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Abstract

This dissertation explores the capacity of direct chemical modification of existing aptamer
structures for the discovery of novel functional applications using a closely related family
of fluorescent aptamers as a model system. Further, this dissertation explores the merits
of reusing validated structural motifs for the accelerated discovery of novel aptamer
utility. This body of work contains (i) the first instances of direct chemical modification of
internal residues for the execution of a function an aptamer was not selected to perform,
(ii) the first generation of an aptamer chimera of mixed nucleotide chemistries,
engineering via a universal approach; (iii) the first RNA K* biosensor combined with the
widest range of fluorescent K* detection of any nucleic acid cation sensor yet published,
covering nearly three orders of magnitude. This work additionally raises broad questions
about the influence of sequence identity and proximity of structure in G-quadruplex-
cation interactions, and its relationship to G-Quadruplex behavior with implications for
rational tuning, and the merits of structural recycling and functional reprogramming of

aptamers as a conceptual alternative to de novo aptamer generation.
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Introduction

1.1 Nucleic Acids Aptamers and SELEX

1.1.1 Aptamers

The advent of PCR and molecular cloning methods yielded an explosion of
techniques and tools for the expression and purification of recombinant proteins,
facilitating the biochemical characterization of reductionist in vitro reactions and
manipulation of complex cellular systems. During this same period, our understanding of
the biological significance of RNA shifted from a necessary and ubiquitous, though
unstable and seemingly benign intermediary molecule for the transfer of genetic
information, to a complex polymer with structure-dependent function capable of
independent catalysis, then further to the theorized center of life preceding the current
iteration requiring DNA and protein.! During this time, a wealth of basic biological
knowledge of nucleic acid structure and function, and a rich library of techniques and
tools for manipulating them were produced. One particular technique arose from the
distillation of this knowledge, inspired by the concept of the “RNA World” while

simultaneously providing evidence for it.! The Systematic Evolution of Ligands by



EXponential enrichment (SELEX) technique was developed concurrently and
independently by three research groups in the late 1980s for the simple and rapid
identification of functional nucleic acid structures (Figure 1-1).#® The selection of these
structures, named “Aptamers”, has helped fundamentally shift our basic understanding
of nucleic acid biophysics and molecular evolution, while simultaneously providing
invaluable research and diagnostic tools. The execution of the technique SELEX has
remained relatively niche, however its conceptual simplicity, broad applicability, and
utility for garnering powerful evolutionary insights has ensured its place as a staple
biochemical technique.

The word aptamer is a fusion of Latin “aptus” (to fit), and Greek “meros” (part),
and is the name given to the synthetic nucleic acid sequences with structure-dependent
functions that are identified by an in vitro evolution technique, SELEX. Under this
definition, aptamers are distinct entities from naturally evolved functional RNAs such as
ribozymes or riboswitches, though aptamers can theoretically be selected to perform the
identical function of a natural RNA with identical sequence. However, given their in vitro
genesis, aptamers are composed from a broader chemical repertoire, and can be
composed of both DNA or RNA, or polymers with alternative bioorthogonal backbone
chemistries collectively denoted “XNAs”.”2 Broadly speaking, all aptamers identified can
be binned into two functional classes, catalysts and affinity binders. Within these two
classes thousands of unique aptamers have been identified which selectively bind diverse
small-molecule and protein targets, and catalyze numerous and diverse biochemical

reactions.



As affinity reagents—their most common use and by far most populous class—
aptamers are attractive for many reasons. Aptamers are produced in vitro by organic
synthesis or enzymatic polymerization, and thus display no batch-to-batch variability with
highly scalable production. Being composed of short nucleic acid sequence, aptamers are
inherently an alternative biochemical complement to more commonly used
proteinaceous reagents, principally mammalian antibodies. Nucleic acids are generally
less immunogenic than antibodies, and are more easily modified with dyes, fluorophores,
lipids, bioorthogonal functional groups, and synthetic nucleotide analogs (a deeper
discussion of nucleotide modifications can be found in section 1.3). The genotype-
phenotype relation in nucleic acids (referring to a polynucleotide’s capacity to both
encode for itself and perform a structure-dependent function)—which is the foundation
and basis of SELEX—facilitates aptamer selection in a biochemically simpler and more
rapid manner than comparative in vitro evolution of protein by techniques such as phage
display.®10 SELEX, by its very nature, produces the simplest solution to a given selection
paradigm.!! Aptamers therefore tend to be very small (on the order of 5-30kDa), which in
turn makes them reversibly denaturable by heat and inexpensive to synthesize in large
guantities. Similarly, aptamers are readily accessible to small biological compartments
and less obtrusive when used to probe macromolecular complexes (Figure 1-2.A). Nucleic
acid structure is highly flexible, with backbones containing six bonds with individual
torsional rotation (compared to the peptide backbone which contains two) and a

