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Abstract

Applying riboswitches for novel sensing and chemistry
by
Johnny Truong
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Ming C. Hammond, Chair

Riboswitches are cis-regulatory structured RNA elements capable of controlling
expression of downstream genes by binding to small molecule ligands. These naturally
evolved RNA elements possess remarkable affinity and selectivity for their small molecule
ligands, high folding efficiencies, and thermostability for functioning in cellular
environments. Due to these properties, a number of riboswitch-based technologies have
emerged such as riboswitch reporters, aptazymes, and RNA-based fluorescent (RBF)
biosensors which all have wide applications for detection, imaging, and regulatory circuits.
While riboswitch reporters and aptazymes have been robustly studied to better
understand how to improve their function, there are fewer studies that expand on RBF
biosensor development. Here, novel approaches towards expanding the functional
repertoire of RBF biosensors and systematically probing their properties are described.

First, we show that engineering circular permutations of the riboswitch aptamer domain
yields functional biosensors for S-adenosyl-L-methionine (SAM), using the SAM-|
riboswitch as our model. We reveal that this design can enhance fluorescence turn-on
and ligand binding affinity compared to the non-permuted topology. Expanding upon
these established design principles, novel biosensors for the ligand guanidine was
developed. Two novel designs were added to our existing repertoire that generated
functional RBF biosensors using the architecture of the guanidine-I riboswitch. A new
base-pair mutation strategy was applied on these guanidine biosensors which, resulting
in modest changes to biosensor activation speeds just from single base-pair mutations.
Lastly, riboswitches were explored as potent scaffolds to generate a self-labeling
ribozyme. Various natural or engineered riboswitches for the electrophilic ligand, SAM,
were screened for reactivity with an analog, Hey-SAM, as a proxy to measure ribozyme
activity. In collaboration with Agilent Labs, a high-throughput method was developed for
probing and screening latent ribozyme activity using a microarray platform. The efforts
and strategies put forth here use riboswitches outside their native context for applications
in detection and catalysis further showcasing the broad utility of riboswitch-based tools.
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CHAPTER 1

Introduction to riboswitch-based technologies



To date, the centrality of RNA has far exceeded its classical roles of coding
messenger RNAs, processing tRNAs, and catalytic ribosomal RNAs. The rapid and
ongoing discovery of new types of non-coding regulatory RNAs further showcases the
functional diversity for an essential biomolecule in nature. With the wealth of biology
uncovered with non-coding RNAs, there has also been vast development of engineered
RNA tools in conjunction. The context for noncoding RNAs in biology can vary such as
those that utilize ribonucleoprotein complexes including ribosomal RNAs, microRNAs,
and clustered regularly interspaced short palindromic repeats (CRISPR) RNAs.
Ribosomal RNAs are catalytic in nature and essential for protein translation while
microRNAs and CRISPR RNAs can regulate gene expression through targeting RNA
transcripts or dsDNA respectively (Cech and Steitz, 2014). Independently-functioning
non-coding RNAs can include riboswitches and ribozymes which often exist in
untranslated regions of mMRNA transcripts. With new types of RNAs being uncovered at
a rapid rate, there also has been a surge in expanding the roles of classic RNAs in
parallel. Chemical modifications on classical RNA motifs have been shown to possess
much biological significance. For instance, methyl-N6-adenosine (mfA) on messenger
RNAs has been discovered to be involved in gene regulatory processes crucial to
development and disease in eukaryotes (Schaefer et al., 2017). Additionally, the
structure determination of the human ribosomal 80s subunit has illuminated ribosomal
RNA modifications that could have potential implications towards health and development
as well (Natchiar et al., 2017). Akin to the discovery of histone and DNA modifications
that yielded the era of epigenetics, these biologically relevant RNA modifications have
given birth to the exciting field of epitranscriptomics.

Beyond these diverse functions found in RNA, their structural capabilities are also
astounding when compared to their protein counterpart. While proteins can utilize up to
a combination of 20+ naturally available amino acids with a variety of functional groups,
there exists much less chemical diversity for nucleic acids. RNAs utilize four different
nucleobases with the identical phosphodiester linkages and ribose-sugars. Despite the
limited subset of monomers, RNAs can still adopt a number of complex three-dimensional
structures through electrostatics, hydrogen bonding, and base-stacking. Interestingly,
nucleic acids like RNA and DNA can both be utilized in similar, complex folds but the
former possesses an additional hydroxyl group on 2’-C of the ribose sugar enabling
additional interactions. These structural capabilities have been exploited towards the
discovery and development of “RNA aptamers”, nucleic acid sequences that can bind
small molecules.

1.1 Nucleic Acid Aptamers for Detection

Aptamers are considered the nucleic acid equivalent to antibodies. Aptamers and
antibodies both utilize complex biological scaffolds that confer their specificity for a
particular ligand. Their respective global architectures are able to encapsulate their target
through various intermolecular interactions. While antibodies are known for their
characteristic “Y-shape” and ligand-binding Fab (fragment, antigen-binding) regions, RNA
aptamers can possess diverse global structures . Due to this, aptamers can differ in their
size amongst one another and tend to be a magnitude smaller in weight than antibodies.
On average, aptamers possess a molecular weight of 5 — 15 kDa while antibodies can
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typically range anywhere from 15 — 100 kDa (Groff et al., 2015). These considerations
play a huge role when we think about developing aptamers to be as robust and effective
as antibodies for detection purposes.

For decades, antibodies have been engineered and developed into research tools,
diagnostics, and even therapeutics. Antibody-based assays such as immunoblotting and
enzyme-linked immunosorbent Assay (ELISA) have become standard biochemical
techniques. Despite the wide-spread adoption of antibodies as a detection platform, there
still exists limitations. First, developing antibodies for a novel molecular target is a lengthy
and resource-intensive procedure. Animal subjects are injected with the ligand of interest
to elicit a natural immune response in which antibodies for the ligand are harvested. This
process typically requires months for antibodies to be developed and the use of different
animal subject creates batch-to-batch variation, limits production scale, and drives up
costs (Lakhin et al., 2013; Baker, 2015). Second, antibodies need to be handled carefully
as the require appropriate temperature and pH conditions during transport and storage.
Third, development of antibodies for small molecular ligands (under 100 Daltons) can be
challenging as their detection sensitivity and specificity can suffer (Groff et al., 2015).
While antibodies are widely employed for diagnostic purposes, these reasons have been
have propelled the field to seek better alternatives.

The advances in aptamer discovery positions them nicely to answer the call for
antibody-alternatives. The generation of aptamers is highly cost-effective and can be
done as quickly as several weeks through an in vitro technique known as “Systematic
Evolution of Ligands for Exponential Enrichment (SELEX)” (Ellington and Szostak, 1990;
Tuerk and Gold, 1990). With SELEX, a library of randomized oligonucleotides undergoes
a selection pressure that enriches sequences capable of binding and their identities are
uncovered by downstream DNA sequencing. Recent technological innovations in
nucleotide synthesis and sequencing contributes to lower costs and the continued appeal
of aptamer development (Stoltenburg et al., 2007). Additionally SELEX can be used to
develop aptamers for ligands that are toxic to cells or that do not generate an immune
response. Aptamers can also be stored and transported in solid form after Iyophilization
or precipitation which allows for more flexible handling. Aptamers can also exhibit higher
selectivity for their cognate ligand over analogs compared to their antibody counterpart
which is the case for the theophylline aptamer which discriminates its ligand over the
close analog caffeine over 10* times (Zimmermann et al., 2000). Lastly, aptamers can
also easily accommodate chemical modifications to the phosphate backbone or 5’ or 3’
termini which minimally affect affinity while increasing desired properties like resistance
to degradation (Thiviyanathan and Gorenstein, 2012).

While aptamers generated in vitro have numerous potential advantages over
antibody production, there are still challenges to address. Aptamers and antibodies are
selected for their ability to bind the ligand of interest, but they rarely elicit strong
conformational changes upon doing so. Large conformational changes have been useful
in constructing probes or sensors as they can communicate the presence of a ligand
through structural modulation. This property has been vital in FRET-based detection
methods which is dependent on the distance of the fluorophore donor and acceptor (Marx,
2017). Additionally, in vitro selected aptamers are optimized to bind their ligand in
controlled environments as opposed to the cellular setting where thermostability and



folding capabilities are an issue. To address these problems, we can turn to naturally-
evolved RNA aptamers called “riboswitches” as a potential solution.

1.2 Riboswitches: Naturally-evolved RNA Aptamers

Overview

Riboswitches were first termed and described in 2002, when various researchers
concurrently found evidence of allosteric gene regulation of mMRNAs in the presence of
ligands like thiamine pyrophosphate, vitamin B12, and flavin mononucleotide (FMN)
(Breaker et al., 2002; Mironov et al., 2002; Winkler, 2002). Essentially, these RNAs
could “switch” gene regulation “ON-or-OFF” based off a ligand-induced conformation
change. Riboswitches are commonly located in the 5’ untranslated regions (5’-UTR) of
messenger RNAs primarily in bacteria and are comprised of two critical domains: an
aptamer domain and expression platform. In the presence of ligand, the aptamer
domain exhibits a conformational switching that also affects the expression platform in a
way to induce gene regulation. Expression platforms vary widely in sequence identity
and regulatory mechanisms that control gene expression. The most prevalent
mechanisms of expression platforms are transcriptional termination and translational
initiation. Transcriptional termination occurs when the ligand creates a conformational
change that destabilizes an anti-terminator structure and favors the formation of an
intrinsic terminator hairpin which can stall the RNA polymerase from elongating the
mMRNA. This mechanism is common to riboswitches controlling genes for metabolites
such as S-adenosyl-L-methionine (SAM) as its accumulation causes an OFF-state
similar to a negative feedback loop (Wang and Breaker, 2008). Conversely, translation
initiation occurs when the ligand causes a conformation change revealing a ribosome-
binding site (Shine-Delgarno sequence in bacteria) and allows for the ribosome to bind
and initiate protein translation triggering an ON-state. This is commonly observed with
riboswitches pertaining to signaling molecules like cyclic di-GMP (Sudarsan et al.,
2008).

Riboswitch Mining and Characterization

To date, there are over 40 distinct riboswitch classes that have been
experimentally validated to bind a specific ligand and induce gene regulation.
Riboswitch discovery has been greatly accelerated with the availability of genomic data
and computational power of modern CPUs. One modern workflow for riboswitch mining
(Stav et al., 2019) starts with taking whole bacterial genomes and isolating regions
between identified/putative genes. These intergenic regions are then analyzed for open
reading frames (ORFs) which are cross-referenced for homologous non-coding RNA
sequences. Algorithms for structure prediction are then used to create a consensus
model which displays the sequence context where these riboswitches can be found. At
this point, these riboswitch candidates may have a predicted function if they are found
upstream of a particular gene since in most cases, they interact with a ligand related to
genes they control. For instance, the riboswitch for S-adenosylhomocysteine (SAH)
was easily identified due to the identified genes downstream of the RNA motif being
related to SAH metabolism (Weinberg et al., 2007). The most recent riboswitch
discoveries have added nucleoside diphosphates and guanosine tetraphosphate
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(Sherlock et al., 2018a, 2019) to the repertoire of riboswitch ligands and demonstrates
the greater complexity of riboswitch discovery. While these RNA motifs were known for
some time, they were so similar in secondary structure that were considered to be a
subtype of the guanidine-binding riboswitch, ykkC-I (Battaglia and Ke, 2018). Upon
further analysis, it was determined that this subtype encompassed several classes of
riboswitches that were shown to bind to PRPP, ppGpp, and nucleoside diphosphates
(Sherlock et al., 2018b, 2018c, 2019).

Once riboswitch candidates are identified, there is extensive characterization to
identify their ligands. Most validation of riboswitches utilizes biochemical techniques
such as in-line probing or reporter assays (Sudarsan et al., 2008). In-line probing can
elucidate structural and affinity information as it relies on structure-dependent cleavage
of the RNA in the presence of ligand. Regions of reduced/increase RNA cleavage is
usually observed with and without the ligand present and identify regions that undergo a
conformational change when the ligand is bound. Additionally, the riboswitch candidate
is typically examined in a cellular context where the riboswitch is put upstream of a
reporter gene such as -galactosidase, GFP, or luciferase and is transformed into
mutant cell types which exhibit different endogenous levels of the ligand. In this way,
the activity of the reporter gene is dependent on the amount of the ligand present in the
cell. Aside from validation, there are a number of characterization techniques that are
used to elucidate global structural information for riboswitches such as x-ray
crystallography, nuclear magnetic resonance (NMR), and small angle x-ray scattering
(SAXS). Currently there are over 39 riboswitch structures that have been solved using
these structure determination techniques with that number will only continue to grow
with the discovery of new riboswitches. To date, there are over 24 RNA motifs that are
presumed to be riboswitches but whose ligands have not yet been established which
represents a wealth of new biology and structures to be discovered (Greenlee et al.,
2018).

1.3 Riboswitch-based Sensors

The discovery of riboswitches has led to the utilization of their aptamer domains
to create various molecular sensors. The modularity of RNA allows for a number of
complex RNA moieties to be fused in such a way that their original function can be
conducive to a detection method. This “plug-and-play’ strategy has been robustly
demonstrated with the generation of tools including riboswitch reporters, aptazymes and
fluorescent biosensors (Fig. 1.2).

Riboswitch Reporters

Riboswitches can be inserted upstream of a reporter gene such that the
reporter’s activity/expression is linked to the amount of ligand that can interact with the
riboswitch. These riboswitch-based reporters have been developed using various
genes and outputs such as luciferases for luminescence, GFP for fluorescence , and
LacZ for colorimetric measurements. Most riboswitch discoveries are validated using a
LacZ reporter for their discernable signal changes that rely on enzymatic activity. A
recent example was used to uncover the guanidine riboswitch where a LacZ reporter
was used that to correlate higher activity upon increased cellular levels of guanidine
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(Nelson et al., 2017). GFP riboswitch reporters for cyclic-di-GMP have also been used
to screen and validate cyclic-di-GMP degrading enzymes or diguanylate cyclases
among various bacterial candidates (Zhou et al., 2013). Additionally, luciferase
reporters were instrumental in understanding rare riboswitches found in eukaryotes
where the TPP riboswitch was found to regulate alternative splicing of introns (Li and
Breaker, 2013).

Aptazymes

Riboswitch aptamer domains can also be fused with known ribozymes to
generate a ligand-dependent ribozyme which has been conventionally termed
“aptazyme”. An engineered aptazyme was developed to detect cyclic-di-GMP through
fusing the Vc2 cyclic-di-GMP riboswitch aptamer with the hammerhead ribozyme
sequence through an optimized transducer stem. (Furukawa et al., 2014). Additionally,
aptazymes can be useful for regulating gene expression upon a ligand input
demonstrated by engineered purine aptazymes that were functional when transfected
into HeLA cells.(Zhong et al., 2016). Recently, they have been used to create ligand-
dependent Cas9-mediated genome editing by masking guide RNAs into an aptazyme
until the ligand is present inducing cleavage and releasing a functional guide RNA
(Tang et al., 2017). While this type of riboswitch-based sensor has mostly been
synthetically engineered, there also exists a natural aptazyme in the case of
glucosamine-6-phosphate (GIcN6P) activated ribozyme, gimS. The gimS ribozyme
utilizes GIcNGP in a direct interaction which catalyzes the cleavage of the RNA.

RNA-based Fluorescent Biosensors (RBFs)

The conformational switching of riboswitch aptamer domains in the presence of a
target ligand has also been exploited in the development of fluorescent biosensors.
These biosensors are composed of a riboswitch aptamer that is fused to a fluorogenic
RNA aptamer. In the presence of the target ligand, these sensors will induce a
conformational change that activates the fluorogenic aptamer and giving off fluorescent
signal (Fig. 1.3). These allosteric sensors have been shown to be modular and highly
adaptable to sense a number of ligands (Table 1.1, Fig. 1.4). The first demonstrated
sensor of this type used the aptamer domains for theophylline, adenosine triphosphate
(ATP) and flavin mononucleotide (FMN) and fused them to the fluorophore-binding
aptamer for malachite green (Stojanovic and Kolpashchikov, 2004). However, their use
was limited to in vitro applications as malachite green is a DNA intercalator and
cytotoxic to cells. More recent developments in fluorogenic aptamers for in vivo
applications have led to the discovery of the Spinach aptamer which is able to bind the
pro-fluorescent dye 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI), an
analog of the GFP chromophore (Paige et al., 2011). Using Spinach and its improved
variants Spinach2 and Broccoli, numerous riboswitch-based biosensors have been
developed for ligands such as ADP, ATP, SAM, cyclic di-AMP, cyclic di-GMP, bacterial
cGAMP, and S-adenosyl-L-homocysteine ((Paige et al., 2012a; Kellenberger et al.,
2013a, 2013b, 2015a, 2015c; Bose et al., 2016; Su et al., 2016a; Litke and Jaffrey,
2019).



1.4 Broadening the Utility of Riboswitch-based Tools

While many tools have been constructed using naturally evolved RNA aptamers, the
subset of 40 riboswitch classes and ligands limits the chemical diversity for molecular
detection and application of riboswitch-based tools. In order to circumvent these issues,
there has been many efforts put forth towards developing synthetic riboswitches either
completely de novo or by rational design and synthesizing modified riboswitch ligands to
uncover new biology or applications.

Engineered / Artificial Riboswitches

Riboswitches also display some flexibility in their binding pocket and have been
shown to accommodate structural analogs of their natural ligands when key nucleotides
are mutated. For instance, the natural riboswitches for the ligands guanine, adenine,
and 2’-deoxyguanosine all maintain a core secondary structure but a single C-to-U
mutation can change the specificity of a guanine riboswitch to bind adenine and this
same mutation in 2’-deoxyguanosine riboswitches shifts affinity towards 2'-deoxy-2,6-
diaminopurine nucleoside (Mandal and Breaker, 2004; Kim et al., 2007). In another
case, point mutations of RBF biosensors from GEMM-I cyclic di-GMP riboswitches
shifted selectivity towards bacterial cGAMP which later led to the discovery of cGAMP
riboswitches (Kellenberger et al., 2013). Our lab has been demonstrated the utility of
this mutagenesis approach by creating new RBF biosensors. GEMM-II cyclic di-GMP
riboswitches were altered with a G-to-A mutation, shifting its binding selectivity from
cyclic di-GMP towards the mammalian signal 2’,3’-cGAMP (Bose et al., 2016).
Additionally, adenine riboswitches have been systematically mutated to selectively bind
orthogonal ligands ammeline and azacytosine over their cognate ligand after 3 base-
pair mutations (Dixon et al., 2010).

Concurrently, there have been established efforts to push in vitro SELEX to not
only select for aptamers but for synthetic riboswitches that induce a conformational
change when bound to a ligand. It has been shown that already evolved aptamers like
theophylline and tetracycline can be successfully adapted to regulate gene expression
in live cells similar to riboswitches despite not initially selecting for that activity (Suess et
al., 2004; Hanson et al., 2005). However, more recent efforts have seen a variety of
modified SELEX methods that incorporate riboswitch scaffolds to select for switching
upon ligand binding. One method involves using conserved motifs from guanine and
cyclic di-GMP riboswitches to scaffold SELEX in order to retain robust folding properties
and switching when bound to the ligand (Porter et al., 2017). Additional selection
methods have enabled de novo discovery of functional riboswitches such as those
created for target ligands such as explosive compound, trinitrotoluene and the antibiotic,
ciproflaxin (Groher et al., 2018; Harbaugh et al., 2018).

Unnatural Riboswitch Ligands

The other side of improving riboswitch-based tools does not always have to
involve the RNA aptamer but can involve modifying riboswitch ligands or finding non-
natural ligands that interact with them. Attachment of nitrobenzyl photocaging moieties
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on ligands like theophylline and guanine demonstrated riboswitches could be used for
optogenetic control (Walsh et al., 2014; Dhamodharan et al., 2018). Additionally, a
panel of cobalamin-dye analogs with varying fluorescent properties have been
synthesized which allow for multicolor imaging when appending a cobalamin riboswitch
onto a RNA of interest (Braselmann et al., 2018). These strategies modify the cognate
ligands in areas that are solvent-accessible and do not interact with the aptamer
allowing for the native RNA riboswitch to still recognize these analogs In addition to
modifying riboswitch ligands, recent efforts have explored screening small molecule
libraries to see if new classes of molecules can interact with a native riboswitch. In one
study, the preQ1 riboswitch was found to bind small molecules with a dibenzofuran core
in a binding mode different than the native ligand but could still modulate an expression
platform (Connelly et al., 2019).

1.5 Approaches for RNA Taqqging

Another application for aptamers is for tagging RNA but this area has been
relatively underexplored for riboswitch aptamers. Generally, there are two approaches
to RNA-based tagging: 1) Non-covalent labeling and 2) Covalent labeling. Depending
on the tagging method, the labeled RNA sequence can be studied in vitro with post-
transcriptional labeling to profile RNA properties or in vivo with live cell imaging and
dynamics.

