responsive
ribozyme switches

The ribozyme switch platform is comprised of three distinct functional components: a
sensor component, comprised of an RNA aptamer; an actuator component, comprised of a
hammerhead ribozyme including the sequence elements required for its in vivo cleavage
activity'’; and a transmitter component, comprised of a sequence that couples the sensor and
actuator components and translates the binding event in the sensor to a conformation change
in the actuator through a competitive hybridization event called strand displacement' (Figure
5.1). The sensor, actuator, and transmitter components are modularly coupled and

functionally independent of one another.

stem loops I-Il interactions stem loops I-Il interactions

direct couphng competing strand
stem Il integration /
actuator sensor neither loop is replaced allowing aptamer-coupled ribozyme
(hammerhead ribozyme) ~ (RNA aptamer) tertiary interactions ON switch platform

insertion into the 3' UTR
of a target gene through stem IlI

(6]
AAAAA ligand AAARA
aptamer bound, ribozyme inactive conformation, aptamer unbound, ribozyme active conformation,
allowing gene expression suppressing gene expression

Figure 5.1. General composition framework and modular design strategy for engineering
ligand-controlled ribozyme switch-based gene regulatory systems'. Color schemes: catalytic
core, purple; loop sequences, blue; aptamer sequence, brown; competing strand, green;
switching strand, red; spacer sequences, orange; cleavage site, brown arrow. An aptamer is
directly attached to the ribozyme through one of its loops without replacing any part of the
ribozyme, thereby maintaining loop I-II interactions required for in vivo functionality. Spacer
sequences are included on both ends of the ribozyme switch to insulate the molecule from
non-specific interactions with the surrounding sequences. A competing strand, whose
sequence is similar to that of the switching strand, is integrated into the aptamer-coupled
ribozyme, which enables the RNA molecule to adopt two primary conformations at
equilibrium through the strand displacement mechanism. Ligand binding shifts the
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equilibrium distribution towards the conformation in which the ligand-binding pocket is
formed.

A general construction scheme for protein-responsive ribozyme switches is illustrated
in Figure 5.2 based on a ribozyme ON switch platform, where an RNA aptamer for
potentially any target protein of interest is directly replaced within the sensor domain of the
switch molecule. In principle, in the absence or little expression of the target protein ligand
inside the cell, the ribozyme switch will down-regulate the mRNA level within which the
switch is embedded. As the expression level of the protein ligand increases and the ligand
binds to its aptamer, the ribozyme switch will begin to up-regulate the level of the encoded
transcript. In the case of regulating reporter gene expression, ribozyme switches can serve as
cellular biosensors by transmitting a change in the levels of a protein ligand of interest to a
change in the reporter gene expression level. In the case of regulating the expression of a
particular target gene, ribozyme switches can function as specific protein-responsive gene
regulators. The latter regulatory scheme potentially holds a therapeutic value in the treatment

of protein-associated diseases.

' direct replacement

in sensor

\

$

protein-binding RNA aptamer
AAAAA
ribozyme switch-based platform
small molecule-unbound conformation

implementation of
sensor of interest

a

It - AAAAA = * AAAAA
ribozyme switch-based platform protein of interest ribozyme switch-based platform
protein-unbound conformation protein-unbound conformation
gene expression OFF gene expression ON
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Figure 5.2. A general construction scheme for protein-responsive ribozyme switches. Color
schemes follow those described in Figure 5.1.

5.2.2. Development of protein-responsive ribozyme switches

G U G U G A
U= A A U
CoGA Us A GA
A G ACG ACG
GlAlAU AA U GAA U
U U UG U U
c GG ¥ G U G
Ui@ clc Uie cc Ui@ cc
7A ’A !A
3’ 3! 31

Figure 5.3. Sequences and structures of RNA aptamers with affinity and specificity for NF-
kB p50. (A) the original NF-kB p50-binding RNA aptamer'® (NF-kB1). (B) and (C) the
optimized NF-kB p50-binding RNA aptamers'”'® (NF-kB4 and NF-kBS5, respectively). The
conserved nucleotides are indicated in gray boxes.