glycosidic X bond around which nucleobases can fully rotate (Figure 1-2.B). This flexibility



results in aptamer constructs with comparable affinities, often more stringent
selectivities, and higher mean shape complementarity indices than antibodies.'>*3
Perhaps the most attractive feature of aptamers is the ease of their dissemination.
Identifying new aptamer de novo is conceptually simple but requires patience, precision,
repetition, experience, and luck. However, acquiring and using an aptamer sequence that
has been previously selected, sequenced, and characterized is very simple. Aptamers do
not require specialized cell systems for expression, equipment for their purification, or
molecular chaperones for folding, and are extremely soluble in aqueous solution. An

aptamer’ sequence is all the information needed for a laboratory to validate or utilize that

aptamer to their own ends.
1.1.2 The Basics of SELEX

As the name suggests SELEX is an in vitro evolution technique that follows the
same principles of Darwinian selection observed in natural evolution.? The minimalist
framework for a SELEX experiment is simple. Figure 1-1 provides a visual outline of a
simplified SELEX framework for identifying protein-binding aptamers. A polynucleotide
progenitor library of uniform length, flanked by constant primer sequences, is synthesized
with some degree of heterogeneity ranging from a few specific positions to total
randomness with equal representation of each nucleotide at every position.
Theoretically, the heterogeneous population contains within it at least one species with
a desired biophysical trait that is inherent to its sequence and structure. That desired
species is isolated by subjecting the population to selective pressure favoring that desired

trait, say, binding to a target protein. Favorable binders are physically separated from the



bulk population and then amplified by PCR, enriching their representation (reverse
transcription is necessarily performed in RNA-based selections). This process is repeated
iteratively, with increasingly stringent selective pressure, favoring fewer and fewer
species with increasingly favorable behavior with each generation. When sufficient
homogeneity is suspected the population is sequenced, after which major species are
screened for function in isolation. Within this framework of heterogeneity - selective
pressure = isolate = enrich = repeat, substantial freedom of customization exists for
identifying aptamers with diverse functions. Numerous distinct SELEX derivations have
been described, with selective pressure the most commonly explored variable. Selections
based on size, shape, rate of association or dissociation, equilibrium affinity, catalytic
activity, thermal stability, structural fold, and much else have been explored*®. A proper
summation of even a fraction of the unique SELEX canon is well beyond the scope of
discussion here. However reviews are published annually, many of which are informative,
all of which contain a unique combination of examples.1#1°

The power of SELEX lies in the extreme heterogeneity of sequence and structure
it theoretically samples. It is routine to initiate a SELEX experiment with a progenitor
library containing 40 or more positions of randomness, yielding >44° (10%4) unique species,
theoretically embodying as many unique biophysical properties. Within such a library,
every sequence and structure that can possibly ever exist for that nucleotide length is
*It should be noted, “in vitro evolution” and “in vitro selection” are distinct approaches in the literature. The former
introduces subtle variation through additional mutation throughout the process while the latter does not, acting instead

to simply filter the sequence distribution of the original library. This subtle distinction is important, however, for the
purposes of discussion in this dissertation the words “selection” and “evolution” will be used interchangeably.



simultaneously present in equal proportions (again, theoretically). The spontaneous
generation of complex structures from a pool of monomeric nucleotides is so unlikely,
particularly in primordial conditions, as to be effectively impossible. Natural evolution
overcomes this obstacle through subtle change of existing structure, allowing for
increased size and complexity over deep time. Natural evolution “discovers” new
sequence-space as it diverges outward toward increasing heterogeneity from a common
ancestral locus. SELEX, on the other hand, utilizes the reciprocal approach. SELEX begins
with the chemical synthesis of vast random sequence pools that sample a vaster swath of
disparately related sequence space. From this population SELEX is used to filter out
unfavorable sequences, converging on increasing homogeneity. It is this contrast with
natural evolution that is extremely valuable in identifying novel biophysical functions in
experimentally relevant time scales. The reciprocation of initial heterogeneity and initial
homogeneity provides another advantage to SELEX. Every individual selection can begin
with a progenitor library that samples the same sequence space in totality, in effect
removing any evolutionary memory of previous successful or unsuccessful selections. This
provides each SELEX attempt unbiased access to sequence-space which may have been

unfavorable in a previous selection for an alternate function.