Non-covalent approaches

One of the earliest methods utilizes the MS2 coat protein which binds the MS2
RNA hairpin motif and fusion of the MS2 coat protein with GFP allows for tracking of a
messenger RNA (Bertrand et al., 1998). However, the MS2 system has several
limitations such as the number of stem loops that can be added as it can affect routine
cloning and balancing signal with protein fusion levels because non-specific aggregation
of MS2-GFP fusion proteins can occur which obscures analyses like microscopy (Weil
et al., 2010). Other non-covalent alternatives that have arisen involve appending
fluorogenic RNA aptamers onto the target RNA sequence. Improvements from the
Spinach system mentioned earlier has brought about aptamers such as Broccoli and
Corn which are optimized for in vivo imaging of RNAs and the latter being photostable
enough to quantitate RNA Pol Ill transcription (Filonov et al., 2014; Song et al., 2017).
Other fluorogenic aptamers systems such as the Mango (Dolgosheina et al., 2014) and
the DIR (Tan et al., 2017) aptamers have also been developed which bind different pro-
fluorescent dyes which are not analogs of fluorescent protein chromophores.
Additionally, the diverse spectral properties of these aptamer systems have been
showcased through the development of an aptamer-based Forster resonance energy
transfer (FRET) system utilizing the Spinach and Mango aptamers (Jepsen et al., 2018).
Recently, riboswitch aptamers for cobalamin were used as a RNA tag as cobalamin
acts as a quencher when in proximity to a fluorescent dye but when interacting with the
riboswitch, this quenching is reduced and one observes turn-on fluorescence of the
conjugated dye (Braselmann et al., 2018).



Covalent approaches

Most covalent approaches utilize biorthogonal click reactions in combination with
synthetic, enzymatic or chemo-enzymatic methods (George and Srivatsan, 2017). The
azide-alkyne cycloaddition and the alkene-tetrazine inverse electron demand Diels-
Alder (IEDDA) are two examples that have been robustly demonstrated for RNA tagging
(Paredes et al., 2011). Once these moieties are installed on the RNA sequence, they
are able to react with their cognate partner efficiently and rapidly. By conventional solid-
phase phosphoramidite chemistries for oligonucleotide synthesis, it is easy to site-
specifically install click moieties on a small RNA sequence to react with its functional
partner. Despite the hydrolytic instability of RNAs, they have been shown to react
efficiently in copper azide-alkyne cycloadditions (CUAAC) with better stabilizing ligands
that reduce spontaneous RNA cleavage (Hong et al., 2009). Another method to prevent
copper-mediated degradation of RNA is to utilized strain-promoted azide-alkyne
cycloadditions (SPAAC) using faster-reacting cyclooctynes (Singh et al., 2012). Recent
efforts have also shown that DNA-templated synthesis better promotes the alkene-
tetrazine IEDDA between complementary RNA fragments (Seékuté et al., 2013).

For enzymatic and chemo-enzymatic methods, the incorporation of these
reactive functional groups onto RNAs utilizes 1) an RNA-interacting enzyme and 2)
analogs containing the desired click moieties. Enzymatic methods are distinguishable
as they mainly pertain to tagging the RNA during transcription by an RNA polymerase
and a NTP analog. T7 RNA polymerases have robustly demonstrated to be
promiscuous enough to incorporate clickable UTP analogs. Both 5-ethynyluridine and
7-ethynyl-8-aza-7-deazaadenosine were shown to be non-specifically incorporated into
nascent RNA transcripts and visualized by fluorescence microscopy in live cells (Jao
and Salic, 2008; Zheng and Beal, 2016). Chemo-enzymatic approaches rely on natural
or engineered RNA-processing enzymes. Various RNA methyltransferases naturally
exist and have been demonstrated to label RNAs with click moieties by incorporating
analogs of the methyl cofactor, SAM (Motorin et al., 2011; Tomkuviené et al., 2012;
Plotnikova et al., 2014). Another enzyme class, tRNA agmatidine synthetase (Tias) has
also been shown to site-specifically label RNAs with azide or alkyne functional groups
for subsequent imaging in mammalian cells (Li et al., 2015).

While there are a number of covalent approaches to label RNAs, only a few
labeling approaches exist that use RNA machinery such as ribozymes for bond
formation and cleavage. One method has been to do SELEX for a ribozyme that reacts
with itself onto a nucleic acid sequence of interest. The earliest this has been
demonstrated with is a self-labeling ribozyme that can attach with an iodoacetamide
moiety conjugated with biotin (Wilson and Szostak, 1995). More recently, another RNA
selection for self-labeling ribozymes yielded one construct which could react with
fluorescein-iodoacetamide to fluorescently tag itself (Sharma et al., 2014). While no
instances are known in nature, one self-labeling ribozyme was found to react with
epoxide probes through a selection using a genomic RNA pool from organisms with a
high percentage of non-coding RNAs (McDonald et al., 2014). In addition to ribozymes
that act upon themselves, a polymerase ribozyme capable of elongating short,
oligonucleotide primers was found to incorporate NTP analogs to generate
fluorescently-labeled RNAs (Samanta et al., 2018). While using NTP analogs to tag



RNAs has largely been accomplished through polymerase enzymes, this is one of the
first instances that polymerase ribozymes can utilize this strategy as well.

1.6 Outlook

In summary, RNA aptamers are powerful alternatives to established detection
gold-standards such as antibodies and naturally-evolved aptamers like riboswitches are
have been rapidly adapted into robust sensors. While many detection platforms exist,
RBF biosensors are highly attractive due to the their modularity with synthetic or natural
riboswitch aptamers and can be more accessible as they operate using fluorescence
outputs which most laboratory instrumentation can detect. Uncovering insights towards
the development of RNA-based sensors is highly desirable.

In this thesis, | first focus on expanding the utility and scope of RNA-based
fluorescent biosensors by establishing new design strategies. In Chapter 2, a general
design strategy was pioneered in which circular permutations of riboswitch aptamers
were applied to make better performing biosensors for S-adenosyl-L-methionine (SAM).
We demonstrated a new biosensor topology which could be generalizable to adapting
other riboswitch scaffolds. In Chapter 3, we apply the engineering insights gained from
Chapter 2 toward the development of functional guanidine biosensors using the ykkC
riboswitch scaffold. Then, a novel mutational strategy using base-pair shuffling was
applied to these sensors to understand how RBF biosensor kinetics are tuned, resulting
in changes to response speed.

Additionally, there is little precedence of RNA-based tagging methods which
utilize riboswitches. One study uses cobalamin riboswitches as a non-covalent RNA tag
for multicolor imaging as the riboswitch can tightly bind to a panel of cobalamin-dye
analogs but this is the only instance to our knowledge (Braselmann et al., 2018). With
collaborators at Agilent Technologies, we investigated a novel covalent RNA tagging
strategy using SAM riboswitches in Chapter 4.
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1.7 Figures
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Figure 1.1. Demonstrated applications of riboswitches outside their native context
A variety of riboswitch applications used for either tool development, detection and
imaging. Red text highlights areas that have not been established or investigated until

this thesis.
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Figure 1.2. Modular approach to construct riboswitch-based sensors

Riboswitch aptamers can be fused to other functional RNA domains like an expression
platform, ribozyme, or fluorogenic dye-binding aptamer to generate riboswitch reporters,
aptazymes, and fluorescent biosensors, respectively.
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Figure 1.3. Construction of RNA-based fluorescent biosensors using fluorogenic
aptamers

Fusion of riboswitch aptamer domain (blue) to a dye-binding fluorogenic aptamer
(black), creates a RNA-based fluorescent biosensor. The ligand S-adenosyl-L-
methionine (pink) binds to its native riboswitch aptamer domain which allows the
fluorogenic aptamer to bind the pro-fluorescent dye (yellow) and activate its
fluorescence (green) in a RNA-dye complex.
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Figure 1.4. History and development of RBF biosensors for a variety of ligands

(a) Timeline of RNA-based fluorescent biosensor development. Numbers correspond to
the organization of Table 1.1 with full references. Red text highlights ligands that RBF
biosensors were developed in this thesis. (b) Background information and structures for
the ligands S-adenosyl-L-methionine and guanidine.
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Table 1.1. Literature precedent of RNA-based fluorescent biosensors and the
metabolites they detect. Publications are sorted by most recent first. Red text
indicates content that will appear or originates from this thesis.

4 Biosensor | Fluorogenic Ligand(s) Detected Reference / Year
Type Aptamer
1 Allosteric Spinach2 Guanidine See Chapter 3
Allosteric . S-adenosyl-L-methionine (Litke and Jaffrey,
2 | (Circular) Broccoll (SAM) 2019)
, . (Truong et al., 2018)
3 | Allosteric Spinach2 SAM See Chapter 2
4 | Allosteric Broccoli 5-HTP, L-DOPA (Porter et al., 2017)
5 | Allosteric Spinach2 Cyclic di-GMP (Wang et al., 2016)
6 | Allosteric Spinach2 Mammalian cGAMP (Bose et al., 2016)
7 | Allosteric | cpSpinach2 S-adenosyl-L-homocysteine (Su et al., 2016)
(SAH)
Spinach . Thiamine 5’- pyrophosphate
8 riboswitch Spinach SAM, guanine, adenine (Youetal, 2015)
, . g (Kellenberger et al.,
9 | Allosteric Spinach Cyclic di-AMP 2015b)
10 | Allosteric | Spinach Bacterial cGAMP (Kellenberger et al.,
2015a)
11| Allosteric | Spinach | Streptavidin, thrombin, MS2:) o\ 0 ot a1 2013)
coat protein
, : Cyclic di-GMP and bacterial | (Kellenberger et al.,
12 | Allosteric Spinach cGAMP 2013)
13 | Allosteric Spinach ATP, ADP, SAM (Paige et al., 2012)
14 | Allosteric BFR ADP, GTP (Furutani et al., 2010)
. Malachite . (Stojanovic and
15 | Allosteric Green ATP, theophylline, FMN Kolpashchikov, 2004)
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CHAPTER 2

Accessing RNA-based fluorescent biosensors for S-adenosyl-
L-methionine through novel topologies

Portions of this work were published in the following scientific journal:

Truong, J., Hsieh, Y. F., Truong, L., Jia, G. & Hammond, M. C. Designing fluorescent
biosensors using circular permutations of riboswitches. Methods 143, 102—109 (2018).
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2.1 Abstract

RNA-based fluorescent (RBF) biosensors have been applied to detect a variety of
metabolites in vitro and in live cells. They are designed by combining the ligand sensing
domain of natural riboswitches with in vitro selected fluorogenic aptamers. Different
biosensor topologies have been developed to accommodate the diversity of riboswitch
structures. Here we show that circular permutation of the riboswitch ligand sensing
domain also gives functional biosensors, using the SAM-I riboswitch as our model. We
reveal that this design can enhance fluorescence turn-on and ligand binding affinity
compared to the non-permuted topology.

2.2 Introduction

Riboswitches have been applied for classic synthetic biology applications
including inducible gene regulation and metabolic engineering (Chappell et al., 2015;
Villa et al., 2017). More recently, detailed structural information of riboswitch secondary
and tertiary structure has enabled their combination with in vitro selected fluorogenic
aptamers to generate RNA-based fluorescent (RBF) biosensors for metabolite imaging
and detection (Hallberg et al., 2017) RBF biosensors are designed so that binding of a
target ligand induces the riboswitch conformational change that allows a dye to bind and
turn on fluorescence. In this way, the biosensor generates a fluorescent signal only in
the presence of a target metabolite. To date, RBF biosensors have been applied for
high-throughput screening of enzyme activity in vitro and in vivo, imaging metabolites
and signals in Gram positive and Gram negative bacteria, and anaerobic imaging of
bacterial signals. (Hallberg et al., 2017)

Different biosensor topologies have been explored to broaden the rational design
strategy to accommodate the diversity of riboswitch and other aptamer folds. The first
riboswitch-based biosensors utilized “transducer modules” consisting of randomized
stem sequences to connect to the dye-binding aptamer called Spinach, which binds the
profluorescent dye 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI) ((Paige et
al., 2012b) One improvement our group made to biosensor design was to use the
natural P1 stem from native riboswitches, which simplified the transducer module
design and permitted libraries of riboswitch aptamers to be screened for finding the
optimal biosensor (Kellenberger et al., 2013a, 2015c; Wang et al., 2016)). The
conventional topology (RS-Sp, Fig. 2.1A) thus uses a P1-P2’ stem architecture for the
transducer module, where P1 refers to the first pairing stem of the ligand-sensing
riboswitch and P2’ stem refers to the second pairing stem of the dye-binding aptamer,
which could be either Spinach or an improved fluorogenic aptamer variant, Spinach2
(Strack et al., 2013)

The conventional riboswitch-Spinach fusion design is effective for many
riboswitch aptamers, but is not suitable when the terminal ends of the ligand-sensing
domain do not form a P1 stem. For example, the S-adenosyl-L-homocysteine (SAH)
riboswitch contains a terminal pseudoknot that places the 5’ and 3’ ends far apart. To
address this challenge, our group constructed a biosensor by making a circular
permutation of the Spinach2 aptamer and fusing it to the P2 stem of the SAH riboswitch
(RS-cpSp, Fig. 2.1B) (Su et al., 2016b). An alternate strategy is to incorporate Spinach
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to mimic the expression platforms found in native riboswitches. The ligand-free
riboswitch aptamer interferes with the Spinach aptamer folding to block DFBHI binding,
but target ligand binding restores the dye-binding aptamer (Fig. 2.1C) (You et al.,
2015b).

Here we showcase another strategy to access new biosensor designs that uses
circular permutations of a riboswitch aptamer (cpRS-Sp, Fig 2.1D). To our knowledge,
there are no natural examples of circularly permutated riboswitches. However,
circularly-permuted hammerhead ribozyme variants are found in diverse genomes
(Hammann et al., 2012) and some pre-tRNAs form circularized intermediates before
maturation (Soma et al., 2007). To investigate these new biosensor topologies, the
SAM-I riboswitch was chosen as a model 4-way junction RNA fold to explore novel
permuted architectures. This riboswitch class has been extensively characterized with
structural, biochemical, and biophysical studies (Winkler et al., 2003; Montange and
Batey, 2006; Heppell et al., 2011), which suggested that a circularly-permuted SAM-I
riboswitch could be fused with a fluorogenic aptamer via different pairing stems. These
constructs were generated, screened, and characterized as new biosensors utilizing
circularly-permuted riboswitch topologies, then were compared to traditional biosensor
architectures.

2.3 Results

Screen of different biosensor topologies

The SAM-I riboswitch has a 4-way junction architecture. Biochemical and x-ray
crystallographic information have shown that the pairing stem element P2 is involved in
formation of a pseudoknot that is important for SAM binding (Montange and Batey, 2006).
Thus, modifications at the P2 stem were excluded from our biosensor design, but the
other pairing stems P1, P3, and P4 became candidates for the transducer stem.
Biosensors that fuse Spinach2 to the riboswitch P1 stem are the conventional RS-Sp
design. In contrast, biosensors that fuse Spinach2 to the riboswitch P3 or P4 stems would
represent two new cpRS-Sp designs, which require the P1 stem to be closed by a loop
sequence (GCAA, Fig. 2A). In all cases, the riboswitch or circularly permuted riboswitch
was fused to the P2’ stem of Spinach2, thus the nomenclature for the different topologies
is P1-P2’, P3-P2’ or P4-P2’. A small library of 32 biosensor candidates were designed
based on these criteria: 1) Four SAM-I riboswitches that have been previously
characterized were chosen, (Winkler et al., 2003; Montange and Batey, 2006; Sudarsan
et al., 2006) as it has been shown that sampling riboswitches from diverse phylogeny can
generate highly fluorescent and well-folded RNA biosensors (Wang et al., 2016) 2) For
each riboswitch sequence, the three biosensor topologies described above were
designed; 3) Based on empirically derived rules for length of the transducer stem, (Paige
et al., 2012) each P1-P2’ construct had two possible stem lengths and each P3-P2’ and
P4-P2’ had three possible stem lengths. The 32 biosensors were ordered as commercial
DNA oligonucleotides, amplified by PCR, synthesized by in vitro transcription, and tested
for fluorescence response to ligand, all in a 96-well format. In this initial high-throughput
screen, 12 candidate biosensors showed a response to SAM with greater than 1.5x
fluorescence activation (Fig. 2.2B). Interestingly, 8 hits were cpRS-Sp P4-P2’ designs
and the remaining hits were the conventional RS-Sp P1-P2’ design. None of the P3-P2°
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constructs were functional as biosensors, even though we separately verified that both
P3 and P4 permutants of the Bs riboswitch aptamer retain good binding affinity to SAM
(Fig. 2.3).

Further in vitro analysis of the 12 hits was performed at physiologically relevant
conditions (37 °C and 3 mM MgCl.) to predict their performance in bacteria (Fig. 2.4A).
Three initial hits of the CpRS-Sp P4-P2’ design with varying stem lengths derived from
Polaribacter irgensii SAM-I did not give fluorescence turn-on in response to SAM in this
secondary screen until higher ligand concentrations (200 uM), which is consistent with
their observed poorer affinity in the initial screen (Fig. 2.4B). The remaining biosensors
still retained activity with similar fold activations.

Selectivity and sensitivity of cpRS-Sp biosensors for SAM

To compare cpRS-Sp and RS-Sp biosensor designs, constructs Bc 4-5 and Bc 1-
5 were chosen as representative models. Both biosensors were derived from the same
parent SAM-I riboswitch from Bacillus clausii and use the same base pair length in the
transducer (Fig 2.5A). We tested their selectivity for SAM versus S-adenosyl-L-
homocysteine (SAH), which differs in one methyl group from the natural ligand. Previous
studies have shown that SAM-I riboswitches are 550-fold selective for SAM over SAH
(Montange et al., 2010). The two riboswitch-based biosensors also appear fully selective
for SAM over SAH at equimolar concentrations. Bc 4-5 and Bc 1-5 were measured to
have dissociation constants (Kq) for SAM of ~0.7 and ~1.7 uM, respectively. Furthermore,
Bc 4-5 had ~2-fold higher maximal fluorescence then Bc 1-5. Thus, Bc 4-5, a cpRS-Sp
design, has better performance than Bc 1-5, a conventional RS-Sp design.

In vivo detection of SAM with a cpRS-Sp biosensor using flow cytometry

While the secondary screen at physiologically relevant conditions suggests these
biosensors would function in a cellular context, we wanted to verify their activity in
bacterial cells. Efforts to image metabolites such as SAM are important as it is the
required cofactor for enzymatic methylation and is a key metabolite in cellular sulfur
metabolism ((Burgess, 2013) Additionally, E. coli have been shown to contain sub-
millimolar levels of SAM (Bennett et al., 2009) and this high abundance would allow us to
measure maximal fluorescence turn-on response in cells expressing biosensor
constructs. To validate that cellular fluorescence was due to ligand-dependent turn on of
the biosensors, mutant biosensors were generated that carry mutations that ablate ligand
binding in the SAM-I riboswitch (Winkler et al., 2003). Additionally, Spinach2 and a
Spinach2 mutant (Strack et al., 2013)that cannot bind DFHBI were included to compare
the maximal fluorescence of our biosensors relative to the parent dye-binding aptamer
Spinach2 and the background fluorescence of biosensor mutants to the inactive
Spinach2. Each of the constructs were inserted into a tRNA scaffold on a pET31b plasmid
(Kellenberger et al., 2015b). E. coli cells transformed with pET31b plasmids containing
each construct were analyzed by flow cytometry. In all cases, robust fluorescence was
observed for functional biosensors while their corresponding mutants showed close to
background fluorescence (Fig. 2.6). Similar to the in vitro results, Bc 4-5 was brighter in
vivo than Bc 1-5. Furthermore, two cpRS-Sp designs, Bs 4-4 and Bc 4-5, possess mean
fluorescence intensity values higher than the parent Spinach2 aptamer. While their signal
is saturated in this E. coli strain, these biosensors may be useful in auxotrophic strains to
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study biosynthetic enzyme mutants or SAM transporters. As we have seen previously
(Wang et al., 2016), by surveying diverse riboswitch sequences and a limited set of
transducer stem lengths, we obtained biosensors with a range of affinities.

An unexpected effect of SAM on biosensor and Spinach2 fluorescence

While re-investigating biosensor function at higher SAM concentrations, we
observed that fluorescence turn-on was decreased at 500 uM and higher ligand
concentrations (Fig. 2.7). These results were reminiscent of a prior observation we made,
that 3 mM and higher ATP reduced Spinach2 fluorescence (Su et al., 2016), likely due to
competitive displacement of DFHBI from the dye-binding pocket. Similarly, we found that
Spinach?2 fluorescence was significantly decreased at 500 uM and higher SAM. These
surprising results lead us to suggest that the Spinach2 aptamer may have general affinity
for adenosine-containing metabolites. Although the Kq for SAM or ATP is much poorer
(500-fold or higher) than for DFHBI, the intracellular concentrations of these metabolites
are in the range that they can compete for binding. This explains at least in part why
observed fluorescence turn-on is generally lower in vivo than in vitro. In practice, we have
found that using 50 uM or higher DFHBI gives sufficient signal for experiments in E. coli.
Also, we always perform in vivo experiments with Spinach2 as a control to compare to
our Spinach2-based biosensor. Biosensor function is validated for sensing changes in
metabolite levels only if the same conditions result in no fluorescence change in the
Spinach2 control.