To develop a protein-responsive ribozyme switch, we employed an existing RNA
aptamer with high binding affinity and specificity for the p50 subunit of the human nuclear
transcription factor kappa B (NF-kB p50)'® as a sensor component (NF-kB1, Figure 5.3A).
We employed this aptamer primarily because it has been previously shown to bind its target
transcription factor in a yeast three-hybrid system in activating the transcriptional event, thus

supporting the in vivo target recognition capability of this in vitro selected aptamer'”™ '®. T

n
addition to this original NF-xB p50 aptamer, we also employed two optimized derivatives of
this aptamer' " '* (NF-kB4 and NF-kB3, respectively, Figure 5.3, B and C). We implemented
these aptamers within the sensor domain of a gene ON ribozyme switch, L2bulgel'. As the

conserved nucleotides are present in the base stem of these aptamers, we modified the

transmitter domain of L2bulgel to include these nucleotides in constructing an NF-xkB p50-
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responsive ribozyme switch, L2bulgeINF-xB1 (Figure 5.4). The sequences of the other two

switch constructs, L2bulge1 NF-kB4 and L2bulge INF-xBS5 are shown in Figure 5.5.

; & i directreplacement
c.uu
i uACe
'y Ca <—
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G / UAA NF-kB p50-binding RNA aptamer 1
GC . )
UA with no conserved base stem nucleotides
CG

|| éé AAAAA
L2bulge1 ON switch
aptamer unbound conformation

implementation of
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Ug A Uga®
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U UAG-G-CCA GCAGG) G modification U UAGGCCA GCAGG) G
G uaAf G C aAA
/ 6e — / Ge
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I CG . . . I CG
GC AAAAA in transmitter domain | GC AAAAA
pre-L2bulge1NF-kB1 ON switch L2bulge1NF-kB1 ON switch
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L2bulge1NF-kB1 ON switch
aptamer bound conformation

Figure 5.4. Modular design strategies and systematic engineering of an NF-«kB p50-
responsive ribozyme switch. Color schemes follow those described in Figure 5.1. An ON
switch platform, L2bulgel, is used for illustration, where an NF-xB p50-binding aptamer
(right dashed box) is directly replaced within the existing sensor domain (left dashed box) to
construct a pS0-responsive gene regulator/cellular biosensor. Sequence modifications were
made within the transmitter domain to include the conserved nucleotides present in the base
stem of the p50-binding aptamer.
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Figure 5.5. Sequences and secondary structures of two p50-responsive ribozyme switches in
their ligand-bound conformations: (A) L2bulgeINF-kB4 and (B) L2bulgelNF-kB5. Color
schemes follow those described in Figure 5.1. The transmitter domains of these switches are
modified from that of L2bulgel to include the conserved nucleotides present in the aptamer
base stem.
5.2.3. In vivo functional activity of p50-responsive ribozyme switches

The resulting ribozyme switches were each integrated into the 3’ untranslated region
(UTR) of a fluorescent reporter gene and expressed from a ribozyme-switch characterization
plasmid. As the plasmid employed in the yeast three hybrid system, which contains the gene
encoding NF-kB p50 fused with GAL4 activation domain (GAL4AD) and tagged with a
nuclear localization signal'®, was compatible with our expression system, this plasmid was
co-transformed with each ribozyme switch to endogenously express the protein ligand in
Saccharomyces cerevisiae cells. The up-regulation of reporter gene expression was observed
in cells harboring both the ribozyme switch and p50 expression constructs in comparison to
cells harboring just the ribozyme switch and no p50 expression construct, demonstrating the

protein-responsive gene regulatory/biosensor function of these ribozyme switches (Figure

5.6).
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Figure 5.6. The device response of p50-responsive ribozyme switches exhibiting ON switch
regulatory responses. Device response is reported in unit expression as described in Materials
and Methods.