1.2 Aptamer Applications

1.2.1 Unanticipated Functional Diversity

Standard chemistry DNA and RNA polymers are each composed of just four base

units, AT/UGC. The statistical likelihood that many favorable Watson-Crick (WC) pairs, G-



U wobble pairs, or G-Quadruplex motifs will exist in even short nucleic acid sequences is
very high. This results in stable regular structures for the vast majority of all possible
nucleotides sequence combinations (>99.9% of all possible RNA sequence combinations
are predicted to fold stably, as opposed to <2% of peptide sequences).?%?! Even large
combinatorial libraries are therefore mostly structured. With such structural diversity
simultaneously present, it is reasonable to presume every progenitor population contains
at least one structure that is favorable for nearly any selection paradigm that can be
biochemically executed. The diversity of progenitor populations can be gleaned from the
broad range of aptamer functions that have been successfully selected and characterized,
particularly so for catalytic aptamer (deoxy)ribozymes (also referred to as “artificial
ribozymes” or “aptazymes”).?? Interesting catalytic activities include (but are not limited
to) aptamers performing non-covalent biphenyl isomerization, Pb?*-dependent
phosphodiester hydrolysis, trans- and cis- aminoacylation, amide hydrolysis, acetyl
transferase, porphyrin methylation, peptide bond condensation, Diels-Alder
cycloaddition, and the aldol reaction.?>32 One SELEX-derived RNA enzyme displays true
trans-aminoacylation catalysis despite being only 5 nucleotides long, the smallest
catalytic nucleic acid or protein so far known (strong evidence supporting the feasibility
of an RNA World).33-3> Most of these aptazymes were identified less than fifteen years
after nucleic acid catalysis was discovered to even be possible let alone so potentially
diverse.3® Additional discussion of catalytic aptamer mechanism and chemistry, with

comparison to natural ribozymes, can be found in several detailed reviews.37:38



Similarly impressive, and greater in number, is the ever-growing collection of
aptamers selected to bind protein or small molecule ligands*. Aptamer affinities for
protein ligands can be extremely high, regularly selected in the picomolar (10-*>M) to mid
nanomolar (10 8M) range prior to any additional optimization. While aptamer affinities
for small-molecules tend to be lower than for protein (a result of the chemical
homogeneity of aptamers combined with the reduced chemi-structural information
provided by a small-molecule ligand), the selectivity of aptamers for both protein and
small-molecule ligands is exquisite. An anti-p53 aptamer discriminates between WT and
a single amino acid mutant Ri7sH sufficiently to alter heterozygous cell survival, and an
anti-theophylline aptamer distinguishes between theophylline and caffeine—different by
just a single methyl group—with a 10,000-fold preference.'>3°

At the time of this writing, thirty years of selection has produced thousands of
unique aptamers against as many chemically distinct ligands. While certain biophysical
restrictions must exist, it appears the limiting factor of successful aptamer selection is
more aligned with the cleverness and skill (and luck) of the experimenter than an inherent
property of nucleic acids (admittedly, however, it is difficult to find publications describing
failed SELEX attempts).*%4! The Ellington Lab established the Aptamer Database in 2004.42
This repository, currently referred to as the “Apta-Index” and maintained by the company
Aptagen, provides sequence information, nucleotide chemistry, ligand identity, buffer

*Despite “L” in SELEX standing for “ligand” and thus describing the aptamer and not its binding target, this dissertation
uses the word “ligand” exclusively in reference to the molecule an aptamer binds.



conditions, affinity data, and publication links for voluntarily deposited aptamers. As of
May 2021, the database contains 547 non-redundant nucleic acid affinity aptamers,
which while non-exhaustive remains a terrific resource. This collection of affinity
aptamers pales in comparison, however, to the private collection held by the company
SOMAlogic, Inc. The company has reported the development of equipment and protocols
for highly parallel and automated selection of modified aptamers for the development of
lab-on-chip diagnostic devices (more on modified nucleotides and SOMAlogic in section
1.3.3). The company reports a proprietary collection of >10,000 unique protein-binding
aptamers targeting >5,000 distinct human proteins.*° The vast majority of this collection
is proprietary, however the sheer size of their reported collection is indicative of the
research, diagnostic, and therapeutic potential of aptamers.