2.4 Discussion

This study shows that circularly-permuted riboswitches can provide an additional
scaffold for designing functional RNA-based fluorescent biosensors. In fact, our results
suggest it may be possible to generate more sensitive and higher fluorescent biosensors
from a parent riboswitch by surveying different transducer stem topologies. There are a
number of natural riboswitches or synthetic aptamers besides the SAM-I class that
possess multi-stem junctions, such as the PreQ1 or FMN riboswitches ((Serganov et al.,
2009; McCown et al., 2014) for which this strategy could be adapted to generate
biosensors for their respective ligands. Also, the ability to exploit different connections to
riboswitch folds may be beneficial to make biosensors with other dye-binding aptamers
besides the Spinach scaffold, such as the Mango and SRB-2 aptamers for example
(Sunbul and Jaschke, 2013; Dolgosheina et al., 2014) or to make other RNA devices
(Chappell et al., 2016). Although naturally circularly-permuted riboswitches have not yet
been found, our results show that permuted aptamer domains can retain or even improve
on ligand binding and conformation switching, which suggests that this method may be
promising for making synthetic riboswitches for gene regulation as well.

While P4-P2’ cpRS-Sp constructs were functional, biosensors utilizing a P3-P2’
topology were not. We verified at least in one example that the circularly permuted
riboswitch aptamers still bind SAM with good affinities. There are two other potential
explanations for this result. One is that the SAM-I riboswitch aptamer does not undergo
a significant conformational change in the P3 stem upon ligand binding. A detailed study
of the Bs yitd SAM-I riboswitch discovered key differences in conformational changes with
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and without the expression platform (Lu et al., 2010). The riboswitch aptamer with the
expression platform displayed modest structural changes in the P3 stem upon ligand
addition, but the aptamer alone showed little to no modulation in the presence of SAM.
Our biosensor design incorporates only the SAM-I riboswitch aptamer, so likely does not
modulate at the P3 stem efficiently to alter fluorescence output. Alternatively, even though
the aptamer alone is capable of binding SAM, it is possible that the positioning of the
Spinach2 aptamer at the P3 stem sterically hinders the riboswitch folding, or vice versa.

In vivo analysis by flow cytometry shows that cpRS-Sp sensors with P4-P2’
topologies, Bs 4-4 and Bc 4-5, have higher mean fluorescence intensities than the
Spinach2 aptamer alone (Fig. 2.5A). This directly contrasts with RS-cpSp sensors for
SAH, which exhibit lower fluorescence than the fluorogenic aptamer alone (Su et al.,
2016b). This suggests that the placement of circular permutation on the fluorogenic
aptamer hinders maximal fluorescence more than creating a circular permutation on the
riboswitch.

Additionally, there have been two previously developed biosensors for SAM that
use the RS-Sp and Spinach-based riboswitch topologies (Fig. 2.1A, C). The first SAM
biosensor fused the original Spinach aptamer to the Enterococcus faecalis SAM-III
riboswitch, which is from a different riboswitch class that utilizes a 3-way junction (Lu et
al., 2008; Paige et al., 2012b). The second biosensor was a Spinach-based riboswitch
generated by fusing Spinach to the B. subtillis yitd SAM-I riboswitch 5, which is one of the
native riboswitches used in this study. Interestingly, the only functional biosensor
construct derived from this riboswitch from our designs was Bs 4-4. The Bs 4-4 biosensor
representing the cpRS-Sp topology has a dissociation constant of 1.0 uM, which is
comparable to the reported dissociation constant of 1.2 uM for the Spinach-based
riboswitch (You et al., 2015a)

2.5 Conclusions/Future Directions

Overall, this work validates our concept that circular permutations of riboswitch
aptamers can add to existing design strategies for creating RNA-based fluorescent
biosensors. To our knowledge, there has not been any previous biosensor designs which
utilize circular permutations on the riboswitch aptamer. Furthermore, our success with
modulating biosensor fluorescence via ligand-induced structural changes in the P4 stem
suggests that SAM riboswitches with this alternate topology have the potential to regulate
gene expression as well.
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Figure 2.1. Design strategies for riboswitch-based fluorescent biosensors.

(a) The riboswitch—Spinach (RS-Sp) fusion strategy for biosensor development involves
grafting the P1 stem of a riboswitch sensor domain to the P2’ stem of Spinach. 4-7 (b)
For riboswitches with non-pairing 5’ and 3’ ends, an internal stem of the riboswitch can
be fused to a circular permutation of Spinach2 to generate a Riboswitch-circularly
permuted Spinach2 design (RS-cpSp). (Su et al., 2016) (c) Spinach riboswitches can be
created by replacing the gene regulatory expression platform of a riboswitch with the
Spinach aptamer. (You et al., 2015) (d) A new biosensor strategy for any riboswitch with
multiple pairing stems is to circularly permute the riboswitch and fuse it to the P2’ stem of
Spinach2 to generate a circularly-permuted Riboswitch-Spinach2 (cpRS-Sp) design.
Riboswitch domains (blue) and their corresponding metabolites (red) are depicted with
either the Spinach/Spinach2 aptamer (black) and 3,5-difluoro-4-hydroxybenzylidene
imidazolinone (DFHBI, green). “Sp” represents either Spinach/Spinach2 was used.
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Figure 2.2. In vitro screen of cpRS-Sp biosensors derived from the SAM-I

riboswitch class.

(a) Design of different SAM biosensor architectures and mechanism for fluorescence turn-
on is depicted for the P4-P2’ biosensor. (b) In vitro fluorescence response of SAM-I
biosensors to SAM ligand. The nomenclature is based on the species origin of the
sequence, the pairing stem of the SAM-I riboswitch that is fused to Spinach, and number
of base pairs retained from the riboswitch stem, e.g. Bs 4-4 stands for SAM-I riboswitch
from Bacillus subtilis, with Spinach fused to the P4 stem of the riboswitch that retains 4
base pairs. SAM biosensors chosen for further characterization (with greater than 1.5x
fluorescence increase at 50 yM SAM) are indicated in red. Data shown are mean values
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Figure 2.3. Ligand binding analysis of SAM-I riboswitch aptamers.

(a) Schematic of SAM-I riboswitch aptamer, mutant, and permutants. Fluorescence
polarization data is shown for Cy5-labeled SAM analog with (a) wild-type Bs SAM-I (P1-
7 stem), (b) Bs SAM-I mutant (P2 disruptive mutation), (c) Bs SAM-I P3 permutant (P3-
5 stem), and (d) Bs SAM-I P4 permutant (P4-6 stem). Different symbols indicate
independent replicates. Change in polarization (AP) was normalized to the maximal
difference observed at the highest RNA concentration. The reported K4 value is the
average of those calculated from best-fit curves with margin of error reported as SD.
Data from (a) and (b) were reproduced with permission (Hickey and Hammond, 2014).
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MgCl.. (b) Pi biosensors were re-screened at higher SAM concentrations. Data shown
are mean values + standard deviation taken from two independent replicates.
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Figure 2.5. Selectivity and sensitivity of cpRS-Sp biosensors.

(a) Secondary structure models for B¢ 1-5 and Bc 4-5 biosensors and chemical structures
of the biosensor ligand, S-adenosyl-L-methionine (SAM), the structural analog S-
adenosyl-L-homocysteine (SAH), and dye DFHBI. (b) Selectivity of biosensors for SAM
over SAH. (c) In vitro analysis of biosensor binding affinities for SAM. Data shown are
mean values + standard deviation taken from at least two independent replicates.
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Figure 2.6. In vivo performance of SAM cpRS-Sp biosensors.

(a) Live cell fluorescence measured by flow cytometry for E. coli BL21* cells expressing
plasmid encoding biosensors and incubated in media containing DFHBI. Mean
fluorescence intensity was determined by analyzing 30,000 cells per replicate. All error
bars represent standard deviation between technical replicates. (b) Representative flow
histograms for cells expressing biosensors or controls.
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Figure 2.7. Effects of temperature, Mg?*, and SAM on biosensor and Spinach2
fluorescence.

(a) In vitro fluorescence activation of (a) biosensor Pi-4-5 and (b) Spinach2 aptamer at
30 °C, 10 mM MgCl2 and 37 °C, 3 mM MgCl: in the presence of 0, 50, 500, and 1000
MM SAM. Data shown are mean values + standard deviation taken from two
independent replicates.
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Table 2.1. Candidate biosensor sequences. Bold sequences indicate the Spinach2
sequence, which flanks the riboswitch sequence. ltalic and underlined indicate the part
of the transducer stem derived from the native riboswitch. Blue indicates the tetraloop
used for circular permutation of the P1 stem in the riboswitch.

Name

Sequence (5’ to 3’)

Tt1-4

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATATCAAGAGAGGTGGAGGGACTGGCCCGA
TGAAACCCGGCAACCAGCCTTAGGGCATGGTGCCAATTCCTGCAGCGGTTTCGCTGAAAGATGTT
GTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Tt1-5

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATTATCAAGAGAGGTGGAGGGACTGGCCCG
ATGAAACCCGGCAACCAGCCTTAGGGCATGGTGCCAATTCCTGCAGCGGTTTCGCTGAAAGATGA
TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Tt 3-3

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAGGCATGGTGCCAATTCCTGCAGCGGTTTC
GCTGAAAGATGAGAGGCAACTCTTATCAAGAGAGGTGGAGGGACTGGCCCGATGAAACCCGGCAA
CCAGCCTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Tt 3-3
delA

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAGGCTGGTGCCAATTCCTGCAGCGGTTTCG
CTGAAAGATGAGAGGCAACTCTTATCAAGAGAGGTGGAGGGACTGGCCCGATGAAACCCGGCAAC
CAGCCTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Tt 3-4

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCACTGGTGCCAATTCCTGCAGCGGTTTCGCT
GAAAGATGAGAGGCAACTCTTATCAAGAGAGGTGGAGGGACTGGCCCGATGAAACCCGGCAACCA
GTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Tt4-3

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCACTGAAAGATGAGAGGCAACTCTTATCAAGA
GAGGTGGAGGGACTGGCCCGATGAAACCCGGCAACCAGCCTTAGGGCATGGTGCCAATTCCTGC
AGTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Tt4-4

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAGCTGAAAGATGAGAGGCAACTCTTATCAAG
AGAGGTGGAGGGACTGGCCCGATGAAACCCGGCAACCAGCCTTAGGGCATGGTGCCAATTCCTG
CAGCTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Tt4-5

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCACGCTGAAAGATGAGAGGCAACTCTTATCAA
GAGAGGTGGAGGGACTGGCCCGATGAAACCCGGCAACCAGCCTTAGGGCATGGTGCCAATTCCTG
CAGCGTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bc 1-4

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATTATAACGAGAAGCGGAGGGACTGGCCCA
ATGAAGCTTCAGCAACCATTCATTGCGATGAAAAGGTGCTAAATCCAGCAAAGGGAACTTTGGCAG
ATAATTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bc 1-5

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCACTTATAACGAGAAGCGGAGGGACTGGCCC
AATGAAGCTTCAGCAACCATTCATTGCGATGAAAAGGTGCTAAATCCAGCAAAGGGAACTTTGGCA
GATAAGTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bc 3-3

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAGAAAAGGTGCTAAATCCAGCAAAGGGAACT
TTGGCAGATAAGGGGCAACTCTTATAACGAGAAGCGGAGGGACTGGCCCAATGAAGCTTCAGCAA
CCATTCTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bc 3-4

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATGAAAAGGTGCTAAATCCAGCAAAGGGAAC
TTTGGCAGATAAGGGGCAACTCTTATAACGAGAAGCGGAGGGACTGGCCCAATGAAGCTTCAGCAA
CCATTCATTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bc 3-5

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAATGAAAAGGTGCTAAATCCAGCAAAGGGAA
CTTTGGCAGATAAGGGGCAACTCTTATAACGAGAAGCGGAGGGACTGGCCCAATGAAGCTTCAGC
AACCATTCATTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bc 4-3

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATTGGCAGATAAGGGGCAACTCTTATAACGA
GAAGCGGAGGGACTGGCCCAATGAAGCTTCAGCAACCATTCATTGCGATGAAAAGGTGCTAAATCC
AGCAATTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bc 4-4

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATTTGGCAGATAAGGGGCAACTCTTATAACG
AGAAGCGGAGGGACTGGCCCAATGAAGCTTCAGCAACCATTCATTGCGATGAAAAGGTGCTAAATC
CAGCAAATTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bc 4-5

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCACTTTGGCAGATAAGGGGCAACTCTTATAAC
GAGAAGCGGAGGGACTGGCCCAATGAAGCTTCAGCAACCATTCATTGCGATGAAAAGGTGCTAAAT
CCAGCAAAGTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Pi 1-4

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATATCAAGAAAGGCGGAGGGATTAGACCCA
TTGAAGCCTTAGCAACCCTTTAGTAATAAAGAAGGTGCTAAATTCTACTCAATTATTCGTAATTGGAT
AGATATTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Pi 1-5

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATTATCAAGAAAGGCGGAGGGATTAGACCC
ATTGAAGCCTTAGCAACCCTTTAGTAATAAAGAAGGTGCTAAATTCTACTCAATTATTCGTAATTGGA
TAGATAATTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
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Pi 3-3

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAAAGAAGGTGCTAAATTCTACTCAATTATTCG
TAATTGGATAGATAACAGCAATGTTATCAAGAAAGGCGGAGGGATTAGACCCATTGAAGCCTTAGCA
ACCCTTTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Pi 3-4

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAAAAGAAGGTGCTAAATTCTACTCAATTATTC
GTAATTGGATAGATAACAGCAATGTTATCAAGAAAGGCGGAGGGATTAGACCCATTGAAGCCTTAG
CAACCCTTTTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Pi 3-5

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATAAAGAAGGTGCTAAATTCTACTCAATTATT
CGTAATTGGATAGATAACAGCAATGTTATCAAGAAAGGCGGAGGGATTAGACCCATTGAAGCCTTA
GCAACCCTTTATTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Pi 4-7

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATAATTGGATAGATAACAGCAATGTTATCAA
GAAAGGCGGAGGGATTAGACCCATTGAAGCCTTAGCAACCCTTTAGTAATAAAGAAGGTGCTAAAT
TCTACTCAATTATTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Pi 4-4

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATTGGATAGATAACAGCAATGTTATCAAGAA
AGGCGGAGGGATTAGACCCATTGAAGCCTTAGCAACCCTTTAGTAATAAAGAAGGTGCTAAATTCTA
CTCAATTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Pi 4-5

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAATTGGATAGATAACAGCAATGTTATCAAGA
AAGGCGGAGGGATTAGACCCATTGAAGCCTTAGCAACCCTTTAGTAATAAAGAAGGTGCTAAATTCT
ACTCAATTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bs 1-4

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATATCAAGAGAAGCAGAGGGACTGGCCCGA
CGAAGCTTCAGCAACCGGTGTAATGGCGATCAGCCATGACCAAGGTGCTAAATCCAGCAAGCTCGA
ACAGCTTGGAAGATATTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bs 1-5

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCATTATCAAGAGAAGCAGAGGGACTGGCCCG
ACGAAGCTTCAGCAACCGGTGTAATGGCGATCAGCCATGACCAAGGTGCTAAATCCAGCAAGCTCG
AACAGCTTGGAAGATAATTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bs 3-3

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCACATGACCAAGGTGCTAAATCCAGCAAGCTC
GAACAGCTTGGAAGATAAGAAGCAATTCTTATCAAGAGAAGCAGAGGGACTGGCCCGACGAAGCTT
CAGCAACCGGTGTAATGTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bs 3-4

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCACCATGACCAAGGTGCTAAATCCAGCAAGCT
CGAACAGCTTGGAAGATAAGAAGCAATTCTTATCAAGAGAAGCAGAGGGACTGGCCCGACGAAGCT
TCAGCAACCGGTGTAATGGTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bs 3-5

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAGCCATGACCAAGGTGCTAAATCCAGCAAG
CTCGAACAGCTTGGAAGATAAGAAGCAATTCTTATCAAGAGAAGCAGAGGGACTGGCCCGACGAAG
CTTCAGCAACCGGTGTAATGGCTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bs 4-4

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCACTTGGAAGATAAGAAGCAATTCTTATCAAG
AGAAGCAGAGGGACTGGCCCGACGAAGCTTCAGCAACCGGTGTAATGGCGATCAGCCATGACCAA
GGTGCTAAATCCAGCAAGTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bs 4-5

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAGCTTGGAAGATAAGAAGCAATTCTTATCAA
GAGAAGCAGAGGGACTGGCCCGACGAAGCTTCAGCAACCGGTGTAATGGCGATCAGCCATGACCA
AGGTGCTAAATCCAGCAAGCTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bs 4-6

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAAGCTTGGAAGATAAGAAGCAATTCTTATCA
AGAGAAGCAGAGGGACTGGCCCGACGAAGCTTCAGCAACCGGTGTAATGGCGATCAGCCATGACC
AAGGTGCTAAATCCAGCAAGCTTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
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Table 2.2. Sequences used in in vivo flow cytometry analysis. /talic sequences
indicates the tRNA scaffold that is appended onto the terminal ends. Bold sequences
indicate the Spinach2 sequence, which flanks the riboswitch sequence. [talic and
underlined indicate the part of the transducer stem derived from the native riboswitch.
Blue indicates the tetraloop used for circular permutation of the P1 stem in the riboswitch.
Red indicates the site of mutation(s) that abolish ligand binding to the aptamer.

Name

Sequence (5’ to 3°)

Spinach2

GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
CGGGTCCAGTAGGCTGCTTCGGCAGCCTACTTGTTGAGTAGAGTGTGAGCTCCGTAACTAG
TTACATCCGGCCGCGGGTCCAGGGTTCAAGTCCCTGTTCGGGCGCCA

Spinach2
Mutant

GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
CGccTCCAGTAGGCTGCTTCGGCAGCCTACTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGT
TACATCCGGCCGCGGGTCCAGGGTTCAAGTCCCTGTTCGGGCGCCA

Tt1-4

GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
CGGGTCCATATCAAGAGAGGTGGAGGGACTGGCCCGATGAAACCCGGCAACCAGCCTTAGG
GCATGGTGCCAATTCCTGCAGCGGTTTCGCTGAAAGATGTTGTTGAGTAGAGTGTGAGCTCC
GTAACTAGTTACATCCGGCCGCGGGTCCAGGGTTCAAGTCCCTGTTCGGGCGCCA

Tt1-4
Mutant

GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
CGGGTCCATATCAgaAGAGGTGGAGGGACTGGCCCGATGAAACCCGGCAACCAGCCTTAGG
GCATGGTGCCAATTCCTGCAGCGGTTTCGCTGAAAGATGTTGTTGAGTAGAGTGTGAGCTCC
GTAACTAGTTACATCCGGCCGCGGGTCCAGGGTTCAAGTCCCTGTTCGGGCGCCA

Bc 1-5

GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
CGGGTCCACTTATAACGAGAAGCGGAGGGACTGGCCCAATGAAGCTTCAGCAACCATTCATT
GCGATGAAAAGGTGCTAAATCCAGCAAAGGGAACTTTGGCAGATAAGTTGTTGAGTAGAGTG
TGAGCTCCGTAACTAGTTACATCCGGCCGCGGGTCCAGGGTTCAAGTCCCTGTTCGGGCGC
CA

Bc 1-5
Mutant

GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
CGGGTCCACTTATAAgcAGAAGCGGAGGGACTGGCCCAATGAAGCTTCAGCAACCATTCATT
GCGATGAAAAGGTGCTAAATCCAGCAAAGGGAACTTTGGCAGATAAGTTGTTGAGTAGAGTG
TGAGCTCCGTAACTAGTTACATCCGGCCGCGGGTCCAGGGTTCAAGTCCCTGTTCGGGCGC
CA

Bs 4-4

GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
CGGGTCCAGCTTGGAAGATAAGAAGCAATTCTTATCAAGAGAAGCAGAGGGACTGGCCCGA
CGAAGCTTCAGCAACCGGTGTAATGGCGATCAGCCATGACCAAGGTGCTAAATCCAGCAAGC
TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATCCGGCCGCGGGTCCAGGGTTCAAG
TCCCTGTTCGGGCGCCA

Bs 4-4
Mutant

GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
CGGGTCCAGCTTGGAAGATAAGAAGCAATTCTTATCAgaAGAAGCAGAGGGACTGGCCCGAC
GAAGCTTCAGCAACCGGTGTAATGGCGATCAGCCATGACCAAGGTGCTAAATCCAGCAAGCT
TGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATCCGGCCGCGGGTCCAGGGTTCAAGT
CCCTGTTCGGGCGCCA

Bc 4-5

GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
CGGGTCCACTTTGGCAGATAAGGGGCAACTCTTATAACGAGAAGCGGAGGGACTGGCCCAA
TGAAGCTTCAGCAACCATTCATTGCGATGAAAAGGTGCTAAATCCAGCAAAGTTGTTGAGTAG
AGTGTGAGCTCCGTAACTAGTTACATC

Bc 4-5
Mutant

GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
CGGGTCCACTTTGGCAGATAAGGGGCAACTCTTATAAgcAGAAGCGGAGGGACTGGCCCAAT
GAAGCTTCAGCAACCATTCATTGCGATGAAAAGGTGCTAAATCCAGCAAAGTTGTTGAGTAGA
GTGTGAGCTCCGTAACTAGTTACATC
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2.7 Materials and Methods

Reagents and oligonucleotides

DNA oligonucleotides for biosensor constructs were purchased as Ultramers from
Integrated DNA Technologies (Coralville, IA) and other DNA oligonucleotides were
purchased from Elim Biopharmaceuticals (Hayward, CA). S-Adenosyl-L-methionine
(SAM), S-adenosyl-L homocysteine (SAH) were purchased from Sigma-Aldrich (St Louis,
MO). DFHBI was synthesized following previously described protocols (Paige et al., 2011)
and was stored as a 10 mM stock in DMSO at -20 °C. Chemically competent BL21 (DE3)
Star cells were purchased from Life Technologies (Carlsbad, CA).