Among the three p50-responsive ribozyme switches, L2bINF-kB1 comprised of the
original in vitro-selected aptamer, exhibits the largest regulatory response (Figure 5.6)
compared to the other two switches, L2b1NF-kB4 and L2b1NF-kBS5, which are comprised of
the optimized aptamer sequences, indicating that the optimization in the yeast three-hybrid
system was not translatable to the ribozyme-switch system. This may be explained by the
fact that these sequences were optimized in the context of the three hybrid system to more

effectively activate transcription and thus might be dependent on the surrounding sequences

to which they were coupled in the hybrid system to achieve the optimized activity.
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5.3. Discussion and Future Work

The preliminary data show that the ribozyme switches comprised of p50-binding
RNA aptamers as sensing elements are capable of regulating target gene expression through
molecular recognition of p50 in living cells, thus serving as p50-responsive gene regulators
and cellular biosensors. However, additional experiments will be conducted to further
support and confirm the p50-responsive ribozyme-switch activity currently observed. First,
the p50-directed switch activity will be characterized without GAL4AD fused into p50 to
exclude the possible non-specific activity arising from the presence of GAL4AD. In addition,
nuclear localization signal will be removed from p50 to examine if the switch activity is still
observed when the ligand protein is present only in the cytoplasm. This study will provide
insights into the mechanism of ribozyme switch regulation, specifically where the binding-
cleavage events occur inside the cell. Second, p50 will be expressed under the control of an
inducible promoter system so that a transfer function of device response may be generated
across a gradient of p50 expression levels. Third, mutational studies will be conducted by
introducing a single or few nucleotide mutations within the p50-binding aptamer sequences
that are involved in p50 binding to confirm that the observed regulatory and sensing activities
are indeed due to the precise recognition of the target protein. Fourth, quantification of
cellular transcript levels through quantitative real-time polymerase chain reaction (QRT-PCR)
will be carried out, which will provide information associated with p50-dependent regulation
of transcripts through catalytic cleavage. Fifth, protein gel assay using Coomassie brilliant
blue'® or Western blots®® will be performed to ensure in vivo expression of the effector
protein p50. Finally, the regulation of gene expression through more advanced devices will

be examined by integrating a single-input small molecule-responsive ribozyme switch and a
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single-input protein-responsive ribozyme switch within the 3> UTR of a reporter gene. This
implementation allows sophisticated control of gene expression in response to two different
classes of input ligands, small molecules and proteins, and thus represents a higher-order
signal integration scheme. The p50-binding RNA aptamers may also be implemented within
the sensor domain of a gene OFF switch, such as L2bulgeOffl'. The functional
demonstration of a protein-responsive OFF switch will broaden the application areas of these
protein-responsive gene regulators/cellular biosensors.

Successful demonstration of ribozyme switch-based protein-responsive gene
regulators and cellular biosensors will provide a significant advance in the current
technologies available for controlling gene expression and probing protein interactions and
functions. For instance, these gene regulators will enable the reprogramming of cellular
behavior through regulation of the expression of certain proteins of interest in a specific
effector protein-dependent manner, where the regulated protein may be different from the
effector protein and the latter may be native to the cellular system employed. In regulating
the expression of reporter proteins, ribozyme switches will serve as noninvasive synthetic
cellular biosensors to monitor temporal and spatial fluctuations in the expression levels of
both exogenous and endogenous proteins of interest. Therefore, the development of protein-
responsive gene regulators and cellular biosensors based on a modular and extensible
functional platform is critical for broader applications of these tools to a wide range of basic

and applied biological research.

5.4. Materials and Methods

5.4.1. Plasmid construction and transformation
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A ribozyme-switch characterization low-copy plasmid, pRzS-TEF1, harboring the
yeast enhanced green fluorescent protein (YEGFP) under the control of a TEF1 promoter and
an ADHI1 terminator was used to characterize protein-responsive ribozyme switches.
Ribozyme switches comprising the p50-binding RNA aptamer in the sensor domain were
cloned into the 3> UTR of the yegfp gene, using two unique restriction sites, Avr Il and Xho I,
3 nucleotides downstream of the stop codon of yEGFP. The gene encoding p50 under the
control of an ADH1 promoter was expressed from a high-copy plasmidlg.