Given their capacity for exquisite binding affinity and ligand selectivity, and
physical traits discussed above (principally their small size, batch-to-batch consistency,
and ease of modification or conjugation), aptamers have been increasingly looked to for
in in vitro analytical applications as biosensors.'” Any selective affinity interaction
between two binding partners is a form of “detection”. Transducing detection into a self-
contained and functionally associated output signal engenders a “sensor”, for which
aptamers appear to be extremely conducive. Considering specialized instrumentation—
all of which contain their own internal detectors and sensors—and precise computation
is required to accurately quantify biosensor output signals, the line that delineates a true

direct aptamer biosensor from an aptamer-based binding assay is subjective. However,



significant strides have been made across the spectrum, all of which are interesting and

merit deeper exploration beyond the discussion below.17:404344
1.2.2 Optical Biosensors

Optical aptamer biosensors typically take advantage of the chemical conjugation
of one or more fluorophores to residues proximal to ligand binding or to conformationally
flexible domains, most commonly a 5’ or 3’ terminus. Strategic fluorophore placement
produces a gain or loss of fluorescent signal that is specific to ligand binding, and
proportional over some range of ligand concentration. In on example, two fluorescent
dyes (acridine and fluorescein) were individually conjugated to residues adjacent to ligand
binding sites in the anti-ATP aptamer, resulting in increased fluorescent signal upon ligand
binding. Bulky aromatic conjugates in the ligand binding pocket reduced ATP affinity by
~10-fold, but produced a sensor that directly senses ATP over an order of magnitude in
concentration in the high micromolar range.* Similarly, the fluorophore BODIPY (boron
dipyrromethene) was successfully conjugated to ligand-binding proximal residues.
Alterations to localized environments (e.g. ligand binding) produce detectable changes in
BODIPY quantum vyield, allowing the generation of multiple BODIPY-based fluorescent
aptamer sensors against AMP, tyrosinamide, and argininamide.*®*” To overcome issues
of reduced affinity common with fluorophore conjugation, fluorescent nucleotide analogs
can instead be directly incorporated (a deeper discussion of modified nucleotides can be
found in section 1.3). Aptamers that bind the proteins thrombin, IgE, and PDGF (platelet
derived growth factor) (among others), have been successfully engineered into sensors

by the direct incorporation of fluorescent adenine or guanosine analogs post-SELEX.*
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Incorporation sites were chosen by a combination of explicit structural determination and
mutagenic screening to determine the optimal position of incorporation to vyield
fluorescent changes upon ligand binding. Strategies for the incorporation of fluorescent
nucleotide analogs during SELEX have also been developed, bypassing the sequence-
specific optimization that is required for extant aptamers.4>>°

Dual-reporter systems that rely on fluorophore/quencher pairs, Forster resonance
energy transfer (FRET) pairs, or excimer pairs have similarly found great application in
optical aptamer sensors.”! These approaches are more conducive to aptamer constructs
that display some ligand-dependent structural conformation which conditionally alters
the proximity of the reporter pair. In one example, a termini-linked fluorescein/dabcyl
fluorophore/quencher pair were used to turn an anti-cocaine aptamer into a fluorescent
sensor.>> The sensor displays reduced fluorescence (by increased quenching) upon
cocaine binding, and is effective over two orders of magnitude of cocaine concentration
from ~10-1000 micromolar. This paradigm has been applied to protein-binding aptamers,
using both fluorophore/quenchers and FRET pairs.>>** The high selectivity of aptamers
shines in protein sensing applications such as this, wherein high-throughput analysis can
be performed for the quantification of differential expression or solution presence of
highly similar protein isoforms, typically in low or sub-nanomolar concentrations.4%>3:5>