In vitro transcription

DNA templates for in vitro transcription were prepared by PCR amplification using
Phusion DNA polymerase (NEB) from sequence-confirmed plasmids or Ultramer
oligonucleotides (for screening experiment only) using primers that added the T7
polymerase promoter sequence at the 5’ end. PCR products were purified either by a 96-
well format ZR-96 DNA Clean-up kit (Zymo Research) for screening experiments or by
QIAquick PCR purification kit (Qiagen) for characterization and application experiments.
RNA was transcribed from DNA templates using T7 RNA polymerase in 40 mM Tris- HCI,
pH 8.0, 6 mM MgCIR2R, 2 mM spermidine, and 10 mM DTT. RNAs were either purified
by a 96- well format ZR-96 Clean & Concentrator (Zymo Research) or by denaturing (7.5
M urea) 6% PAGE. RNAs purified by PAGE were visualized by UV shadowing and
extracted from gel pieces using Crush Soak buffer (10 mM Tris-HCI, pH 7.5, 200 mM
NaCl and 1 mM EDTA, pH 8.0). Purified RNAs were precipitated with ethanol, dried, and
then resuspended in TE buffer (10 mM Tris-HCI, pH 8.0, 1 mM EDTA). Accurate RNA
concentrations were determined by measuring the absorbance at 260 nm after performing
a hydrolysis assay to eliminate the hypochromic effect due to RNA secondary structure
(Wilson et al., 2014).

General procedure for in vitro fluorescence assays

In vitro fluorescence assays were carried out in binding buffer containing 100 nM
RNA, 10 uM DFHBI, 40 mM HEPES, pH 7.5, 125 mM KCI, and 3 or 10 mM MgClz, as
indicated in the figures. Other conditions, including temperature and concentration of
ligand, were varied in different experiments as indicated. The RNA was renatured by
heating to 72 °C for 3 min in the binding buffer then cooled to ambient temperature for 5
min prior to addition to the reaction solution. DFHBI was added to the solution containing
buffer and RNA, and then ligand (or water for no ligand control) was added before
fluorescence measurement. Binding reactions were performed in 100 uL volumes and
were incubated at the indicated temperature in a Corning Costar 3915 96-well black plate
or a Greiner Bio-One 384-well black plate in a Molecular Devices SpectraMax Paradigm
Multi-Mode detection platform plate reader (Sunnyvale, CA). The fluorescence emission
was measured during 30 to 60 min total with the following instrument parameters: 448 nm
excitation, 506 nm emission.
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Fluorescence polarization (FP) binding assays

Fluorescence polarization readings were carried out using a QuantaMaster
spectrofluorometer (Photon Technology International) at excitation 646 nm, emission 662
nm. Samples were prepared in 50 ml of TBM buffer (90 mM Tris base, 89 mM boric acid,
and 10 mM MgCly, pH 7.0) containing 1 mM of a Cy5-labeled SAM analog (Cs-Cy5)
(Hickey and Hammond, 2014) and saturation binding experiments were performed with
RNA concentrations ranging from 0 to 40 uM. RNA was added successively to the sample
cuvette, and concentration values were corrected for added volume. Samples were
equilibrated at 30 °C for 2 min prior to each FP measurement using tubing connecting the
cuvette holder to a water bath.

Binding affinity analysis of SAM biosensors

To measure the binding affinities of SAM biosensors, fluorescence assays were
performed with the following conditions: binding buffer with 10 mM MgCl, 37 ° C, 100
nM RNA, 10 uM DFHBI, and ligand SAM concentrations from 10 nM to 100 uM. The
fluorescence of the sample with DFHBI but no RNA was subtracted as background to
determine relative fluorescence units.

In vivo fluorescence assays by flow cytometry

Preparation of cell samples for flow cytometry was carried out by inoculating 3 mL
of LB/carb media with 150 yL of an overnight culture of BL21 (DE3) Star cells containing
either the pET31b-RS-Spor pET31b-cpRS-Sp constructs. Cells were grown aerobically
to an ODegoo ~ 0.5 - 0.6, then induced with 1 mM IPTG at 37 °C for 2 h. Cell density was
measured by ODeoo, and assuming that there are 1x10° cells/mL for for an ODsgo of 1,
4x108 cells were sampled and pelleted at rt for 4 min at 3,700 rcf, washed once with PBS
media at pH 7.0, then resuspended in PBS media containing 100 yM DFHBI. Cellular
fluorescence was measured for 30,000 cells using an Attune NxT Acoustic Focusing
Cytometer (Life Technologies).
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CHAPTER 3

Breaking riboswitch speed limits through engineering and
rational design of a guanidine biosensor

Portions of this work will published in a scientific journal:

Truong, J., & Hammond, M. C. Approaches to jailbreak riboswitch speed: a case study
with a novel guanidine biosensor. In preparation
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3.1 Abstract

Riboswitch-based technologies like reporters, aptazymes, and RNA-based
fluorescent (RBF) biosensors have wide applications for detection, imaging, and
regulatory circuits. While riboswitch reporters and aptazymes have been robustly studied
to enhance their function, there are few studies targeted towards RBF biosensors. Here,
RBF biosensors for the ligand guanidine are developed as a case-study for tuning
biosensor properties. Using the ykkC-I riboswitch aptamer, two novel biosensor designs
were explored that generated functional biosensors. A subset of these biosensors were
then systematically probed using a base-pair mutation strategy which has never been
applied for investigating RBF biosensor performance. From this approach, we generated
various biosensor mutants which exhibit modest improvements in their kinetics and fold-
activation. This finding establishes our mutational strategy as an additional optimization
method in the development of RBF biosensors.

3.2 Introduction

Riboswitches are cis-regulatory elements that been naturally evolved to possess
high affinity aptamer domains. Upon binding their cognate ligand, they induce
conformational changes that communicate with an expression platform to regulate
genes. Their robust mechanisms have been exploited in the development and
engineering of modular sensor technologies such as riboswitch reporters, aptazymes
and RNA-based fluorescent (RBF) biosensors (Hallberg et al.). These tools have seen
increasing adoption for applications in ligand detection since they possess a rare duality
of being genetically encodable and functioning outside a cellular context (in vitro or cell-
free environments). With the rapid growth of analytes for these riboswitch-based
sensors, there is growing interest in systematically probing properties of these sensors.

Traditionally, riboswitch reporters and aptazymes are extensively used in vivo for
experimental riboswitch validation and conditional gene regulation circuits, respectively,
and as such have inspired the development of optimization methods. Some screening
approaches completely randomize the identity of the expression platform reporters or
communication modules in aptazymes which test for function and provide empirical
guidelines for rational design (Zhong et al., 2016; Harbaugh et al., 2018). The
development of cell-free transcription-translation systems also has enabled
computational and in vitro studies to better understand components involved in function.
One study investigating the thiamin pyrophopsphate (TPP) aptazyme compares how a
single cytosine deletion can slow the kinetics of cleavage and how the addition of
stabilizing base-pairs in the communication module raises activation 4-fold (Ichihashi et
al., 2012). Another study uses an automated computational design to increase
activation ratios of synthetic riboswitch reporters by constraining the aptamer domain
and modeling free energies of a library of switching sequences (Espah Borujeni et al.,
2016). This approach was reported to improve the activation of riboswitches like
theophylline 383-fold in vivo and tetramethylrosamine 16-fold in a cell-free system.
These detailed approaches have been used to characterize riboswitch reporter and
aptazyme systems but have not been used directly to study RBF biosensors.
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RBF biosensors are composed of a riboswitch aptamer that is fused to a
fluorogenic RNA aptamer through a transducer module. In the presence of the target
ligand, the transducer module communicates with the dye-binding aptamer allowing for
a pro-fluorescent dye to bind and activate fluorescence. In this way, the biosensor
generates a fluorescent signal which can be measured in vitro or live cells through
standard laboratory instrumentation such as a plate reader or a flow cytometer
respectively.

Previous work has demonstrated how the identity of the communication module
plays a significant role in biosensor activation. While complete randomization of
transducer modules generated functional sensor for SAM, TPP, and ATP (Paige et al.,
2012b), our group discovered that using natural pairing elements of a riboswitch as the
transducer module afforded biosensors that were brighter and/or faster than using the
former approach. (Kellenberger et al., 2013a, 2015c; Su et al., 2016b; Wang et al.,
2016; Truong et al., 2018). Additionally, we have demonstrated that sampling the
phylogenetic diversity of riboswitches in bacteria is generalizable and can be robustly
employed to tune performance. Using phylogenetic variants of the GEMM-I class, RBF
biosensors for cyclic di-GMP were made to be 4-fold brighter and 30-fold faster than an
initial biosensor designed from the structurally characterized Vibrio cholera riboswitch
(Wang et al., 2016).

Our phylogenetic approach demonstrates that sequence changes to the
riboswitch aptamer can greatly affect biosensor performance, including turn-on kinetics.
However, for widespread riboswitch classes, it is impractical to test every possible
phylogenetic sequence. As this initial library is pared down for screening, better-
performing phylogenetic variants may exist but are not selected and tested. A
generalizable strategy to tune kinetics of validated biosensors would serve as an
attractive alternative than re-screening phylogeny. Additionally, enhancements within
the riboswitch aptamer of RBF biosensors may also be transferrable to other riboswitch-
based tools like reporters and aptazymes.

Optimization of activation speeds for biosensors is important to allow for dynamic
monitoring of sensitive changes which can be overlooked in conventional experimental
assays. For instance, if a biological process occurs on the order of minutes but a sensor
fully activates within hours, it is not an accurate depiction of the dynamics. A riboswitch
reporter for 2,4-dinitrotoluene tested in cells achieved a maximal fluorescent response
in 5-14 h (Davidson et al., 2012; Harbaugh et al., 2017) but was shown that it could
respond as fast 30 min in a cell-free transcription-translation system after optimization
(Espah Borujeni et al., 2016). Phylogenetic RBF biosensors for cyclic di-GMP elicit a
maximal response in 10 min in vitro with the fastest sensor possessing a half-maximal
response times (t12) of ~1 min. Previously, we have shown that these fast sensors
were necessary to monitor changes (on the order of minutes) in cyclic di-GMP levels
upon zinc depletion in E. coli (Yeo et al., 2018).

In this work, we explore a novel strategy to further tune RBF biosensor
performance by systematically mutating conserved base-pairs in the riboswitch. To test
this proof-of-principle, we developed a novel biosensor for the ligand guanidine using
the recently discovered guanidine-l riboswitch (Nelson et al., 2017) as our model. Two
novel designs were developed for this biosensor using insights from our lab’s previous
approaches. These functional designs were then utilized to screen a phylogenetic
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biosensor library. Two phylogenetic biosensors were selected as scaffolds to generate
a library of biosensor mutants to observe their effects on biosensor kinetics. These
guanidine biosensors were then tested for their performance in live cells to determine if
in vitro activation speeds could correlate to in vivo response times.

3.3 Results

Screen and optimization of topologies for functional guanidine biosensors

Guanidine riboswitches serve as attractive model candidates to develop into a
biosensor for understanding kinetics in vitro or in live cells, as it has been shown that
cells can uptake guanidine when it is exogenously added to the media. A biosensor for
this target is highly desirable as it has just been established as a newly discovered
bacterial metabolite and pathways to its accumulation are still largely unknown (Nelson
et al., 2017). Beyond a biological role, guanidine and close derivatives such as
nitroguanidine are known to be environmental pollutants and their detection in
contaminated samples is of large interest (Panahi et al., 2016).

In the context of adapting a riboswitch into an RBF biosensor, adjacent 5" and 3’
termini and stem loops that do not interact with the ligand are critical as these areas can
be used to create transducer modules which communicate with the fluorogenic aptamer.
The first class of riboswitches for this ligand, guanidine-I, possessed several
advantages for biosensor adaptation over related classes such as the guanidine-ll and
guanidine-Ill riboswitches (Sherlock et al., 2016; Sherlock and Breaker, 2017). The
overall structural folds for the guanidine-I riboswitch (Reiss et al., 2017) use only one
out of three helical stem loops to form a ligand binding pocket compared to the
guanidine-Il type (Huang et al., 2017b) which utilizes both pairing stems loops to bind
guanidine. Comparably, the guanidine-Ill possesses a complex pseudoknot involving
its terminal ends and possess a stem loop which is involved with a RNA triplex to bind
the ligand (Huang et al., 2017a).

While the guanidine-| class was the best candidate relative to the other
riboswitch classes, two key challenges in biosensor design were pinpointed with further
analysis of the S. acidophilus guanidine-| crystal structure (PDB:58T3). First, the 5" and
3’ terminal ends of this riboswitch were quite distant, spanning almost 26 A from one
another. Previously, RBF biosensors from the cyclic di-GMP (PDB:3IRW) and SAM-|
(PDB:4KQY) riboswitches possessed termini distances of 10 — 12 A when grafting a
fluorogenic aptamer or stem loop. Second, the structure outlined key tertiary contacts
between the P1 and P3 helices mediated by guanidine that needed to be maintained
but noted that the P1 stem loops were not directly involved in this interaction. These
design challenges required modification of our pre-existing repertoire of design
principles. Thus two new topologies were designed termed “Junction (J)” and “Linker
(L)” to create a functional guanidine biosensor (Fig. 3.1A).

The junction topology uses an artificial transducer stem that creates an
architecture reminiscent of a 3-way junction. This architecture is observed commonly in
natural riboswitches such as the cyclic-di-GMP or guanine classes (Batey et al., 2004;
Smith et al., 2009). We surmised that transducer stems from other RBF biosensors our
lab has previously developed would allow them to retain their native switching
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properties and form the basis of an artificial PO stem which would communicate and be
fused to the fluorogenic aptamer Spinach2 (Fig. 3.1B)

The linker topology instead utilizes an approach demonstrated in Chapter 2
(Truong et al., 2018), where circularly permuting riboswitches by connecting the 5’ and
3’ termini allow for the P1 to be fused to Spinach2. We hypothesized that guanidine
could better enable tertiary interactions between P1 and P3 helices that would stabilize
the transducer module and allow for fluorescent activation (Fig. 3.1C). While past
biosensors use a stem loop to connect the terminal ends, here a flexible linker is
necessary as the terminal ends of this riboswitch are much farther apart.

For these topologies, we envisioned a general design starting from an
experimentally validated riboswitch sequence from the organism Klebsiella pneumoniae
(Kpn). We hypothesized that the issue of the distant termini could be resolved by
adding adenosine spacers to each end of the PO stem in the junction topology and a
poly-Adenosine (poly-A) tether in the linker design (Fig. 3.2A,B). This approach was
inspired by previous work of Jewett and co-workers where ribosomal subunits were
tethered using a poly-A linkers to span a 30-40 A gap (Orelle et al., 2015). With this in
mind, an initial set of 18 junction biosensors (9 different lengths spanning 1-3 adenosine
residues x 2 different PO stems) and 4 linker biosensors with 4 different poly-A tether
lengths were screened for fluorescence activation in response to guanidine (Fig.
3.2C). Indeed, we observed 5 junction biosensors with over 1.2-fold activation in the
presence of 1 mM guanidine. For the linker biosensors, we observed a constitutive,
fluorescent signal greater than the parent aptamer Spinach2. This suggested that these
constructs possessed an overly stabilized transducer module that was not dependent
on guanidine binding and did not follow the mechanism we desired (Fig. 3.2C).

An optimization approach for both topologies was carried out to investigate other
functional PO stems for the junction design and to determine if destabilizing the
transducer modules of the linker design could yield functional sensors (Fig. 3.3A).
Sampling other artificial transducer stems could yield other functional junction
biosensors with improved fold-turn on. Previous junction sensors were tested with the
“‘A” and “B” stem identities and now three additional stems (C-E) were tested but only
with spacer lengths that appeared functional (higher than 2 adenosine spacers) totaling
12 additional junction biosensors. Three out of the 12 constructs possessed a fold-turn
greater than 1.4x and added the “C” and “D” stem identities to the functional repertoire
(Fig. 3.3B). For the linker optimization, two constructs, L-4 and L-5 were chosen to
create a series of 7 stem truncations which generated 14 linker biosensors to test. The
truncations were achieved by deleting residues and base-pairs in the Spinach2 aptamer
as to not disturb tertiary interactions of the P1 helix necessary to contact the P3 helix
and bind guanidine (Fig. 3.3A). Screening of the truncated linker biosensors yielded 4
out of 14 constructs with greater than 1.2 fold-activation and identified 3 stem
truncations that enabled ligand-responsive biosensors.

Sensitivity and selectivity of guanidine biosensors

To compare junction and linker biosensor designs, constructs Kpn J-,2,2-A and
L-5 Tr 4 were chosen as representative models and experimental binding affinities were
determined for both constructs (Fig. 3.4A). J-2,2-A and L-5 Tr 4 were measured to
have dissociation constants (Kq) of 60 uM and 6.8 mM, respectively. In comparison, the
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riboswitch aptamer alone was reported to have a dissociation constant of 20 uM based
on in-line probing experiments (Nelson et al., 2017a). This result shows that linker
designs have almost 100-fold poorer affinity than the junction topology. To understand
the selectivity of these biosensors, Kpn J-2,2-A was tested against various structural
analogs of guanidine. At 10 mM concentrations of each analog, there is slight fold-
activation for aminoguanidine and agmatine but this response was much higher with the
cognate ligand guanidine (Fig. 3.4B). Assuming the dissociation constant for
aminoguanidine is at least 10 mM, (as it exhibits half-maximal fluorescence response of
the biosensor at this concentration) these results suggest that the selectivity for
guanidine over close analogs is greater than ~166-fold (10 mM / 60 uM). To probe if
fluorescence activation required the functional riboswitch, we generated a mutation in
the biosensor (J-2,2-M) that was previously shown to disrupt regulation of the riboswitch
reporter (Nelson et al., 2017a). The G-to-C mutation displayed no fluorescence
activation in the presence of guanidine (Fig. 3.4B).

Phylogenetic screen using functional topologies

Using guanidine-I riboswitches from 5 different organisms, a phylogenetic library
for both topologies was designed incorporating previously derived empirical rules. We
have shown that sampling riboswitches from diverse phylogeny can generate highly
fluorescent and well-folded RNA biosensors (Wang et al., 2016). The phylogenetic
junction library consists of three functional transducer stems (A,C,D) with four various
spacer lengths giving a total of 60 new biosensors. As for the phylogenetic linker
library, two stem truncations Tr 4 and Tr 5 were arbitrarily chosen to move forward using
two poly-A lengths (L-4 and L-5), which provide 20 additional constructs. All 80
phylogenetic biosensors were screened for a response to 10 uM and 1 mM guanidine
(Fig. 3.7) with a total of 14 hits which gave a fold-activation greater than 1.4 (Fig. 3.6B).
An initial time-course for fluorescence activation of representatives Kpn J-2,2-A and Dru
J-2,2-D are shown to demonstrate the phylogenetic differences between biosensors
(Fig. 3.7C).

Mutational base-pair shuffling to tune in vitro kinetics

A mutational swapping strategy was then devised to mutate base pairs within
pairing elements P1, P1b, and P2 at locations where the nucleotide identity is not
conserved (Fig. 3.7A). This analysis was done separately for both Kpn J-2,2-A and Dru
J-2,2-D where the identified base-pair positions were subjected to transposing the base
identities or completely swapping them for an alternative purine and pyrimidine (Fig.
3.7B). In order to measure these subtle kinetic changes, our biosensor assay was
modified to incorporate automated injection of the ligand and subsequent fluorescence
detection at 0.5 s. A summary of the effects on the activation times for Dru J,2-2-D
mutant biosensors is depicted and compiled (Fig. 3.7C,D Table 3.1). Overall, each
biosensor had very different effects from the transpose and purine-pyrimidine (Pur-Pyr)
swap libraries. The Dru J-2,2-D library withstood both type of mutations reasonably well
with a higher percentage of Pur-Pyr swaps being functional mutants. The biggest
observed improvement in turn-on kinetics was for the C6U-G44A mutant, which had a
faster t1,2 than WT by ~30 sec (Fig. 3.7F). For Kpn J-2,2-A, all Pur-Pyr swapping
mutants resulted in non-functional biosensors (data not shown). In most cases, the Kpn
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mutant biosensors appear maximally fluorescent independent of ligand addition or is
below a reliable threshold for the biosensor (less than 1.2x fold activation).