The engineered ribozyme constructs were generated by PCR amplification using the
appropriate oligonucleotide templates and primers. Cloned plasmids were transformed into
an electrocompetent Escherichia coli strain, DH10B (Invitrogen) and all ribozyme constructs
were confirmed by subsequent sequencing (Laragen, Inc). Confirmed ribozyme plasmids
were co-transformed with the plasmid encoding p50 into a Saccharomyces cerevisiae strain
(W303 MATa his3-11,15 trpl-1 leu2-3 ura3-1 ade2-1) using standard lithium acetate
procedures”'. As a control, each ribozyme plasmid was transformed alone into S. cerevisiae,
which serves as the basal expression level of the ribozyme construct in the absence of p50

expression.

5.4.2. RNA secondary structure prediction and free energy calculation

RNAstructure 4.2 (http://rna.urmc.rochester.edu/rnastructure.html) was used to

predict the secondary structures of all switch constructs and their thermodynamic properties
as described previously'. RNA sequences that were predicted to adopt at least two stable
equilibrium conformations (ribozyme inactive and active) were constructed and examined for

functional activity.
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5.4.3. Ribozyme characterization assays

Ribozyme switch activities were examined through characterization assays as
described previously'. S. cerevisiae cells harboring the appropriate plasmids were grown in
synthetic complete medium supplemented with an appropriate dropout solution and sugar
overnight at 30°C. Overnight cultures were back diluted into fresh medium to an optical
density at 600 nm (ODgqg) of approximately 0.1 and grown at 30°C. Back-diluted cells were
grown to an ODggo of 0.8-1.0 or for a period of approximately 6 h before measuring GFP

levels on a Cell Lab Quanta SC flow cytometer (Beckman Coulter).

5.4.4. Fluorescence quantification

Fluorescence measurements were taken following the protocols described previously'.
The population-averaged fluorescence of each sample was measured on a Safire fluorescence
plate reader with the following settings: excitation wavelength of 485 nm, an emission
wavelength of 515 nm, and a gain of 100. Fluorescence readings were normalized to cell
number by dividing fluorescence units by the ODgg of the cell sample and subtracting the
background fluorescence level to eliminate autofluorescence.

Fluorescence distributions within the cell populations were measured on a Quanta
flow cytometer with the following settings: 488 nm laser line, 525 nm bandpass filter, and
PMT setting of 5.83. Fluorescence data was collected under low flow rates for approximately
30,000 cells. Viable cells were selected and fluorescence levels were determined from 10,000
counts in this selected population. Background fluorescent cell population was used to set a
‘negative GFP’ gate. Cells exhibiting fluorescence above this negative gate are defined as the

‘positive GFP’ cell population.
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Ligand protein-directed regulatory effects are reported as device response in units of
expression normalized to the levels in the absence of ligand where 1 unit expression is
defined as the reporter gene expression level of the native ribozyme, sSTRSV', relative to the
background fluoresence level. The expression level of STRSV is ~2% of that of the inactive
ribozyme or the full transcriptional range of 50 units of expression'. All fluorescence data

and mean +s.d. are reported from at least three independent experiments.
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Conclusions

It is becoming increasingly evident that RNA is a functionally diverse and
versatile molecule that plays an essential role in regulating gene expression in various
organisms. Regulation can occur at different levels in the gene expression pathways,
including transcription and translation, and through diverse mechanisms, including RNA-
RNA base-pairing interactions and cleavage via different physical implementations, in cis
or in trans. RNA is a flexible molecule that can adopt different conformations and fold
into secondary and tertiary structures, yet still possesses the ability to undergo dynamic
conformational changes, which allow it to interact with a wide range of biological
molecules such as DNA, protein, and other RNA molecules. RNA molecules exhibit
ligand recognition properties, through which they can sense their environment, and
allosteric binding properties, through which they can self-regulate their own activity.
These properties enable RNA to function as precise molecular sensors and autonomous
control systems that require no additional aid from proteins as intermediate sensor or
actuator elements.