All of the preceding approaches rely on labelling the same aptamer sequence in
cis-, however trans- pairs of interacting nucleic acids sequence can be employed to similar
ends. One subset of trans-acting sensors utilize a short quencher-linked antisense strand

that competes with the ligand for aptamer binding. In one particular example, two short
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DNA sequences complementary to the primary sequence of different regions of an anti-
ATP aptamer were linked with the fluorescein/dabcyl fluorophore/quencher pair. In the
absence of ATP, the aptamer structure is destabilized and amenable to complete
denaturation by intermolecular Watson-Crick (WC) base pairing, which sequesters both
antisense strands in a manner that quenches fluorescence. Addition of ATP stabilizes the
aptamer fold, favoring the dissociation of antisense strands, un-quenching
fluorescence.”® This general approach has been used for numerous described aptamers,
and has additionally been incorporated into SELEX schemes for the identification of trans-
acting aptamer sensors de novo.’’® The other major subset of trans-acting aptamer
sensors are known collectively as “split aptamers”. With reasonable troubleshooting,
aptamers can be split into two strands, which act independently in solution but associate
and fold in the presence of their respective ligand. The same fluorophore/quencher or
FRET pairs are conducive for termini conjugation in split aptamer pieces for the observed
gain or loss of signal upon ligand association. The short length and generally simple
architecture of aptamer structures appears to make them amenable to splitting, as
numerous aptamers—including all the common models (anti- thrombin, ATP, cocaine,
etc.) and several in vitro evolved aptazymes—have been split. Splitting aptamers has
become a subfield in its own right. Approaches for generating a split aptamer and several
informative reviews are worth further exploration.*3:5%60

A third approach of optical aptamer sensors is the incorporation of nanoparticle
reporters, principally Quantum Dots (QDs) and Gold nanoparticles (GNPs). QDs provide

several fluorescent advantages over small-molecule organic fluorophores: QDs generally
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have larger stokes shifts, longer fluorescent lifetimes, and can be easily multiplexed with
the same excitation wavelength but vastly different emission wavelengths.®%62 QD-
aptamer sensors are generally constructed in quencher or FRET pairs, similar to small-
molecule fluorophores (though much larger), and have been successfully implemented to
sense small-molecules, proteins, and whole cells.®3"%> GNPs typically rely on changes in
absorption or colorimetry upon changes in concentration or aggregation state. This has
been achieved in several ways. One way employs the same logic of competitive trans-
acting antisense strands discussed above, which promoted the diffusion of otherwise
aggregated GNP-aptamer conjugates in the presence of ligand, detected by colorimetric
shift.%¢ Alternatively, GNPs conjugated to primers complementary to short sequences
within the aptamer will aggregate in the absence of ligand. Ligand presence induces
aptamer folding and dissociation from the GNP-primer, reducing the surface negative
charge and allowing aggregation proportional to ligand concentration, similarly
detectable by colorimetric shift.®” One study has found a seemingly hybrid approach,
wherein ligand-induced folding released an aptamer conjugated to TAMRA (tetramethyl-
6-carboxyrhodamine) fluorophore. Diffusion away from the GNP un-quenches TAMRA
fluorescence, similarly proportional to ligand concentration.®®
1.2.3 Amplification Biosensors

Aptamer biosensing by amplification utilizes couples the high binding selectivity
of aptamers with the low limit of detection and exponential signal amplification of the
polymerase chain reaction (PCR). The first approach is aptamer-based immuno-PCR

(IPCR), which is essentially identical to the original IPCR with aptamers replacing the
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antibodies.?>7% In the original IPCR, solutions of unknown analyte concentration are fixed
to a matrix or plate, after which a selective dsDNA-antibody conjugate is incubated. After
binding and washing, PCR is performed, generating an amplicon only where analyte was
present and proportional to its initial concentration.®®’%72 Replacing antibodies with
aptamers provides several benefits: (i) chemically synthesized aptamers display less
batch-to-batch variability than antibodies, as discussed; (ii) this consistency is further
enhanced as no second step dsDNA conjugation reaction is required when using a DNA
aptamer, the appropriate sequence can simply be extended during aptamer synthesis;
(iii) small soluble aptamers are less likely hinder PCR during high temperature
denaturation steps or polymerase extension than larger more hydrophobic antibodies.
An alternative amplification-based aptamer biosensor approach is Proximity
Ligation assay (PLA).”>7> PLA is a conceptual amendment to sandwich enzyme-linked
immunosorbent assays (ELISAs), requiring two aptamers, each containing a dsDNA
extension and each binding distinct epitopes on the target ligand. Selective binding and
washing is followed by enzymatic ligation, forming a template only where both aptamer
sensors were present and bound to the same ligand molecule. PCR using a primer set that
requires both dsDNA conjugate sequences ensures a genuine signal.”® PLA selectivity is
dramatically enhanced over IPCR, as it requires two independent aptamer-ligand
interactions to stably form. The odds of non-specific interactions leading to amplicon
formation are exceedingly low. PLA sensing requires either the ligand interacts as a
homodimer, or that two unique aptamers are selected for different epitopes on the same