In vivo testing and dynamics of biosensors with guanidine and analogs

The enhancement of biosensor kinetics in vitro could also be transferrable within
a live cell setting. To verify that our biosensors work in vivo, Kpn J-2,2-A, its
corresponding mutant Kpn J-2,2-M, and Spinach2 were appended with a tRNA scaffold
and inserted into a pET31b plasmid (Kellenberger et al., 2015b). These plasmid
constructs were then transformed into E. coli cells which were grown in auto-induction
media overnight to express the encoded RNA construct. Each sample was pre-
incubated in spent media containing DFHBI and later guanidine was added and
samples were analyzed by flow cytometry. We expected the addition of guanidine to
Kpn J-2,2-A to increase overall fluorescence, but we were surprised to observe that
same change with Spinach2 and Kpn J-2,2-M, as they should not be responsive to the
ligand (Fig. 3.8A). Representative histograms for each sample with guanidine added
did not display any abnormal effects towards cell viability or distribution (Fig. 3.8B).

Due to variability between biological replicates, mean fluorescent intensity (MFI)
values does not fully capture the total change displayed upon ligand addition. To better
show this effect, we report the data as AMFI/MFI, which calculates the difference
between the two MFI values at each time point (MFl+guanidine — MFlno ligand) @nd dividing by
the MFl.guanidine. With this, we tested the dynamic response of the Kpn J-2,2-A
biosensor and Spinach2 aptamer when guanidine or related structural analogs were
added to the media (Fig. 3.8C). Interestingly, urea was the only ligand that did not
cause a change in Spinach2 or Kpn J-2,2-A fluorescence when added to the media
while agmatine shows the biggest signal change. Comparing the structures of the
tested ligands, it is apparent that the guanidine moiety and/or cationic character is
responsible for this non-specific increase of fluorescence.

Additional testing of guanidine biosensors in phosphate-buffer-saline (PBS)
media for an extended time-course of 2 hours displayed a greater overall signal change
than using spent media (Fig. 3.9A, 3.9B). The use of PBS media lowers the overall
background fluorescence and makes the fold-change with the addition of the ligand
more noticeable. A small palette of phylogenetic biosensors were also constructed for in
vivo flow cytometry assays. (Fig. 3.9C). While Spinach2 exhibits a ~2x non-specific
fluorescence increase in the presence of guanidine, the functional biosensor constructs
possess a >2-fold activation ratio which is likely attributed to a ligand-specific interaction
with the biosensor (Fig. 3.9D).

3.4 Discussion

This study demonstrates the first instance of an RNA-based biosensor that can
detect guanidine through two biosensor topologies developed for accommodating the
guanidine-| riboswitch. As a chaotropic agent, guanidine is widely detected in vitro by
HPLC and UV-Vis methods but our work displays the first biological sensor to do so.
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While initial design junction and linker designs were inspired by natural RNA motifs and
structural considerations, they both required intensive empirical screening to obtain
functional sensors with varying brightness and affinities. Additionally, optimization
based off a singular riboswitch from Klebsiella pneumoniae were found to be
transferrable to sequences from other organisms and more applicable to the
phylogenetic junction library (13/60, 26.6% hit rate) compared to the linker design (1/20,
5% hit rate). This is likely attributed to junction designs preserving the natural
riboswitch sequence while the linker design truncations may have been more
detrimental to the riboswitch folding than we initially proposed.

This development of a guanidine biosensor also showcases a new mutational
swapping strategy to tune biosensor speeds through profiling base-pair interactions.
Transposing base-pair residues (e.g. A-U to U-A) is a method commonly used to probe
if pairing elements interact with the ligand and/or are necessary to mediate gene
regulation by the riboswitch. A LacZ reporter using the B. subtilis guanidine-I riboswitch
was still able to regulate gene expression after transposing two U-A base-pairs in the
P1 stem (Nelson et al., 2017a). While these mutations compensate to still allow for
riboswitch regulation, it has never been tested if they can affect the rate of riboswitch
folding. To our knowledge, swapping the purine and pyrimidine identity of a base-pair
(e.g. A-U to G-C) while maintaining its original position in structural pairing elements has
never been employed in the study of riboswitches and RNA folding. It is interesting to
note that the P1 and P2 pairing elements are predicted to be well-folded in the absence
of ligand (Reiss et al., 2017) and aside from long-range tertiary interactions, they do not
directly interact with guanidine. However, a large proportion of mutations render the
biosensors highly fluorescent independent of guanidine which suggests that these
mutations on the P1 and P2 have secondary effects on P3 stem or the P1-P3 interface
which directly contact the ligand. Overall, these mutations yielded faster variants with a
t12 values of 2.68 — 3.28 min and slower variants with a t1> value greater than 4.33
min.

The in vivo dynamics of our guanidine biosensors are hindered by the non-
specific fluorescence of the Spinach2 aptamer when guanidine is added. This important
control demonstrates that there is a secondary effect of guanidine in our flow cytometry
assay that is independent of biosensor function. One likely hypothesis is that the
cationic nature of the ligand could drive the cell permeability of the pro-fluorescent dye
DFHBI. In media around a pH of 7, DFBHI can exist in a deprotonated hydroxy anion
which could be interacting electrostatically with the positively-charged guanidine. This
would explain why ligands with more cationic character such as agmatine exhibits a
higher non-specific increase than related structural analogs (Fig 3.7C). It has been
demonstrated that incorporating the guanidino moiety on a number of negatively
charged bio- or small molecules can increase their overall cellular uptake (Stanzl et al.,
2013). While a definitive mechanism has not been established, it is hypothesized that
guanidine group can interact with negatively charged moieties, neutralizing their anionic
character and making them more cell permeable. This finding further corroborates our
hypothesis and poses a huge limitation for screening mutational enhancements which
alter riboswitch folding speeds in vivo. While it is likely there is some fraction of
fluorescence increase that is specific to interaction of the ligand with the biosensor, this
can be difficult to deconvolute when investigating cellular activation times. However,
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this could potentially be overcome if mutant variants were constructed into a riboswitch
reporter rather than an RBF biosensor.

3.5 Conclusions/Future Directions

Overall, the development of a novel RBF biosensor for guanidine utilizes
established biosensor approaches combined with important structural insights to create
two novel biosensor designs. To our knowledge, there are no instances where RNA-
based fluorescent biosensors have been investigated systematically using chimeric
transducer stems from other natural riboswitches. Our success with adapting the
guanidine-I riboswitch into a biosensor gives rise to the ability to tailor one’s approach in
generating RBF biosensors for any target ligand. Additionally, these biosensors were
used as the first case-study to probe riboswitch kinetics through mutational swapping of
conserved pairing elements and further demonstrates an alternative approach to
improve biosensor speed and performance.
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3.6 Figures
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Figure 3.1. Initial design and proposed mechanisms of guanidine-l biosensors.

(a) Design of two different topologies for a guanidine biosensor utilizing a 3-way junction
(J) or a circularly permuted riboswitch with a poly-A linker (L) from the Klebsiella
pneumoniae (Kpn) guanidine-l riboswitch. (b) Proposed mechanism of junction
biosensors which utilizes an artificial transducer stem (orange) that is able to form upon
the presence of ligand (red). (c) Proposed mechanism of linker biosensors which utilize
a circularly-permuted riboswitch with a flexible linker region (orange) that allows for the
ligand (red) to mediate tertiary interactions between the P1 and P3 helices.
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Figure 3.2. Secondary structures models and screening of guanidine-l biosensors.
(a) Secondary structure models of a representative junction biosensor with 2 adenosine
spacers on each end of the PO stem. (b) Secondary structure models of a representative
linker biosensors with a poly-A linker composed of 4 adenosine residues. Residues in
red circles directly contact the ligand guanidine. (c) In vitro fluorescence response of
biosensors to the ligand, guanidine. The nomenclature for junction (J) biosensors denotes
the number of adenosines in the sequence, and the identity of the PO stem, e.g. J-2,3-A
stands for a junction biosensor that uses 2 adenosine spacers closer to the 5’-end and 3
adenosine spacers closer to the 3’-end, and uses stem sequence “A”. The nomenclature
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for linker (L) biosensors denotes the number of adenosines in the linker region. Guanidine
biosensors with greater than 1.2x fluorescence increase at 1 mM guanidine) are indicated

in red. Data shown are mean values * standard error of the mean taken from two
independent replicates.
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Figure 3.3. Sub-optimization of junction and linker biosensors for guanidine.

(a) Optimization of junction biosensors screening for other functional artificial stem
sequences. Previous linker constructs possessed overly stable transducer stems so
subsequent truncations were tested to create functional sensors (b) /n vitro fluorescence
response of optimized junction biosensors to the ligand, guanidine. The nomenclature for
junction (J) biosensors denotes the number of adenosines in the sequence, and the
identity of the PO stem. Guanidine biosensors with greater than 1.4x fluorescence
increase at 1 mM guanidine) are indicated in red. (c) In vitro fluorescence response of
optimized linker biosensors to the ligand, guanidine. The nomenclature for linker (L)
biosensors denotes the number of adenosines in the linker region and the identity of the
stem truncation. Guanidine biosensors with greater than 1.2x fluorescence increase at 1
mM guanidine) are indicated in red. Data shown are mean values + standard error of the
mean taken from two independent replicates.
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Figure 3.4. Sensitivity and selectivity of guanidine biosensors.

(a) Binding affinity determination of representative junction and linker biosensors. (b) In
vitro fluorescence response of Kpn J-2,2-A and Kpn J-2,2-A Mutant (J-2,2-M) to
guanidine (blue) and structural analogs (red) at 10 mM concentrations of ligand. Data
shown are mean values * standard error of the mean taken from at least two
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Figure 3.5. Phylogenetic library screening to obtain functional biosensors with
differing properties.

(a) Phylogenetic junction library (60 total biosensors) and a linker library (20 total
biosensors) from 5 different riboswitch sequences were constructed using empirical
evidence from previously tested biosensors. (b) Selected phylogenetic hits with over
1.4x fold activation at concentrations of 1 mM guanidine. Data shown are mean values
+ standard error taken from three independent replicates. (c) Comparison of kinetic
turn-on for Kpn J-2,2-A and Dru J-2,2-D biosensors. Data shown are mean values from
three independent replicate with error bars omitted for clarity.
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Figure 3.6. Screen of phylogenetic junction and linker biosensor libraries.

(a) Phylogenetic junction library consisting of 60 total biosensors from 5 riboswitch
sequences with 13 constructs with greater than 1.4x fold activation (red) . (b)
Phylogenetic linker library consisting of 20 total biosensors from 5 riboswitch sequences
with 1 construct with greater than 1.4x fold activation (red). Data shown are mean
values * standard error taken from three independent replicates
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Figure 3.7. Mutational swapping strategy to tune biosensor kinetics.
(a) Consensus sequence of the guanidine-Il riboswitch class detailing areas with high

sequence conservation Reproduced with permission (Reiss et al., 2017). (b) Design of

mutational swaps made in the P1, P1b, and P2 pairing elements for the Dru J-2,2-D
biosensor. (c) Transpose library effects on the Dru J-2,2-D biosensor outlined by

designated color coding. (d) Purine-pyrimidine swap library effects on the Dru J-2,2-D
biosensor outlined by designated color coding. (e) Representative transpose mutant

C17G — G30C with a slightly lower t12 value. (f) Representative purine-pyrimidine swap
mutant C6U — G44A with a slightly higher t12 value. Data shown are mean values taken

from two independent replicates with error bars omitted for clarity.
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Table 3.1 . Summary of effects of mutational swapping on Dru J-,2-2-D

biosensors. “>” means the apparent t12 is estimated to be greater than the value
because in the time-course used, the biosensor did not reach maximum activation.

Transpose Purine-Pyrimidine Swap
WT Base- Fold- Fold-
pair Mutation | Activation | ti2 (min) | Mutation | Activation | ti;2 (min)
Natural None 2.7 3.15 None 2.7 3.15
G1-C49 C1-G49 3.9 >3.07 A1-U49 2.6 >3.11
U2-A48 A2-U48 1.5 3.04 C2-G48 1.4 3.13
U3-A47 A3-U47 25 2.81 C3-G47 24 3.00
U4-A46 A4-U46 24 2.88 C4-G46 29 2.91
U5-A45 A5-U45 1.9 3.12 C5-G45 29 3.00
C6-G44 G6-C44 3.1 >3.46 U6-A44 5.1 2.68
C17-G30 | G17-C30 2.0 3.28 U17-A30 2.9 2.82
G18-C29 | C18-G29 1.1 N/A A18-U29 2.1 2.74
A19-U28 | U19-A28 1.1 N/A G19-C28 2.1 2.87
U20-A27 | A20-U27 1.1 N/A C20-G27 23 2.95
A21-U26 | U21-A26 1.0 N/A G21-C26 23 2.94
C53-G67 | G53-C67 1.1 N/A U53-A67 4.4 >3.64
A54-U66 | U54-A66 1.0 N/A G54-C66 23 >3.92
C55-G65 | G55-C65 1.0 N/A U55-A65 0.9 N/A
A56-U64 | U56-A64 0.8 N/A G56-C64 0.8 N/A
G57-C63 | C57-G63 0.8 N/A A57-U63 3.0 >4.33
C58-G62 | G58-C62 0.8 N/A U58-A62 0.9 N/A
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Figure 3.8. In vivo testing of guanidine biosensors with guanidine and structural
analogs.

(a) Live cell fluorescence measured by flow cytometry for E. coli BL21* cells expressing
plasmid encoding RNA constructs and preincubated in spent media containing DFHBI
before adding guanidine at the indicated concentration. Mean fluorescence intensity
was determined by analyzing 30,000 cells per replicate after 30 min of incubation with
ligand. All error bars represent standard error between 3 biological replicates. (b)
Representative flow histograms for cells expressing biosensors or controls with 10 mM
ligand added to the media. (c) Dynamics of Kpn J-2,2-A and Spinach 2 with guanidine
and analogs using flow cytometry. Delta MFI / MFI values were determined after
analyzing 30,000 cells per each timepoint with samples with or without ligand. All error
bars represent standard error between 3 biological replicates
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Figure 3.9. Extended in vivo dynamics and testing of guanidine biosensors in PBS
media.

(a) Dynamics of Kpn J-2,2-A , Kpn J-2,2-M and Spinach 2 with guanidine over a 2-hour
time course in PBS media with raw MFI values. (b) ldentical to part (a) but plotting
delta MFI / MFI values. (c) Live cell fluorescence measured by flow cytometry for E. coli
BL21* cells expressing plasmid encoding RNA constructs and preincubated in PBS
media at pH 7.0 containing DFHBI and taken after incubating with ligand for 15 min. (d)
Quantitation of fold-activations using MFI| values with and without ligand. Red dashed
line indicates the level of non-specific increase observed by the Spinach2 aptamer.
Values were determined after analyzing 30,000 cells per each timepoint with samples
with or without ligand. All error bars represent standard error between 3 biological
replicates.
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Table 3.2. Representative junction biosensor sequences used in this study. Bold
sequences indicate the Spinach2 sequence, which flanks the guanidine-l riboswitch
sequence used. indicates the artificial transducer stem or adenosine spacers for
junction biosensors. Underlined indicates the adenosine spacers which are not part of
the stem.

Name | Sequence (5’ to 3’)
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA GCTGGCTAGGGTTCCGGTTCACCG
Kpn J- | CGGTGAACGTCTGGTCCGAGAGCTGGCGACCTCGGCGAGGTTACACGGCGGGATAAAAGCCCGG
22-A | GAG TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
Kpn J- | GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA GCTGGCTAGCGTTCCGGTTCACCGC
22-M | GGTGAACGTCTGGTCCGAGAGCTGGCGACCTCGGCGAGGTTACACGGCGGGATAAAAGCCCGGG
(GtoC) | AG TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA GCTGGCTAGGGTTCCGGTTCACCGC
KpnJ- | GGTGAACGTCTGGTCCGAGAGCTGGCGACCTCGGCGAGGTTACACGGCGGGATAAAAGCCCGGG
22-B | aG TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA GCTGGCTAGGGTTCCGGTTCACC
Kpn J- | GCGGTGAACGTCTGGTCCGAGAGCTGGCGACCTCGGCGAGGTTACACGGCGGGATAAAAGCCCG
22-C | GGAG TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA GCTGGCTAGGGTTCCGGTTCACCG
Kpn J- | CGGTGAACGTCTGGTCCGAGAGCTGGCGACCTCGGCGAGGTTACACGGCGGGATAAAAGCCCGG
22-D | gaG TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA GCTGGCTAGGGTTCCGGTTCACCGC
KpnJ- | GGTGAACGTCTGGTCCGAGAGCTGGCGACCTCGGCGAGGTTACACGGCGGGATAAAAGCCCGGG
22E | AG TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA TGCGCCTAGGGTTCCGCTTCATTTG
BclJ- | TAAGGGCTGGTCCGAGAGGTGCACACGGCGTCTGCCGTGACACGGAGGGATAAAAGCCCGGGAG
2,2-A TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA TGCGCCTAGGGTTCCGCTTCATTT
BelJ- | GTAAGGGCTGGTCCGAGAGGTGCACACGGCGTCTGCCGTGACACGGAGGGATAAAAGCCCGGGA
22C |g TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA TGCGCCTAGGGTTCCGCTTCATTTG
BelJ- | TAAGGGCTGGTCCGAGAGGTGCACACGGCGTCTGCCGTGACACGGAGGGATAAAAGCCCGGGAG
2,2-D TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA CTCTTCAAGTTTTCTAGGGTTCCGC
BsuJ- | ATGTCAATTGACATGGACTGGTCCGAGAGAAAACACATACGCGTAAATAGAAGCGCGTATGCACAC
222A | GGAGGGAAAAAAGCCCGGGAG TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA CTCTTCAAGTTTTCTAGGGTTCCG
BsuJ- | CATGTCAATTGACATGGACTGGTCCGAGAGAAAACACATACGCGTAAATAGAAGCGCGTATGCACA
2,2-C | CGGAGGGAAAAAAGCCCGGGAG TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTA
CATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA CTCTTCAAGTTTTCTAGGGTTCCGC
BsuJ- | ATGTCAATTGACATGGACTGGTCCGAGAGAAAACACATACGCGTAAATAGAAGCGCGTATGCACAC
22-D | GGAGGGAAAAAAGCCCGGGAG TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA GTTTTCTAGGGTTCCGCGATAAAAT
DruJ- | TATCGGACTGGTCCAAGAGAAAACACACAGCCTAGCTGTGACACGGAGGGACAAAAGCCCGGGAG
2,2-A TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA GTTTTCTAGGGTTCCGCGATAAAA
DruJ- | TTATCGGACTGGTCCAAGAGAAAACACACAGCCTAGCTGTGACACGGAGGGACAAAAGCCCGGGA
22C |g TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
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GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA GTTTTCTAGGGTTCCGCGATAAAAT

DruJ- | TATCGGACTGGTCCAAGAGAAAACACACAGCCTAGCTGTGACACGGAGGGACAAAAGCCCGGGAG
2,2-D TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA GCCGACTAGGGTTCCGACTCGCTC
Pae J- | GCGAGTGGCTGGTCCGAGAGTTGGCGACCTCCAGTGAGGTTACACGGCGGGATAAAAGCCCGGG
222A | AG TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA GCCGACTAGGGTTCCGACTCGCTC
Pae J- | GCGAGTGGCTGGTCCGAGAGTTGGCGACCTCCAGTGAGGTTACACGGCGGGATAAAAGCCCGGG
22-C | AG TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA GCCGACTAGGGTTCCGACTCGCTC
Pae J- | GCGAGTGGCTGGTCCGAGAGTTGGCGACCTCCAGTGAGGTTACACGGCGGGATAAAAGCCCGGG
22D | aG TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA GCTGACTAGGGTTCCGGCTCGCTA
PlJ- | AGGCGAGTGGCTGGTCCGAGAGTCGGCGACCTCCAGTTGAGGTTACACGGCGGGATAAAAGCCC
22-A | GGGAG TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA GCTGACTAGGGTTCCGGCTCGCTA
PflJ- | AGGCGAGTGGCTGGTCCGAGAGTCGGCGACCTCCAGTTGAGGTTACACGGCGGGATAAAAGCCC
22-C | GGGAG TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCCA GCTGACTAGGGTTCCGGCTCGCTA
PflJ- | AGGCGAGTGGCTGGTCCGAGAGTCGGCGACCTCCAGTTGAGGTTACACGGCGGGATAAAAGCCC
22-D | GGGAG TTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
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Table 3.3. Representative linker biosensor sequences used in this study. Bold
sequences indicate the Spinach2 sequence, which flanks the guanidine-l riboswitch
sequence used. indicates the poly-adenosine linker length for linker biosensors.