Due to its unique array of functional properties, RNA is a powerful platform for
the design of regulatory molecules for a wide range of biotechnological and medical
applications. Unlike larger biomolecules such as proteins, the functional activity of RNA
is more directly defined by its secondary structure. This relationship between RNA
secondary structure and function, in combination with predictive RNA secondary
structure / energetic folding programs, has enabled molecular engineers to construct
diverse synthetic regulatory RNA elements and to manipulate biological processes at the

molecular level with greater flexibility and reliability.
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RNA engineering has rapidly emerged in the last decade, as RNA has proven to
be a versatile molecule capable of performing various cellular functions that go beyond
passive transfer of genetic information between the genome and the proteome. RNA
represents an attractive and excellent substrate for the construction of gene control
devices, and thus numerous synthetic RNA devices have been engineered for regulating
the expression of various target genes. Supported by technologies that allow the
generation of RNA sensors, researchers have integrated sensory elements and developed
many examples of RNA devices comprised of integrated sensor and actuator domains
that control gene expression in response to specific target molecules. While these
examples have made profound contributions in advancing the field of RNA engineering,
they either fail to function in vivo, or lack one or more key engineering properties, such
as portability, scalability, and modularity. In addition, their artisanal designs and
construction do not support component reuse and a general device composition
framework.

We set out to develop a functional composition framework that supports the
reliable design and construction of synthetic molecular switches and sensors from
modular functional components to support the generation of many such devices that can
be implemented in a broad range of biotechnological applications such as gene
expression regulation, biosensors, therapeutic molecule design, metabolic reprogramming,
and tools for elucidating cellular function. The RNA devices are based on a modular,
extensible, and portable regulatory platform that enables the tailored construction of
application-specific switches and sensors responsive to user-defined target ligands

without complex device redesign. In addition, the RNA devices can be utilized in concert
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with other gene-regulatory components such as inducible promoters, and synergistic and
application-specific gene-regulatory responses can be readily obtained through such
combinatorial designs. For instance, similar to the strategies described previously, such as
energetic tuning of individual devices or signal integration within the 3> UTR by multi-
copy device expression, the regulatory dynamic range of an RNA device can be altered to
fit particular applications by expressing the device under the control of an inducible
promoter at an appropriate induction level. Such strategies will enable the tuning of the
device response levels in the absence and presence of a target ligand to match the
application-specific threshold levels. Such component matching between the ribozyme
switches and other biological components in the genetic system will broaden the utility of
this molecular tool. Furthermore, validation of the preliminary results observed with the
p50-responsive ribozyme switches is important to demonstrate the extensibility of the
sensing platform to a different class of targets, protein ligands, to extend the utility of this
platform. In addition, technological advances that enable the efficient generation of well-
characterized libraries of sensor components (RNA aptamers) that recognize biologically-
relevant molecules, function in the cellular environment, and are compatible with the
described composition frameworks will be critical to the broader implementation of these
frameworks for the construction of ‘designer’ RNA devices capable of processing user-
specified environmental and intracellular signals.

The functional performance of the RNA devices described in this thesis can also
be improved through the integration of future scientific and technological advances. For
instance, advances in RNA engineering that provide insights into RNA structure-function

relationships and improved predictions of RNA secondary and tertiary structures relevant
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to in vivo folding environments will enable the development of RNA devices with more
robust functional performance. In addition, modeling tools that can predict both
thermodynamic and Kinetic properties of RNA folding in vivo, incorporate tertiary
interactions, and link those properties to functional states and gene expression pathways
will support future design tools that efficiently optimize and program device properties in
silico.

Engineered RNA devices have significant potential to transform our ability to
interface with biological systems and to fundamentally change the ways in which we
manipulate, program, and probe living systems. Many effective solutions to the societal
challenges faced today, including ‘renewable’ energy and the ‘green’ environment,
sustainability, and health and medicine, will be derived from engineered biological
systems, and thus we hope that our engineered RNA devices play a role in achieving

these solutions.
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