ligand. Additionally, the ligand must be large enough to bind two aptamers, effectively
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restricting PLA sensing to protein ligands. While this is restrictive in one respect, it does
allow for PLA sensing of large complex structures such as whole bacterial and cancer
cells.”””’8 The initial conception of PLA targeted the homodimer PDGF as proof of principle,

and reported sensing zeptomole amounts of protein (102! mol).”®
1.2.4 Electrochemical Biosensors

Aptamer biosensor applications are increasingly moving towards electrochemical
(ECL) methods, as these techniques are dramatically more sensitive, they produce less
optical artifacts and background spectra, the engineered chips and electrodes can be
readily miniaturized, and the instrumentation is generally less specialized and less
expensive. The majority of the general nucleic acid base pairing and aptamer folding
principles discussed for optical sensing have been conceptually borrowed in ECL sensors.
Instead of measuring the optical signals of fluorophores in response to aptamer-ligand
binding, perturbations in the electrical properties of aptamer-conjugated conductive films
and electrodes are measured in response to ligand association and aptamer folding. ECL
approaches have been reported based on electrochemical impedance spectroscopy,
amperometry, potentiometry, cyclic voltammetry, and electrogenerated
chemiluminescence.80-34

While certain ECL approaches are conducive to label-free aptamer-ligand
interactions, most approaches are based on a charge transfer between the electrode
surface and a redox-active molecule linked to the aptamer terminus.8 Highly specific

electrochemical interactions between particular redox probes and selective electrode

materials allows for ECL sensing to be performed in complex solutions including undiluted
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serum, saliva, and various proteolyzed foodstuffs.8587 This flexibility of complex solution
heterogeneity in conjunction with the simplicity of size and scalability is very conducive
to diagnostic lab-on-chip development.® A recent informative review should be explored

for more detailed discussion of aptamer-based ECL sensors.**

1.3 Chemically Modified Nucleotides

1.3.1 Limitations of Native Chemistry Nucleic Acids

Despite the successes of native chemistry aptamer selection discussed in section
1.2, the chemical diversity of nucleic acid functional groups is limited, particularly when
compared to protein. Proteins contain diverse functional groups not present in nucleic
acids, with side-chains that are more reactive (carboxyl, thiol, and primary amine), have
near-physiological pK, (imidazole), and are positively charged (ammonium and
guanidino). Additionally, hydrophobic side chains (benzene, phenol, tryptamino, and
alkyl) allow for strong entropically-driven interactions, tuning of dielectric environments
which strengthen electrostatic interactions and shift pKas, and the ability to form pockets
and packed cores with defined solvent boundaries. Additionally, while the flexibility of
nucleic acids allows for highly complementary structures, more rigid polypeptide
backbones may be beneficial for functional allostery, structural stability in wider
environmental conditions (temperature, salt, etc.), or reducing the entropic cost of ligand
binding. Inherent differences in backbone rigidity are exaggerated by protein side-chain
interactions such as salt bridges and disulfide bonding not available to nucleic acids. Much

of the chemistry that sets protein apart in native biological systems has directly inspired
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synthetic nucleotide derivatives which can and have been readily incorporated into
nucleic acids in vitro.

The principal difference between DNA and RNA, and source of the relative
chemical instability of RNA, is the hydroxyl group at C2 of the ribose (“2’OH”). The 2’OH
is oriented towards the backbone and partial hydrogen extraction, by acid-base catalysis
via alkaline conditions or presence of ribonuclease, produces a strong nucleophile that
engages in transesterification and auto-hydrolysis of the adjacent phosphodiester
bond.8%%0 It is ironic this functional group is the primary source of RNA’s chemical
instability, as it is also the primary source of the structural stability that engenders RNA
to be generally preferential over DNA for aptamer chemistry: the highly electronegative
2’0OH is both a hydrogen bond donor and acceptor, engaging in intramolecular H-bonding
and intermolecular hydration networks, while inducing a heavily shifted 3’endo sugar
pucker equilibrium contributing to substantial structural rigidity of an A-form RNA
polymer.°?