Name

Sequence (5’ to 3’)

Kpn L-4

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAtccgagagctggcgacctcggcgaggttacacggecgggata
aaagcccgggag gctggctagggTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Kpn L-4
Tr1

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCtccgagagctggcgacctcggcgaggttacacggcgggataaa
agcccgggag gctggctagggTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Kpn L-4
Tr2

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCtccgagagctggcgacctcggcgaggttacacggcgggataaa
agcccgggag gctggctagggGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Kpn L-4
Tr3

GATGTAACTGAATGAAATGGTGAAGGACGGGTCtccgagagctggcgacctcggegaggttacacggcgggataaaa
gcccgggag gctggctagggTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Kpn L-4
Tr4

GATGTAACTGAATGAAATGGTGAAGGACGGGTC tccgagagctggcgacctcggegaggttacacggcgggataaaa
gcecgggag gctggctagggTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Kpn L-4
Tr5

GATGTAACTGAATGAAATGGTGAAGGACGGGTCtccgagagctggcgacctcggegaggttacacggcgggataaaa
gcecgggag gctggctagggGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Kpn L-4
Tr6

GATGTAACTGAATGAAATGGTGAAGGACGGGTtccgagagctggcgacctcggcgaggttacacggcgggataaaag
cccgggag gctggctagggTAGAGTGTGAGCTCCGTAACTAGTTACATC

Kpn L-4
Tr7

GATGTAACTGAATGAAATGGTGAAGGACGGGTtccgagagctggcgacctcggegaggttacacggcgggataaaage
ccgggag gctggctagggAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bcl L-4
Tr4

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAtccgagaggtgcacacggcgtctgccgtgacacggagggat
aaaagcccgggag tgcgcctagggTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bel L-4
Trb5

GATGTAACTGAATGAAATGGTGAAGGACGGGTCCAtccgagaggtgcacacggcgtctgccgtgacacggagggat
aaaagcccgggag tgcgcctagggTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bsu L-4
Tr4

GATGTAACTGAATGAAATGGTGAAGGACGGGTCtccgagagaaaacacatacgcgtaaatagaagcgcgtatgcaca
cggagggaaaaaagcccgggag gttttc TGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Bsu L-4
Tr5

GATGTAACTGAATGAAATGGTGAAGGACGGGTCtccgagagaaaacacatacgcgtaaatagaagcgcgtatgcaca
cggagggaaaaaagcccgggag gttttcGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Dru L-4
Tr4

GATGTAACTGAATGAAATGGTGAAGGACGGGTCtccaagagaaaacacacagcctagctgtgacacggagggacaa
aagcccgggag gttttctagggTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Dru L-4
Tr5

GATGTAACTGAATGAAATGGTGAAGGACGGGTCtccaagagaaaacacacagcctagctgtgacacggagggacaa
aagcccgggag gttttctagggGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC

Pae L4
Tr4

GATGTAACTGAATGAAATGGTGAAGGACGGGTCtccgagagtiggcgacctccagtgaggttacacggcgggataaaa
gceccgggag gccgactagggTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
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GATGTAACTGAATGAAATGGTGAAGGACGGGTCtccgagagtiggcgacctccagtgaggttacacggcgggataaaa

P?I'er |5'4 gccegggag gccgactagggGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
GATGTAACTGAATGAAATGGTGAAGGACGGGTCtccgagagtcggcgacctccagttgaggttacacggcgggataaa
P_‘;! L:‘ agcccgggag gctgactagggTGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
r
GATGTAACTGAATGAAATGGTGAAGGACGGGTCtccgagagtcggcgacctccagttgaggttacacggecgggataaa
P_‘;! |—5'4 agcccgggag gctgactagggGAGTAGAGTGTGAGCTCCGTAACTAGTTACATC
r
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Table 3.4. Sequences used in in vivo flow cytometry analysis. /talic sequences
indicates the tRNA scaffold that is appended onto the terminal ends. Bold sequences
indicate the Spinach2 sequence, which flanks the riboswitch sequence. indicates
the artificial transducer stem or adenosine spacers for junction biosensors. Underlined
indicates the adenosine spacers which are not part of the stem. Red indicates the site of
mutation(s) that abolish binding to the aptamer.

Name Sequence (5’ to 3°)

GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
Spinach2 CGGGTCCAGTAGGCTGCTTCGGCAGCCTACTTGTTGAGTAGAGTGTGAGCTCCGTAACTAG
TTACATCCGGCCGCGGGTCCAGGGTTCAAGTCCCTGTTCGGGCGCCA

GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
CGGGTCCA GCTGGCTAGGGTTCCGGTTCACCGCGGTGAACGTCTGGTCCGAGAGCT
Kpn J-2,2-A | GGCGACCTCGGCGAGGTTACACGGCGGGATAAAAGCCCGGGAG TTGTTGAGTAGA
GTGTGAGCTCCGTAACTAGTTACATCCGGCCGCGGGTCCAGGGTTCAAGTCCCTGTTCGGG
CGCCA
GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
CGGGTCCA GCTGGCTAGcGTTCCGGTTCACCGCGGTGAACGTCTGGTCCGAGAGCT
Kpn J-2,2-M | GGCGACCTCGGCGAGGTTACACGGCGGGATAAAAGCCCGGGAG TTGTTGAGTAGA
GTGTGAGCTCCGTAACTAGTTACATCCGGCCGCGGGTCCAGGGTTCAAGTCCCTGTTCGGG
CGCCA
GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
CGGGTCCA GTTTTCTAGGGTTCCGCGATAAAATTATCGGACTGGTCCAAGAGAAAAC
Dru J-2,2-A | ACACAGCCTAGCTGTGACACGGAGGGACAAAAGCCCGGGAG TTGTTGAGTAGAGT
GTGAGCTCCGTAACTAGTTACATCCGGCCGCGGGTCCAGGGTTCAAGTCCCTGTTCGGGCG
CCA
GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
CGGGTCCA GTTTTCTAGGGTTCCGCGATAAAATTATCGGACTGGTCCAAGAGAAAAC
Dru J-3,3-A | ACACAGCCTAGCTGTGACACGGAGGGACAAAAGCCCGGGAG TTGTTGAGTAGAGT
GTGAGCTCCGTAACTAGTTACATCCGGCCGCGGGTCCAGGGTTCAAGTCCCTGTTCGGGCG
CCA

GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
CGGGTCCA GTTTTCTAGGGTTCCGCGATAAAATTATCGGACTGGTCCAAGAGAAAAC
Dru J-2,2-D | ACACAGCCTAGCTGTGACACGGAGGGACAAAAGCCCGGGAG TTGTTGAGTAGAGT
GTGAGCTCCGTAACTAGTTACATCCGGCCGCGGGTCCAGGGTTCAAGTCCCTGTTCGGGCG
CCA

GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
CGGGTCCA GTTTTCTAGGGTTCCGCGATAAAATTATCGGACTGGTCCAAGAGAAAA
Dru J-3,2-D | CACACAGCCTAGCTGTGACACGGAGGGACAAAAGCCCGGGAG TGTTGAGTAGAGT
GTGAGCTCCGTAACTAGTTACATCCGGCCGCGGGTCCAGGGTTCAAGTCCCTGTTCGGGCG
CCA
GCCCGGATAGCTCAGTCGGTAGAGCAGCGGCCGGATGTAACTGAATGAAATGGTGAAGGA
Dru J-3.3-D CGGGTCCA GTTTTCTAGGGTTCCGCGATAAAATTATCGGACTGGTCCAAGAGAAAA

’ CACACAGCCTAGCTGTGACACGGAGGGACAAAAGCCCGGGAG TTGTTGAGTAGAG
TGTGAGCTCCGTAACTAGTTACATC
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3.7 Materials and Methods

Reagents and oligonucleotides

DNA oligonucleotides for biosensor constructs were purchased as Ultramers from
Integrated DNA Technologies (Coralville, IA) and other DNA oligonucleotides were
purchased from Elim Biopharmaceuticals (Hayward, CA). Guanidine hydrochloride and
all guanidine analogs were purchased from Sigma-Aldrich (St Louis, MO). DFHBI was
synthesized following previously described protocols (Paige et al., 2011) and was stored
as a 10 mM stock in DMSO at -20 °C. Chemically competent BL21 (DE3) Star cells were
purchased from Life Technologies (Carlsbad, CA).

In vitro transcription

DNA templates for in vitro transcription were prepared by PCR amplification using
Phusion DNA polymerase (NEB) from sequence-confirmed plasmids or Ultramer
oligonucleotides (for library screening) using primers that added the T7 polymerase
promoter sequence at the 5’ end. PCR products were purified either by a 96-well format
ZR-96 DNA Clean-up kit (Zymo Research) for screening experiments or by QlAquick PCR
purification kit (Qiagen) for characterization and application experiments. RNA was
transcribed from DNA templates using T7 RNA polymerase in 40 mM Tris- HCI, pH 8.0,
6 mM MgClz, 2 mM spermidine, and 10 mM DTT. RNAs were either purified by a 96- well
format ZR-96 Clean & Concentrator (Zymo Research) or by denaturing (7.5 M urea) 6%
PAGE. RNAs purified by PAGE were visualized by UV shadowing and extracted from gel
pieces using Crush Soak buffer (10 mM Tris-HCI, pH 7.5, 200 mM NaCl and 1 mM EDTA,
pH 8.0). Purified RNAs were precipitated with ethanol, dried, and then resuspended in TE
buffer (10 mM Tris-HCI, pH 8.0, 1 mM EDTA). Accurate RNA concentrations were
determined by measuring the absorbance at 260 nm after performing a hydrolysis assay
to eliminate the hypochromic effect due to RNA secondary structure (Wilson et al., 2014).

General procedure for in vitro fluorescence assays

In vitro fluorescence assays were carried out in binding buffer containing 100 nM
RNA, 10 uM DFHBI, 40 mM HEPES, pH 7.5, 125 mM KCI, 200 mM NacCl, and 3 or 10
mM MgCl2, as indicated in the figures. Other conditions, including temperature and
concentration of ligand, were varied in different experiments and are indicated in the
figures. The RNA was renatured by heating to 72 °C for 3 min in the binding buffer then
cooled to ambient temperature for 5 min prior to addition to the reaction solution. DFHBI
was added to the solution containing buffer and RNA, and then ligand (or water for no
ligand control) was added before fluorescence measurement. Binding reactions were
performed in 30 uL volumes and were incubated at the indicated temperature in a Greiner
Bio-One 384-well black plate in a Molecular Devices SpectraMax Paradigm Multi-Mode
detection platform plate reader (Sunnyvale, CA). The fluorescence emission was
measured during 30 to 60 min total with the following instrument parameters: 448 nm
excitation, 506 nm emission.
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Binding affinity analysis of guanidine biosensors

To measure the binding affinities of guanidine biosensors, fluorescence assays
were performed with the following conditions: binding buffer with 10 mM MgCly, 37 ° C,
100 nM RNA, 10 uM DFHBI, and ligand guanidine concentrations from 100 nM to 30 mM.
The fluorescence of the sample with DFHBI but no RNA was subtracted as background
to determine relative fluorescence units.

In vitro fluorescence turn-on kinetics

For kinetics experiments, RNA was refolded in binding buffer and incubated in binding
buffer containing 10 yuM DFHBI and incubated at the desired temperature for the
experiment for 15 minutes. Then, addition of 10 mM guanidine of ligand was done
manually or by automated injector module on a SpectraMax i3x plate reader (Molecular
Devices). Fluorescence measurements were taken every 0.5 seconds before ligand
addition (30 s) and then after addition (10 min). For experiments using manual ligand
addition, there was an approximate dead time of 1 minute for the first fluorescence
reading. Fluorescence values were then normalized against maximum fluorescence
value exhibited for each biosensor.

Molecular cloning

For in vivo biosensor assays, biosensor sequences were appended with a tRNA
scaffold through PCR overhangs and resulting products were subcloned into a pET31b
plasmid using a double restriction digest and ligation with Bglll and Xhol restriction sites.

In vivo fluorescence assays by flow cytometry analysis (Guanidine-responsive
time course)

2.0 mL E. coli BL21 (DE3) Star cultures expressing biosensor from their respective
pET31b-T7-tRNA constructs were grown in ZYP-5052 autoinduction media while shaking
at 37 °C for 20 hours. A small aliquot of each culture was then saved, with the rest
centrifuged at 13,000 rpm for 1 min and the supernatant extracted as spent media.
DFHBI-1T was then added to both aliquots of spent media to a final concentration of 50
MM. Samples were incubated at room temperature for 10 minutes for first flow cytometry
reading (zero time-point); following that, guanidine (to 10 mM final concentration in the
sample) was added or water (for no ligand samples) and were shaken at 25 "C between
each reading. Fluorescence measurements were taken at each time interval analyzing
30,000 events on an Attune NxT flow cytometer (Life Technologies) equipped with a 488
nm laser for excitation and 515/15 filter for emission. Data was analyzed with FlowJo
(version 10.0.7).
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CHAPTER 4

Reprogramming riboswitches from sensing to reacting
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4.1 Abstract

The RNA World hypothesis illuminates the diverse capabilities of RNAs and how
they could be responsible for the origin of life. Riboswitches which are hailed as modern
descendants from this time could have been responsible for other functions before
evolutionarily converging to bind ligands and induce gene regulation. One function we
propose modern riboswitches diverged from was that they could catalytically react with
the ligands they bind as well. If this latent activity already exists, then it's possible it has
been overlooked during the discovery of riboswitches. Alternatively, riboswitches could
be a potent scaffold to be engineered into a self-labeling ribozyme as they already tightly
bind to their ligand. Here, we explore the functional versatility of natural or engineered
riboswitches sensing and reacting with analogs of the electrophilic ligand S-adenosyl-L-
methionine (SAM). To this end, in collaboration with Agilent Labs, a high-throughput
method was developed for probing and screening latent ribozyme activity using a
microarray platform.

4.2 Introduction

Examples of RNA machinery that are capable of self-replication, catalysis, and
regulation all support the notion of a RNA world in which primordial organisms utilized
RNA as the essential molecule of life (Pressman et al., 2015). Non-coding and cis-
regulatory elements called “riboswitches” have largely been classified as descendants
from these early organisms (Breaker, 2012). Conventionally, riboswitches are known
for their ability to modulate gene expression upon binding their cognate ligand.
However, it could be possible that early riboswitches were responsible for other
functions before their evolution converged as the exquisite molecular receptors they are
now. One intermediate function that riboswitches could have possessed is catalysis
with the ligands they bind. This idea is even more tractable when considering two types
of catalytic RNAs such as natural self-cleaving ribozymes and artificial self-alkylating
ribozymes.

Self-cleaving ribozymes like the hammerhead and twister classes which are non-
coding catalytic RNAs remain elusive in terms of biological roles despite being
widespread among bacteria (Forster and Symons, 1987; Roth et al., 2014) .
Additionally, the glmS ribozyme was discovered to function similarly to a riboswitch in
that upon addition of the ligand, glucosamine-6-phosphate, it can catalyze its own self-
cleavage (Winkler et al., 2004). As riboswitches demonstrate tight affinity for ligands
they bind and ribozymes demonstrate catalysis, it could be envisioned that there are
RNAs which combine these two functions. Alternatively, the selection of artificial self-
alkylating ribozymes shows that RNAs are capable of more than phosphodiester
cleavage mechanisms but also nucleophilic substitution with electrophilic ligands. This
has been demonstrated with self-labeling ribozymes that can react with an
iodoacetamide moiety to conjugate biotin or fluorescein onto itself (Wilson and Szostak,
1995; Sharma et al., 2014). Another self-labeling ribozyme selected from a genomic
RNA pool was found to selectively react with epoxides probes (McDonald et al., 2014).
These examples show that RNAs can catalyze their own reaction with unnatural
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electrophiles and leads us to believe there are natural RNAs that can react with
biological electrophiles as well.

Thus far, no known riboswitches have been reported to react catalytically with the
ligands they bind. Among the different riboswitch ligands, we identified that the ligand
S-adenosyl-L-methionine (SAM) could be a potent electrophile that riboswitches could
react with. SAM is an essential cofactor for methylation as it donates the methyl group
on its positively charged sulfonium center allowing for methylation of DNA, RNA, and
proteins (Bennett et al., 2017). While the majority of these reactions utilize enzymes
known as methyltransferases to catalyze these transformations, there exists the
unexplored possibility that a ribozyme could catalyze methylation on itself or even other
targets.

These insights have become the basis for the work outlined here. We
hypothesized that SAM riboswitches could catalyze auto-methylation in addition to its
sensing capabilities (Fig 4.1A). Looking at structural insights from Bacillus subtilis
SAM-I riboswitch as a model (Lu et al., 2010), it was reasoned that the binding pocket of
the riboswitch could accommodate a SAM analog which could be used to probe
ribozyme activity (Fig 4.1B). In the last decade, a number of SAM analogs have been
developed for profiling histone and DNA methylation ((Dalhoff et al., 2006; Grazvydas
LukinaviCius et al., 2007; Islam et al., 2011, 2013; Wang et al., 2011; Kim et al., 2012;
Wang and Luo, 2013) by incorporation of alkyne or azide chemical handles for
subsequent functionalization by click chemistry. These precedents further supported
our hypothesis to use a SAM analog to probe for latent ribozyme activity of native
riboswitches. While we believed this function could exist in natural riboswitches, it may
also be possible to engineer ribozyme activity through structure-guided mutagenesis
approach where changing residues at the ligand binding pocket could increase
reactivity. To accomplish this, we explored the development of a screening assay for
ribozyme activity through a gel-based format and a high-throughput microarray platform.

4.3 Results

Synthesis of Hey-SAM, a proxy for latent ribozyme activity

Using a previously devised synthetic route (Hickey and Hammond, 2014) SAH
(9) was synthesized a crucial precursor in our SAM analog synthesis (Fig. 4.2). This
route relies on two critical intermediates: 5-chloro-5’-deoxyadenosine (3) and N-Boc-L-
homocysteine (7). We accessed 3 in two steps by treating commercially-available
adenosine (1) with thionyl chloride to produce a sulfinyl intermediate (2) and which was
hydrolyzed to the vicinal diol using with NHsOH. We obtained 7 in good yields after
three steps. L-Homocysteine thiolactone (4) was dynamically resolved from the racemic
D,L-homocysteine thiolactone mixture by generation of the mandelic acid salt. Our
desired enantiomer, 5 readily precipitated while its D-enantiomer remained in the
mother liquor and reacted with salicylaldehyde to form an imine that promotes
racemization and is reversibly hydrolyzed. The free amine of 5 was then protected with
di-tert-butyl dicarbonate to yield N-Boc-L-homocysteine thiolactone (6) and subsequent
hydrolysis of the lactone under basic conditions generated 7. Coupling partners 3 and 7
were reacted in strongly basic conditions at high concentrations to form N-Boc-S-
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adenosyl-homocysteine (8). The Boc group was then removed under strongly acidic
conditions to yield 9, which was purified through HPLC.

With 9 in hand, we sought to generate (E)-hex-2-en-5-ynyl SAM, (Hey-SAM, 11)
by coupling to the respective alkyl halide (Fig. 4.2). A previous route to 11 was repeated
(Wang et al., 2013) which uses (E)-1-bromo-hex-2-en-5-yne (10) to react with 9. In this
procedure, 10 is used crude with impurities as it has been reported to not be isolable.
The resulting residue from the reaction of trans-1,4-dibromo-2-butene with
ethynylmagnesium bromide produces 10 but also afforded a di-addition product from
the Grignard reagent and unreacted starting material that was still present when
monitoring by GC-MS. Although usage of crude 10 can produce 11 in milligram
quantities, there is a large proportion of starting material 9, that is unreacted, which
required optimized HPLC purification to separate the desired product Hey-SAM. Hey-
SAM was purified using a water and acetonitrile with 0.05% TFA (Solvent A and B) with
a gradient over 30 min (0 to 10% solvent B over 25 min and then 10 to 70% solvent B
over 5 min).

Demonstration of Hey-SAM binding to SAM-I riboswitches using a biosensor
assay

Previously our group has developed a palette of RNA-based biosensors which
specifically bind the ligand SAM and induce fluorescence activation (Truong et al.,
2018). These sensors were applied to assess if the SAM-I riboswitch can
accommodate the Hey-SAM analog into its binding pocket. One of the biosensors, Bs 4-
4 is also derived from the organism Bacillus subtillis with sequence overlap to B. subtillis
SAM-| sequence used for x-ray crystal structure determination (Lu et al., 2010). To our
delight, we found that Bs 4-4 is responsive to SAM and Hey-SAM with apparent binding
affinities of 0.7 uM and 2.4 uM, respectively but does not respond to SAH (Fig.4.3). Itis
known that the positively charged sulfonium center is highly recognized through
electrostatic interactions within the binding pocket so the neutral sulfonium center on
SAH renders it unable to bind and activate the biosensor (Lu et al., 2010). Hey-SAM
still retains these electrostatics and it appears the added sterics of the alkyne handle
does not hinder affinity greatly. This finding supports our initial hypothesis that Hey-
SAM would serve as a suitable proxy for measuring reactivity with SAM riboswitches.