Emergent from the limitations of chemical diversity that exist within individual
nucleobases are the structural limitations of massively combinatorial nucleic acid
evolution in vitro. The functional diversity of successfully selected aptamers is enormous
and expanding, however, certain aptamer functions may not be possible (at least within
relevant timescales) even in a population of >10'> combinations, a common starting
population for a SELEX experiment. If a selection continues to fail to produce a genuine
aptamer—and environmental variables such as time, temperature, salt, etc., are inflexible

or have been exhaustively tested—one can increase sequence heterogeneity of the
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starting library, thereby expanding the sequence-space sampled in the next selection
attempt. This can be performed two ways, by modulating library length or library
chemistry (or both). Randomized sequence lengths of 25-50 nucleotides are commonly
employed for ligand affinity selection paradigms. While increasing sequence length does
result in increasing heterogeneity and structural complexity, practical limits of
concentration and volume quickly stifle heterogenic sampling beyond seemingly short
lengths. To put the scale of sampling in perspective: with an average mass of ~339g/mol
per nucleotide, the mass of a 100nt library that contains one copy of every possible
sequence combination is ~103° kg, about one million times larger than the projected mass
of the solar system. The fraction of that 100nt library that actually fits in a test tube is
clearly an infinitesimally small slice of the theoretically available sequence-space. Yet,
paradoxically, longer lengths such as these are required to provide a library necessary
structural complexity with any statistical likelihood.®? The inherent complications of scale
at the onset of selection with long libraries are exasperated by additional factors that
contribute to unselected and thus detrimental homogeneity. These include nonrandom
library synthesis, off-target interactions, non-targeted compositional drift, and biased
amplification of small or differentially stable structures during transcription and PCR.4%3~
9 One solution that mitigates these issues is retaining a shorter library length while
modifying the nucleotide chemistry. This changes what area of sequence space is sampled
without requiring literally astronomical masses, and can be as simple as switching from a

library of DNA to one of RNA or include the incorporation of synthetic nucleotide analogs.

1.3.2 Chemical Identity
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The potential value of increased chemical diversity has not been lost on aptamer
biochemists. Immediately upon the conception of SELEX and potential applications of
aptamers, researchers began borrowing established nucleotide modifications while
synthesizing novel ones, and incorporating them into aptamers for expanded function.%®
Broadly, chemical modifications of nucleotides fall into three structural classes based on
nucleotide location: base, sugar, and backbone. Figure 1-3 shows a generic purine-
pyrimidine dinucleotide, highlighting the numerous common positions of modification.
The list of commercially available modifications is extensive and ever-growing,
incorporating functional groups with ionizable, polar, aliphatic, aromatic, mirrored
chirality, and bioorthogonal chemistries. Modified nucleotides are looked to for increased
chemical, thermodynamic, and enzymatic stabilities, or to add chemical diversity to
interfacial residues. Solid state synthesis is a requirement for use of many of these
modifications, however the engineering of specific polymerase mutations allows for
direct, template-based incorporation of select modifications during a SELEX experiment
using standard molecular biology techniques.””° A thorough analysis of specific
modifications, or even a table of successfully implemented modifications, is far beyond
the scope of discussion here, however many informative reviews can be found.100-104

Chemical modifications are incorporated into aptamer structures with two
principal goals, to increase chemical stability or expand occupiable structural space. These
goals are not mutually exclusive, and there are numerous examples of intentional and

serendipitous overlap in observed functional outcome. Modifications for either intention

can be incorporated throughout the duration of SELEX by addition to each passage’s PCR
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or transcription, or incorporated post-SELEX for aptamer optimization by rationally
replacing specific residues with modified variants. The former approach allows the
invisible hand of undirected selection to determine the optimal combination of number
and location of synthetic nucleotides and thus overall aptamer structure, while the latter
requires some subjective interpretation by an experimenter and typically involves

multiplexed testing of various modifications of numerous residue positions.
1.3.3 Incorporation