Ribozyme activity assay using a gel-based format and fluorescence analysis
After obtaining Hey-SAM and affirming its ability to bind to the SAM-I riboswitch
through our biosensor assay, a robust method was designed to detect potential
ribozyme activity of SAM riboswitches (Fig 4.4). Since riboswitches have been highly
evolved to bind their ligand, their latent ribozyme activity of SAM riboswitches may be
very inefficient. In this way, a highly sensitive assay would be necessary to detect
labeling activity. It has been previously demonstrated that Hey-SAM can be
synthesized in situ within live cells and used to profile chromatin modifications of
engineered protein methyltransferases (Wang et al., 2011, 2013). These studies
utilized copper click chemistry to conjugate biotin to modified chromatin form cell lysates
and enriched for labeled chromatin by binding of streptavidin beads. We envisioned
using click chemistry to enable a fluorescent output for ribozyme activity. Assuming the
ribozyme self-reacts with Hey-SAM, the alkyne handle will be transferred to the RNA

74



and could be subsequently tagged with a fluorophore through a Cu-I azide-alkyne
cycloaddition (CUAAC) reaction. These clicked products containing the fluorophore
could be separated on a denaturing polyacrylamide gel and visualized using a
fluorescence scanner with appropriate excitation and emission light.

Utilizing this assay, the reactivity of the Bacillus subtilis SAM-I riboswitch was
tested with varying amounts of Hey-SAM (Fig 4.5A). Increasing the stoichiometric
amount of the ligand Hey-SAM directly correlates with increasing the overall fluorescent
signal observed, demonstrating that its reactivity is ligand-dependent. Additionally, a
fluorescently-labeled Bs SAM-I riboswitch was used as a total loading control to quantify
labeling activity (AlexaFluor 488 scan) and normalized to the amount of RNA loaded on
the gel which was determined through subsequent gel staining with ethidium bromide
(EtBr scan). At 1:1 stoichiometry for Bs SAM-I RNA and Hey-SAM, the % labeling was
estimated to be below 0.1%. With this assay, we also sought to evaluate whether
sequences from other riboswitch sequences could have differing reactivities with the
ligand (Fig 4.5B,). Representatives from four other SAM riboswitch classes (SAM-II, -
I, -1V, SAM-SAH) were evaluated alongside the tightly-binding Bacillus clausii (Bc)
SAM-I riboswitch to compare reactivity to the Bs SAM-I RNA (Table 4.1). We observed
that the relative labeling activity (0.42%) of the Bc SAM-I RNA was the greatest out of
the tested constructs which could be attributed to its tight affinity (700 pM, Sudarsan et
al., 2006).

Ribozyme library screening using microarray platform

While the labeling activity of native riboswitches could be detected, it was evident
that this reactivity was not its primary function. However, we proposed that it could be
possible to engineer this function into riboswitches through a structure-guided
mutagenesis approach. In collaboration with Agilent Technologies, we sought to
measure this ribozyme activity using their proprietary microarray technology as a
screening platform (Fig 4.6A). Approximately 4000 SAM-I riboswitches sequences
taken from the Rfam database (Accession: RF00162) and 30 different mutations were
designed along the binding pocket that interacts with the ligand (Note: the
computational design of library sequences were performed by Dr. Yichi Su, a former
labmate and collaborator). These mutants were randomized from their native sequence
at distinct nucleotide positions that make direct contacts with the ligand or were in less
than a 10 A proximity. This mutant DNA library, designed with a total of 119,878
sequences, was appended with unique barcodes and universal priming regions for
amplification by PCR and introduction of a T7 promoter for in vitro transcription of the
ribozyme library (Fig 4.6B). An oligonucleotide library was synthesized using Agilent’s
proprietary SurePrint technology (OLS 1.0) corresponding to a printed DNA microarray
that possessed 122,000 customized capture oligos in duplication (a total of 244K unique
features). Each unique barcode is complementary to a capture oligo that is printed on
two locations on the microarray, permitting spatial resolution of signal for each
riboswitch sequence.

The OLS 1.0 was amplified by PCR using universal primers that introduced the
T7 promoter for downstream transcription. Accordingly, 10 ug of OLS 1.0 DNA was
used for in vitro transcription with T7 RNA Polymerase and purified by spin column.
The transcribed ribozyme library then was reacted with Hey-SAM and subsequent click
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chemistry with a Cy5 dye generates a fluorescent output linked to ribozyme activity. In
addition, the ribozyme library was non-specifically labeled with a Cy3 dye through
Agilent’s Universal Labeling System (ULS) to normalize for total RNA levels.
Hybridization of the dual-labeled RNAs onto the microarray and subsequent wash-out
left areas with overlapping Cy5 and Cy3 values which were quantitated to measure
overall labeling efficiency of the ribozyme. Capture oligos which form stable hairpins
were used as negative controls to normalize Cy5 and Cy3 labeling as these signals
represent background noise.

Before samples were analyzed for microarray hybridization, the OLS 1.0 RNA
library after transcription and OLS 1.0 RNA library after Cy5-labeling was subjected for
nucleotide size analysis by Bioanalyzer (data not shown). These results identified that
after in vitro transcription, the OLS 1.0 RNA was ~95% intact with an average size
distribution of 160 nts (which correlates well with the expected distribution of ~165 nts).
Similarly, after Cy5-labeling, the size distribution of the OLS 1.0 RNA library is similar to
160 nts but only ~70% of the OLS 1.0 Cy5-RNA was fully intact. The RNA degradation
of the library is attributed to the CUAAC reaction as it has been reported copper
facilitates production of hydroxy radicals which spontaneously cause RNA cleavage
(Paredes and Das, 2011).

Within the microarray results, a statistical analysis was performed to determine
among the 30 different mutation categories which ones have any significant labeling
activity above or below background (Table 4.2). This analysis highlights the probability
a mutation category yielded variants with labeling activity that is statistically significant.
The probability that a mutation category yields ribozymes with activity ABOVE
background is denoted by “mLogP EnrichedUp” values while the probability that a
mutation category yields ribozymes with activity BELOW background is denoted by
“‘mLogP EnrichedDown”. It is important to note these values are not a measure of the
total labeling efficiencies observed from a sequence. From these results, 3 nucleotide
base-pair positions (N7-N494, N9-N492, and N6-N495) were identified that likely
possess increased activity upon mutation. The mutation category G7-U494 was
observed to possess a mLogP EnrichedUp of 12.21 indicating the likelihood this
mutation yielded ribozymes with above background activity was very high. An in-depth
visualization of these 3 base-pair positions from the SAM-I crystal structure shows that
all 3 come in close proximity to the methyl group on the sulfonium center of the ligand
SAM (Fig. 4.7). The U7-base from the natural base-pair U7-A494 comes into very
close proximity to the donating methyl group of SAM which when mutated to a G7
residue, confers enhanced labeling activity likely due to better position and closer
proximity.

Second-generation combinatorial mutation library screen

Using the insights from the OLS 1.0 microarray results, we sought to create a
combinatorial mutation library termed OLS 2.0 (Fig. 4.7) which utilized the most
enriched mutations at the 3 nucleotide base-pair positions: 1. N7-N494 (Position A) , 2.
N9-N492 (Position B), and 3. N6-N495 (Position C). Using these three positions,
families of single, double, and triple mutants were created with a total of 183 mutation
categories with priority to combinations utilizing Position A (due to their probability
values observed from the OLS 1.0 microarray results). Starting from approximately
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1300 riboswitch sequences, we generated a total of 236,548 unique ribozyme
sequences to screen using identical methodology for preparation and microarray
hybridization. The second generation library was again synthesized by Agilent through
an Oligonucleotide Library Synthesis platform (OLS 2.0) along with a DNA microarray
that possessed up to 244,000 customized capture oligos as single replicates.

The OLS 2.0 was amplified by PCR using the same universal primers which
introduced the T7 promoter for downstream transcription. Accordingly, 10 ug of OLS
2.0 DNA was used for in vitro transcription with T7 RNA Polymerase and purified by
spin column. The transcribed ribozyme library then was reacted with Hey-SAM and
subsequent click chemistry with a Cy5 dye and yielded spectral signature for ribozyme
activity. In addition, the ribozyme library was non-specifically labeled with a Cy3 dye
through Agilent’s Universal Labeling System (ULS) to normalize for total RNA levels.
Hybridization of the dual-labeled RNAs onto the microarray and subsequent wash-out
left areas with overlapping Cy5 and Cy3 values which were quantitated to measure
overall labeling efficiency of the ribozyme. Capture oligos which form stable hairpins
were used as negative controls to normalize Cy5 and Cy3 labeling as these signals
represent background noise.

While a probability analysis for enrichment was also performed for the OLS 2.0,
the results did not yield significantly enriched mutation categories above or below
background (data not shown). We believe this is attributed to the increased number of
mutation categories (30 to 183) with 4-fold less sequences per category (4000 to 1300)
which failed to show any clear trends among the data. Thus, we manually sorted
through the data to obtain sequences with the highest labeling efficiency on the array.
We identified the top 10 mutated sequences and compiled them with their respective
wild-type sequences on the array (Table 4.3).

Biochemical validation of ribozyme activity of selected OLS 2.0 variants

To verify the labeling efficiencies observed on the microarray, we obtained
variants for 3 ribozymes with the highest activity and their corresponding wild-type
sequences for validation through a gel-based activity assay similar to previous methods
(Fig. 4.4). These sequences were constructed to be almost identical to the sequences
used on the microarray except with the universal reverse priming sequence being
omitted. Once these sequences were reacted with Hey-SAM and subsequently clicked
with a Cy5-azide, the products were purified and separated on a 6% denaturing PAGE-
gel for analysis on a gel imager (Fig. 4.9). Scanning on appropriate Cy5 and EtBr
channels allowed for visualization and quantification of relative labeling activity from all
6 sequences. To compare labeling activity from the microarray and on the gel, a
relative labeling ratio was calculated for both based on the sequences used (Table 4.4).
This relative labeling ratio is a proxy for understanding how close the enhancement of
labeling activity from the microarray is mirrored on gel. OLS 2.0 Seq 5 is the only
sequence that experiences a relative fold-enhancement in both cases that is very
promising. From the OLS 2.0 microarray, the % labeling for Seq 5 is estimated to be
almost 4.4%, an 8.3-fold improvement from its corresponding wild-type sequence.
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4.4 Discussion

This microarray approach was able to screen more than 300,000 mutagenized
riboswitch sequences for labeling activity. Despite the apparent false positive rate from
the microarray, the platform was still able to identify an engineered ribozyme with OLS
2.0 Seq 5 that could be validated biochemically. The corresponding wild-type riboswitch
exists in the organism Staphylococcus aureus, a member of the Firmicutes and a
commonly known pathogen in skin infections. While it is unlikely in this case there is a
relation of its ribozyme activity to its phylogenetic origin, self-alkylating ribozymes that
react with epoxide electrophiles were isolated from organism genomes that possessed
a high percentage of non-coding RNAs which can include catalytic RNAs or
riboswitches (McDonald et al., 2014).

Comparing the results of OLS 1.0 and OLS 2.0 microarray iterations could also
be insightful about potential residues involved with catalysis. OLS 2.0 Seq 5 is
composed of a double mutation U7-G494 and U9-A492 corresponding to the nucleotide
positions from Bacillus subtilis SAM-I crystal structure (Fig. 4.7). While no mutation
category was found to be significantly enriched in the OLS 2.0, the U9-A492 mutant was
the 2"¥ most enriched mutation in the OLS 1.0 and the U7-G494 mutation is a
transposition of 15t most enriched G7-U494 mutation from the OLS 1.0.

4.5 Conclusions/Future Directions

In summary, we have developed a microarray screening platform to test activity
for self-labeling ribozymes. While initial investigations looked to native riboswitches for
this latent reactivity, we have found with robust screening and structure-guided
mutagenesis that enhanced catalytic variants can exist such as OLS 2.0 Seq 5. Further
characterization of OLS 2.0 Seq 5 could determine the site of labeling and grant insight
about sequence requirements for this labeling activity. Other future work applying the
mutations found in this catalytic variant to other phylogenetic sequences may explain its
functional basis as well. This investigation and validation of reprogramming natural
riboswitches into desired ribozymes is currently ongoing.
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4.6 Fiqures

A

proximity-assisted
reaction

SAM is a reactive electrophile!

Labeled SAM-I

SAM-I
Riboswitch

Riboswitch

Bacillus subtilis SAM-I Riboswitch
PDB: 4KQY

Figure 4.1. SAM-I riboswitches as potential ribozymes

a) SAM-I riboswitches could have activity acting as self-alkylating ribozymes that reacts
with the electrophile SAM. b) The crystal structure of the SAM-I riboswitch shows the
methyl group of SAM is solvent exposed with potential to accommodate SAM analogs.
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Figure 4.2. Synthesis of (E)-hex-2-en-5-ynyl SAM (Hey-SAM)

A scheme for the synthesis of Hey-SAM starting with cost-efficient and commercially
available starting materials.
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Figure 4.3. Detection of Hey-SAM by Bs 4-4, a known biosensor for SAM

(a) Mechanism for fluorescence turn-on is depicted for the biosensor designed from the
Bacillus subtilis SAM-I riboswitch. (b) Binding affinity determination of biosensor when
using SAM and analogs such as Hey-SAM and SAH. Data shown are values taken
from one independent replicate.
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Ligand binding Self-alkylation

R '\‘
Hey-SAM T~ fO
SAM-I R= s Z SAH
Riboswitch
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Click reaction

N
* Azide

Fluorophore Labeled
SAM-I| Riboswitch

Gel analysis

Fluorescent click-labeled RNA

Figure 4.4. Ribozyme activity assay using fluorescent gel analysis

Ribozymes that react with Hey-SAM will be self-labeled with an alkyne handle that can
be subsequently fluorescently-labeled by a CUAAC reaction with an azide-dye and
fluorescent products can be separated on a denaturing urea-PAGE gel and analyzed.
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Lanes

1. 3-FL B.s. SAM-I Rs

2. Bs SAM-I RS + 5 uM Hey-SAM
3. Bs SAM-I RS + 20 uM Hey-SAM
4. Bs SAM-I RS + 55 uM Hey-SAM
5. Bs SAM-I RS + 100 uM Hey-SAM

Bs SAMH
(SAM-|) =

At 5 uM B.s. SAM-I Rs

Lanes

RNA ladder (10 - 100 nts)
Bs SAM-I RS + Hey-SAM
Bc SAM-I RS + Hey-SAM
Ss. SAM-II RS + Hey-SAM

:1.2345678,91_0' :
. Ef SAM-Ill RS + Hey-SAM

1
2

i i : 5
. ‘ N 6
. i W : .::~ - ' i 8
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Sc SAM-IV RS + Hey-SAM
SAM-SAH RS + Hey-SAM
Bs SAM-I RS M1 + Hey-SAM
Spinach2 RNA

0. 3-FL B.s. SAM-I Rs

. EtBr-

At 5 uM RNA and 10 uM Hey-SAM

Figure 4.5. Ribozyme activity assay using fluorescent gel analysis

(a) Bacillus subtillis (Bs) SAM-I riboswitch is reacted with varying concentrations of Hey-
SAM and after CUAAC with an azide-dye, the fluorescent products are separated on a
denaturing urea-PAGE gel and analyzed with appropriate excitation light and filters
corresponding to AlexaFluor488 and ethidium bromide.
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Table 4.1. Sequences from various classes of SAM riboswitches and the organisms
they are derived from. Binding affinities are presented as they were reported in the

literature.
Riboswitch Sequence (5’ to 3°) Experimental Binding
Family and Affinity (Kq) for SAM
Organism
GTTCTTATCAAGAGAAGCAGAGGGACTGGCCC
SAM-| GACGAAGCTTCAGCAACCGGTGTAATGGCGAT 19 nM
(Bacillus subtilis) CAGCCATGACCAAGGTGCTAAATCCAGCAAGCT (Lu et al., 2010)
CGAACAGCTTGGAAGATAAGAAGAG
SAM-I AAAAACACTCTTATAACGAGAAGCGGAGGGACT
GGCCCAATGAAGCTTCAGCAACCATTCATTGCG 700 pM

(Bacillus clausii

ATGAAAAGGTGCTAAATCCAGCAAAGGGAACTT
TGGCAGATAAGGGGATTCAT

(Sudarsan et al., 2006)

SAM-II
Sargesso Sea
Env12 metX gene

TCGCGCTGATTTAACCGTATTGACAAGCCGCTG
ATAAATGTAGCTAAAAAGGG

60 nM
(Gilbert et al., 2008)

Streptomyces
coelicolor

CGTGGCGGGGTGCCCCGGGTGAAGACCAGGT
CGTGGACAGCAAGGTCCACGGCAAGCGCGGAC
CCCT

Ene?;(';’;')'écus TTCCCGAAAGGATGGCGGAAACGCCAGATGCC 570 nM
neter TTGTAACCGAAAGGGGGAAT (Lu et al., 2008)
acalis metK
GGTTTTTCGACAGGTCATGAGTGACAGTCATGA
SAM-IV GGCCCCGGCCGACTGTCCGGCAACCCTCCGTC 150 nM

(Weinberg et al., 2008)

SAM-V
(Candidatus
pelagibacter)

GGAATTAAGCCGGGCAGTTGAACCATATTGTGC
GCCCTGCATTTGCTTAAGCACTAAAAAGGAG

1.2 UM
(Poiata et al., 2009)

SAM-SAH
(Dechloromonas
aromatica)

GGUCUGCCGAGGAGCGCUGCGACCCUUUAAU
UCGGGGGCCAGGCUCGGCAAUGAUCAACGGC
GCUCGC

~25 UM
(Wang et al., 2008)
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Figure 4.6. SAM-l Ribozyme library analysis using Agilent microarray platform

(a) A DNA oligonucleotide library composed of 119878 natural and engineered SAM-I
sequences that is barcoded with a unique capture sequence (pink). After Hey-SAM
labeling and CuAAC reaction is performed to label sequences with Cy5, the library is
tagged with Cy3 using a universal labeling system (ULS) that non-specifically labels any
RNA sequence. Activity of the ribozyme (Cy5) is normalized to amount of RNA (Cy3)
and the efficiency of labeling is calculated. (b) Detailed graphic describing the
construction of each ribozyme. The universal forward and reverse primer regions on
each sequence were used for PCR amplification and to add a T7 promoter for in vitro
transcription while the capture sequence (pink) is unique for each library member and is
hybridized to a capture oligo spatially resolved and printed onto the microarray.
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Table 4.2. Statistical enrichment analysis of 30 mutations types for SAM-I
riboswitches

30 mutation types were applied to ~4000 SAM-I riboswitches with each mutation category
being analyzed for fold-enrichment up (higher than background labeling efficiency) and
for fold-enrichment down (lower than background labeling efficiency).

# Mutation | mLog(P) mLog(P)
Category | EnrichedUp | EnrichedDown

1 | G7 U494 12.21 0.05
2 | U9 A492 7.96 0.66
3 | G7 C494 6.56 0.92
4 | U7 Ad94 4.01 -1.68
5 | C9 G492 2.49 0.23
6 | G6 U495 2.41 0.21
7 | U6 G495 2.16 2.5
8 | A6 U495 1.75 -1.75
9 | C7 G494 1.43 0.49
10 | GO U492 1.1 0.32
11 G12 0.97 0.23
12 | U6 A495 0.9 2.41
13 | A9 U492 0.88 0.15
14 C13 0.86 0.73
15 wi 0.8 1.79
16 A13 0.67 0.24
17 | G9 C492 0.65 1.04
18 C11 0.62 1.08
19 G13 0.57 -0.3
20 [ U9 G492 0.53 1.02
21 Al1 0.52 0.97
22 | U7 G494 0.5 1.09
23 | C6 G495 0.48 3.55
24 | A7 U494 0.44 0.09
25 Al12 0.38 117
26 U13 0.37 0.19
27 G11 0.26 0.32
28 | G6 C495 0.15 0.87
29 Ui2 0.08 1.15
30 C12 0.07 0.9
31 U11 0.04 1.85
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Figure 4.7. Comparison of SAM-l binding pocket residues and top 4 enriched
mutations.

Three key base-pairing sites were significantly enriched from the microarray analysis: 1)
U7-A494 when mutated to a G-U or a G-C base-pair (blue). 2) C9-G492 when mutated
to a U-A base-pair (red). 3) A6-U495 when mutated into a G-U base-pair. The ligand is
also displayed in the binding with methyl group (green) of SAM with relative distances to
proposed residues that are responsible for catalysis.
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Combinatorial Mutation Categories
Original Sequence (WT, WT-Partial, Trunc. WT, or etc) =1 Disruptive Mutant =1

Single Mutants: A, B, & C=4

Position A Position B

1. G7U49%

2. G7 C494 1. U9 A492 1. G6 U495
Double Mutants: A + B (8x5) =40 A+ C(8x5)=40 B+ C (5x5)= 25
Position A Position B

WT = U7 A494 WT = C9 G492

(8 mutants) (5 mutants)
1 G7 U494 6. G7 G494 1. U9 A492 1. G6 U495
2. G7 C494 7. G7 A494 2. G9 U492 2. U6 G495
3. C7 G494 8. A7 G494 3. A9 U492 3. U6 A495
4 U7 G494 4. G9 C492 4, C6 G495
5. A7 U494 5. U9 G492 5. G6 C495
Triple Mutants: A+B+C= (8x3x3)=72

Position A Position B

WT = U7 A494 WT = C9 G492

(8 mutants) (3 mutants)

1. G7U494 6. G7G49%4 1. U9A492 1. G6U495
2. G7C4% 7. G7A494 2. G9 U492 2. U6 G495
3. C7G494 8. A7G49%4 3. G9C492 3. U6A49S
4 U7 G494

5 A7 U494

183 categories overall

Figure 4.8. Combinatorial mutations for 2"? generation ribozyme library (OLS 2.0)
A 2" generation ribozyme library was constructed combining mutations categories at the
3 most enriched positions from the OLS 1.0 microarray analysis. In total, 183 different
categories were included in the OLS 2.0 with 236548 new sequences.
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Table 4.3. Top 10 OLS 2.0 sequences (#1-10) with highest labeling activity from
microarray analysis and their respective mutation category. Each ribozyme can then
be compared respective wild-type sequence for each ribozyme (#11 — 20) to assess their
improved labeling efficiency. Green shading highlights top 3 sequences and yellow
shading highlights their respective counterparts. Shaded sequences were selected for
biochemical follow-up.

L‘ Relative %

Sequence Reference[Mutation Category (A/B/C) lAccession Code Labeling
IACDF01000024.1/30867-

1 | Hammond037442 | (G7 G494)(G9 C492)(G6 U495) [30781 MU Partial 6.8267
AEUR01000003.1/61319-

2 | Hammond120471 | (G7 G494)(G9 U492)(G6 U495) 161414 WT FL 6.3684
AM990992.1/2453012-

3 | Hammond213028 (U7 G494)(U9 A492) 2452917 MU Partial 4.3966
CP002282.1/532630-

4 | Hammond162226 | (G7 G494)(U9 A492)(U6 G495) |532718 3' MU Partial 4.2322
ACUUO01000042.1/40243-

5 | Hammond095250 P2 mutant 40341 MU Partial 4.129
IACWQ01000020.1/25078-

6 | Hammond221089 [ (U7 G494)(G9 U492)(U6 G495) [25175 WT FL 4.0407
ACSW01000146.1/28058-

7 | Hammond028654 (U9 A492)(U6 A495) 28156 MU Partial 4.0192
IACSV01000033.1/39999-

8 | Hammond087684 [ (G7 C494)(U9 A492)(G6 U495) 40097 WT FL 3.7514
BX571856.1/15939-

9 | Hammond166971 (A9 U492)(G6 U495) 16037 WT FL 3.6343
ACMY01000004.1/34318-

10| Hammond056647 (G9 C492)(G6 C495) 34423 MU Partial 3.633
IACDF01000024.1/30867-

11] Hammond234881 Wild-Type 30781 MU Partial 0.6744
AEUR01000003.1/61319-

12| Hammond119922 Wild-Type 61414 WT FL 0.4934
AM990992.1/2453012-

13| Hammond223126 Wild-Type 2452917 MU Partial 0.5309
CP002282.1/532630-

14| Hammond236469 Wild-Type 532718 3' MU Partial 0.6948
ACUUO01000042.1/40243-

15 Hammond180987 Wild-Type 40341 MU Partial 0.5148
IACWQ01000020.1/25078-

16| Hammond090192 Wild-Type 25175 WT FL 1.071
ACSW01000146.1/28058-

17] Hammond186938 Wild-Type 28156 MU Partial 0.5027
IACSV01000033.1/39999-

18] Hammond096993 Wild-Type 40097 WT FL 0.3456
BX571856.1/15939-

19 Hammond057197 Wild-Type 16037 WT FL 0.8574
ACMY01000004.1/34318-

20 Hammond131162 Wild-Type 34423 MU Partial 0.6754
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Lanes

. RNA Loading Control (10 pmol)

. OLS 2.0 Seq 1 (Hammond037442, 5 pmol)
. OLS 2.0 Seq 2 (Hammond234881, 5 pmol)
. OLS 2.0 Seq 3 (Hammond120471, 5 pmol)
. OLS 2.0 Seq 4 (Hammond119922, 5 pmol)
Cy5 . OLS 2.0 Seq 5 (Hammond213028, 5 pmol)
. OLS 2.0 Seq 6 (Hammond223126, 5 pmol)

NOoO O~ WN -

EtBr

Figure 4.9. Biochemical validation of ribozyme labeling from OLS 2.0 microarray
The 3 sequences with highest labeling activity and their respective wild-type sequences
were reacted with Hey-SAM and subsequent CuAAC chemistry with a Cy5-azide.
Products were purified by spin column, separated on a 6% urea-PAGE gel and stained
with EtBr. Gels were scanned using an imager with appropriate excitation light and filters
corresponding to Cy5 and ethidium bromide.
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Table 4.4. Comparison of relative labeling ratios calculated from OLS 2.0
microarray and observed on a gel-based format. Green shading highlights top 3
sequences and yellow shading highlights their respective counterparts. Bold indicates a
positive correlation between labeling ratios observed on microarray and on gel.

% Labeling Relative Relative Relative

# RNA sequence on Microarray| Labeling Ratio [Labeling on GellLabeling Ratio
(Cy5/Cy3) | on Microarray | (Cy5/EtBr) on Gel

1 OLS 2.0 Seq 1 6.8267 13.8 0.77 2.1

2 OLS 2.0 Seq 2 0.6744 1.4 0.89 25

3 OLS 2.0 Seq 3 6.3684 12.9 0.82 23

4 OLS 2.0 Seq 4 0.4934 1.0 0.95 2.6

5 OLS 2.0 Seq 5 4.3966 8.9 2.18 6.1

6 OLS 2.0 Seq 6 0.5309 1.1 0.36 1.0
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4.7 Materials and Methods

General Chemistry Methods

All reactions were performed in flame-dried glassware sealed with rubber septa
under an inert atmosphere of nitrogen or argon and were agitated by magnetic stir bars
unless noted otherwise. Liquid reagents were dispensed using a syringe and a standard
Schlenk line for air- or moisture-sensitivity. Any anhydrous solvents were obtained
freshly distilled from a Pure Solv Purification System (Innovative Technologies,
Amesbury, MA) before use and other solvents were used as received. Reactions were
monitored by thin layer chromatography on glass-backed silica plates visualized by UV
irradiation or a denoted staining method when appropriate or on an Agilent 1260 Infinity
6120 Quadrupole LC/MS. Any column chromatography used silica gel from Sorbent
Technologies and other purification methods such as HPLC purification was
accomplished with an Agilent 1260 Infinity Series HPLC equipped with quaternary
pump, diode array detector, and fraction collector and a Polaris 5 C18-A column (250 x
10 mm) using H20 + 0.05 % TFA (Solvent A), MeCN + 0.05 % TFA (Solvent B) as the
mobile phase at 5 mL/min. HPLC solvents were filtered using a Millipore 0.2 ym nylon
membrane.

NH;

N
(ﬁN
_J

5'-Chloro-5'-deoxy-2',3'-O-sulfinyladenosine (2)

To a stirred suspension of adenosine (4.30 g, 15 mmol) in anhydrous pyridine
(2.6 mL, 32 mmol) and CH3CN (50 mL) cooled to 0 oC in ice/H20 was added dropwise
SOCI2 (5.9 mL, 9.70 g, 80 mmol) with stirring under N2. The reaction mixture was
allowed to warm to rt and stirring was continued for 2 d. The resulting precipitate was
collected via filtration, washed with anhydrous CH3CN under a stream of N2, and dried
in vacuo to give 2 as white crystals (3.09 g, 62% yield, mixture of diastereomers 70:30).
Rf 0.78 (1:10 MeOH:CH2CI2); 1H NMR (400 MHz, DMSO) (major diastereomer) & 8.66
(s, 1H), 8.50 (s, 1H), 6.50 (d, J = 2.9 Hz, 1H), 6.30 (dd, J = 6.5, 2.9 Hz, 1H), 5.89 (dd, J
=6.5, 3.8 Hz, 1H), 4.60 (td, J = 6.5, 3.8 Hz, 1H), 4.03 — 3.84 (m, 2H), (minor
diastereomer) 6 8.70 (s, 1H), 8.49 (s, 1H), 6.70 (d, J = 3.0 Hz, 1H), 6.19 (dd, J= 7.5, 3.0
Hz, 1H), 5.78 (dd, J= 7.5, 3.9 Hz, 1H), 4.79 (td, J = 6.3, 3.9 Hz, 1H), 4.17 —4.10 (m,
2H)
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5'-Chloro-5'-deoxyadenosine (3)

To a stirred suspension of 30 (3.00 g, 9.04 mmol) in MeOH (45 mL) and H20 (10
mL) was added 28% NH4O0H (3.76 mL, 27.1 mmol). Stirring was continued for 20 min
until no starting material was observed by TLC, and MeOH was evaporated. The
resulting white precipitate was dissolved in H20 at 70 oC then recrystallized by cooling
to 4 oC overnight. The crystalline compound was filtered and dried in vacuo to give 3
(1.72 g, 66% vyield). Rf 0.47 (1:10 MeOH:CH2CI2); 1H NMR (400 MHz, DMSO-d6) &
8.35 (s, 1H), 8.16 (s, 1H), 7.32 (s, 2H), 5.93 (d, J = 5.6 Hz, 1H), 5.61 (d, J = 6.0 Hz, 1H),
5.47 (d, J=5.2 Hz, 1H), 4.76 (q, J = 5.4 Hz, 1H), 4.23 (q, J = 4.5 Hz, 1H), 4.15 - 4.01
(m, 1H), 3.95 (dd, J = 11.6, 5.1 Hz, 1H), 3.85 (dd, J = 11.6, 6.0 Hz, 1H).

O

HCI H,No.. /L\:s

L-Homocysteine thiolactone hydrochloride (5)

To a stirred suspension of D, L-homocysteinethiolactone hydrochloride (10.0 g,
65.1 mmol) in acetone (50 mL) was added triethylamine (10.0 mL, 7.25 g, 71.6 mmol)
and the mixture was stirred at ambient temperature for 2 h. Triethylamine hydrochloride
precipitate was removed via filtration and the filtrate was saved. (S)-(+)-Mandelic acid
(10.9 g, 71.6 mmol) was added to the reaction mixture in acetone (100 mL) followed by
salicylaldehyde (0.9 mL,1.0 g, 8.5 mmol), which immediately turned the solution yellow.
A white solid precipitate was recovered via filtration after 17 h. The solid was
resuspended in acetone (100 mL) and cooled to 4 oC. A solution of 37% HCI (4.4 mL)
was added with stirring for 90 min. The solid precipitate was recovered via filtration,
washed with acetone and dried in vacuo to give 5 (4.74 g, 47% yield). 1H NMR (400
MHz, MeOD) 6 4.25 (m, 1H), 3.57 — 3.40 (m, 2H), 2.79 (m, 1H), 2.20 (m, 1H).
/
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O

BocHN.., C:S

N-Boc-L-homocysteine thiolactone (6)

To a stirred suspension of 5 (5.00 g, 32.5 mmol) in CHCI3 (65.5 mL) was added
NaHCO3 (2.73 g, 32.5 mmol) in H20 (50 mL) and NaCl (6.51 g, 110 mmol). Di-tert-butyl
dicarbonate (7.5 mL, 7.1 g, 33 mmol) was dissolved in CHCI3 (5 mL) and added to the
stirred reaction solution. The mixture was heated at reflux for 24 h. The organic layer
was saved, and the aqueous layer was extracted with three additional 20 mL portions of
CHCI3. The combined organic layers were dried over MgSO4. The solution was filtered,
concentrated, and dried in vacuo to give 6 (6.33 g, 90% yield). Rf 0.88 (1:20
MeOH:CH2CI2); 1H NMR (400 MHz, CDCI3) & 5.01 (bs, 1H), 4.38-4.22 (bm, 1H), 3.37
—3.27 (m, 1H), 3.27 — 3.19 (m, 1H), 2.98 — 2.68 (bm, 1H), 2.06 — 1.91 (m, 1H), 1.46 (s,
9H);

0]
HO™ ™
NHBoc

N-Boc-L-homocysteine (7)

Compound 6 (5.02 g, 23.0 mmol) was dissolved in minimal MeOH and stirred at
rt. A solution of 5 N NaOH (70 mL) was added, and after the disappearance of 6 was
observed by TLC the reaction mixture was neutralized to pH 8 with 1 M KH2PO4 (345
mL). The MeOH was evaporated and the resulting aqueous solution was acidified to pH
2 with 12 N HCI. The cloudy white solution was extracted with three 100 mL portions of
CH2CI2 and the combined organic layers were dried over MgSO4. The solution was
filtered, concentrated and dried in vacuo to give the product (5.35 g, 99% vyield) 1H
NMR (400 MHz, CDCI3) & 6.78 (s, 0.25H), 5.17 (d, J = 8.3 Hz, 1H), 4.53 (bm, 0.6H) ,
2.66 (m, 2H), 2.19 (m, 1H), 2.04 (m, 1H), 1.65 (s, 1H), 1.49 (s, 9H).

NH,

N
0 (/IQN
HO/U\/\/S o N /J

N

OH OH
N-Boc-S-adenosyl-L-homocysteine (8)
A solution of 7 (0.545 g, 2.32 mmol) in water (1.3 mL) and 10 N NaOH (0.7 mL,
7.0 mmol) was added to 3 and stirred at 40 oC overnight. The solution was neutralized
with acetic acid and concentrated under reduced pressure. The crude mixture was
purified by silica gel column chromatography (1:5:45 AcOH:MeOH:CH2CI2) to give the
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product as a yellow oil (1.07 g, 46% yield). Rf 0.22 (1:5:45 AcOH:MeOH:CH2CI2); 1H
NMR (400 MHz, MeOD) & 8.33 (s, 1H), 8.19 (s, 1H), 5.99 (d, J = 5.2 Hz, 1H), 4.74 (¢, J
= 4.8 Hz, 1H), 4.31 (q, J = 4.8 Hz, 1H), 4.20 (m, 1H), 4.09 — 3.95 (m, 1H), 3.06 — 2.80
(m, 2H), 2.61 (m, 2H), 2.03 (m, 1H), 1.87 (m, 1H), 1.40 (s, 9H).

NH,

N
0 (ﬁN

N

OH OH

S-Adenosyl-L-homocysteine (9)

A 1:1 mixture of trifluoroacetic acid and dichloromethane was added to 8 (0.050
g, 0.089 mmol) and stirred for 5 min at ambient temperature. The mixture was diluted
with H20 and the aqueous fraction was concentrated under reduced pressure. The
crude mixture was purified by HPLC (5 % to 95 % solvent B over 10 min, ret. time 5.0
min) to give 9 (0.019 g, 40% yield). 1H NMR (400 MHz, D20) & 8.40 (s, 1H), 8.32 (s,
1H), 6.02 (d, J =4.8 Hz, 1H), 4.74 (t, J = 5.0 Hz, 1H), 4.32 (t, J = 5.1 Hz, 1H), 4.22
(m,1H), 4.03 (m, 1H), 3.03 — 2.81 (m, 2H), 2.63 (t, J = 7.4 Hz, 2H), 2.08 (m, 2H). 13C
NMR (101 MHz, D20) 6 174.18, 152.48, 150.82, 147.01, 145.44, 121.46, 91.05, 86.21,
76.13, 74.84, 54.22, 35.87, 32.16, 29.85. HRMS calcd for C14H2105N6S [M+H]+
385.1289, found 328.1289.

\\\/\/\
X Br

(E)-1-bromo-hex-2-en-5-yne (10)

To a stirred solution of trans-1,4-dibromo-2-butene (10) (1.07 g, 5.0 mmol) and
CuCl (0.060 g, 0.60 mmol) in anhydrous THF was added a 0.5 M ethynylmagnesium
bromide solution (2.0 mL, 2.5 mmol) dropwise under N2. The solution was then heated
to 60 oC for 2 h and allowed to stir at rt overnight. The reaction mixture was quenched
with water (10 mL) and then 1 M HCI (10 mL) and was extracted with ether (3 x 15 mL).
The organic layer was washed successively with 1M HCI, saturated sodium chloride
solution, and water (3 x 5 mL each) The crude extract was dried and concentrated in
vacuo to obtain a dark brown oil (0.853 g) that was used further without purification.
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OH OH

(E)-hex-2-en-5-ynyl-(S)-adenosyl-L-methionine (11)

Crude 11 was dissolved in 0.4 mL of a 1:1 formic acid and acetic acid at 4 oC
and solution of 9 (0.005 g, 0.013 mmol) in water and AgCIO4 (0.010 mg, 0.052 mmol)
was added. The solution was stirred for 5 min and then allowed warm to r.t. and stir
overnight. The reaction was monitored by LC-MS ((0 to 10% solvent B over 25 min and
then 10 to 70% solvent B over 5 min) until completion then quenched with 2.5 mL of
H20 + 0.01% TFA. LR-ESI displays [M+H]+ = 463.1 indicative of 11. Purification is
currently ongoing. The aqueous layer will be washed with ether (3 x 2 mL) and the
purified extract will undergo purification by HPLC (0 to 10% solvent B over 25 min and
then 10 to 70% solvent B over 5 min).

DNA oligonucleotides and PCR materials

DNA oligonucleotides for riboswitch constructs were purchased as Ultramers from
Integrated DNA Technologies (Coralville, IA) and other DNA oligonucleotides were
purchased from Elim Biopharmaceuticals (Hayward, CA). Mutant DNA libraries (OLS 1.0
and OLS 2.0) were constructed and gifted to us by Agilent Technologies for subsequent
library amplification by PCR.

In vitro transcription

DNA templates for in vitro transcription were prepared by PCR amplification using
Phusion DNA polymerase (NEB) from sequence-confirmed plasmids, Ultramer
oligonucleotides, or Oligonucleotide Library Synthesis products (Agilent Technologies)
using primers that added the T7 polymerase promoter sequence at the 5 end. PCR
products were purified either by QIAquick PCR purification kit (Qiagen) for subsequent
transcription. RNA was transcribed from DNA templates using T7 RNA polymerase in 40
mM Tris- HCI, pH 8.0, 6 mM MgCl2, 2 mM spermidine, and 10 mM DTT. RNAs were either
purified by RNA-25 Clean & Concentrator spin columns (Zymo Research) or by
denaturing (7.5 M urea) 6% PAGE. RNAs purified by PAGE were visualized by UV
shadowing and extracted from gel pieces using Crush Soak buffer (10 mM Tris-HCI, pH
7.5, 200 mM NaCl and 1 mM EDTA, pH 8.0). Purified RNAs were precipitated with
ethanol, dried, and then resuspended in TE buffer (10 mM Tris-HCI, pH 8.0, 1 mM EDTA).
Accurate RNA concentrations were determined by measuring the absorbance at 260 nm
after performing a hydrolysis assay to eliminate the hypochromic effect due to RNA
secondary structure (Wilson et al., 2014).
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Riboswitch reaction with Hey-SAM for alkyne labeling

Riboswitch/ribozyme transcript (5 uM, final concentration) was refolded in
reaction buffer 1 (50 mM HEPES, pH 7.4, 300 mM NaCl, and 10 mM MgCl2) by
incubating to 72 °C for 3 min and allowing to cool to RT gradually. Hey-SAM was then
added (10 uM, final concentration) and sample was incubated at 37 °C for 16 h. After
incubation, the reacted transcript was EtOH precipitated and re-dissolved in 100 mM
K2POg4, pH 7.4.

CuAAC click labeling with azide-dye

Modified ribozyme was subjected to coupling with AlexaFluor 488 azide or Cy5 azide
(Invitrogen) by CuAAC click chemistry. In brief, modified ribozyme (25 uM , 14.4 mM)
was incubated at 37 °C for 0.5 h in a mixture containing 50 uM dye azide, 10 mM Na-
ascorbate, 5 mM CuSO4 and 10 mM THPTA ligand. Unreacted dye and Cu—THPTA
complex were removed by gel-filtration spin column (lllustra G25, GE Healthcare) and
elution products were subsequently analyzed on a 10% urea-PAGE gel.

Analysis of labeling efficiency by PAGE and fluorescence scan

Eluted products were quantitated using Beer's Law absorbance values at 260 nm and
calculated molar extinction coefficients and approximately 5 pmol of product was loaded
onto a 10% urea-PAGE gel. After electrophoresis, the gel was scanned with settings
appropriate for the dye: AlexaFluor-488 with excitation at 488 nm and emission at 525
nm (520 BP 40 filter) and Cy5 fluorescence) with excitation at 532 nm and emission at
670nm (670 BP 30 filter) on a Typhoon Trio+ (GE Healthcare). As loading control, the
unlabeled and unreacted ribozyme amount per lane was quantified after subsequent
staining with ethidium bromide and a second fluorescence scan with EtBr settings (532
excitation, 580nm emission: (610 BP 30). All quantitation of band intensities were done
by ImagedJ analysis software.
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