Modified nucleotides are incorporated into polymers by the same two methods
of native chemistry nucleotides: solid phase phosphoramidite synthesis and enzymatic
polymerization.% Within the context of in vitro evolution both approaches are typically
employed during different phases. The vast majority of libraries are engineered
exclusively by organic synthesis, which is conducive to generating random sequences by
the simultaneous equimolar addition of every nucleotide. Synthesized initial libraries with
constant defined sequences can be amplified by error prone polymerases to introduce
stochastic diversity immediately prior to or during a selection.1® This is commonly
performed in directed evolution experiments of large natural ribozymes to create related
families of sequences.!* One alternative approach to traditional library synthesis is called
genome-SELEX, and involves the generation of RNA transcripts from amplicons generated
by randomized primer docking and PCR of genomic DNA for the identification of
endogenous organism-specific RNA-ligand interactions.'%”:1% This niche approach is much

less used and has very focused applications.
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Leslie Orgel’s second axiom of evolution bluntly states, “Evolution is cleverer than
you are.”1% In other words, evolution is a better “designer” of functional execution than
a person can possibly be, taking into account more variables than a person is capable,
analogous to the logic of contemporary machine learning algorithms. Organic synthesis
of polynucleotides requires guided exogenous input—knowledge of either an explicit
sequence or compositional bias. Both are antithetical to unguided selection based on
pure biophysical favorability that in vitro evolutionary techniques such as SELEX attempt
to capitalize on. Because of this, non-discriminatory enzymatic nucleotide polymerases
are employed at the end of each selection cycle, providing the invisible hand of SELEX

III

uncorrupted “control” over sequence progression. The relinquishment of control does,
however, come at a cost. Only one modification per nucleobase per library is permitted
for each selection experiment. The mechanism of nucleotide discrimination in
polymerases is not specific to nucleobase recognition, but the planar geometry and
favorable H-bonding of WC base pairing against a template polymer.119112 Therefore, if
provided multiple differently modified flavors of the same nucleobase a polymerase will
indiscriminately catalyze their incorporation at each complementary position in the
template, producing a heterogeneous population that cannot be properly replicated and
enriched during iterative SELEX passages. It is therefore necessary to clearly define the
desired functional traits of a resulting aptamer prior to the onset of SELEX and
commitment to a particular nucleotide chemistry. Upon the completion of SELEX, when a

sequence or family of sequences is explicitly determined, experiments often return to

organic synthesis for rational optimization.
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1.3.4 Three Model Examples of Chemically Modified Nucleotides

As discussed, the number of commercially available chemical modifications is vast
and ever expanding, well beyond sufficient discussion here (though numerous
informative can be found).1°%-1%* Three specific chemical modifications are worthy of
attention here for their ubiquity, both to non-specialty labs toeing the waters of SELEX
and to specialized research groups selecting aptamers for diagnostic or clinical use. The
modified nucleotides are 2’-fluoro-2’-deoxypyrimidines (2’F), 2’-O-methyl-2’-
deoxypurines (2’OMe), and 5-N-benzylcarboxamide-2’-deoxyuridine (Bn-dU) (Figure 1-
3.A/B).

The earliest attempts to mitigate the chemical instability of structured RNA was
the incorporation of modified nucleotides that replace the 2’OH with less basic functional
groups, initially explored with the aforementioned 2'F pyrimidines and 2’-amino-2’-
deoxypurines (2’NH3).1*31% Synthesis and polymer incorporation of 2’fluorinated
nucleotides were reported decades before prior to their inclusion in structured RNA.11>116
2’F is comparable to 2’0OH in size and electronegativity (though smaller and more
negative), resulting in a more heavily favored 3’endo pucker. Additionally, replacing a
hydroxyl with fluorine reduces the protecting group requirements during polymer
synthesis, decreasing synthesis costs while increasing efficiency compared to other
nucleotide modifications. For example, the natural Hommerhead ribozyme was found to
retain partial catalytic activity even when heavily modified with 2’F pyrimidines, proving
the modification to be sufficiently mimetic of natural nucleotides, stabilizing complex RNA

structures against nucleases without completely disrupting their function.''” The 2’F
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modification was similarly observed to increase affinity and efficacy of antisense RNA
oligonucleotides and effectiveness of siRNA gene silencers.''® A series of studies on RNA-
duplex stability by Egli and colleagues revealed the electron withdrawing strength of
fluorine antiperiplanar to the glycosidic X bond is propagated across the nucleobase,
resulting in increased inter-base H-bonding and more favorable base stacking.'*® This
strong enthalpic favorability is complemented by comparatively minor entropic factors
including pre-organized sugar conformation and substantially dehydrated minor groove,
resulting from the 3’endo pucker and lack of H-bond donating of 2’fluorination.'?%1%! The
overall result is a substantial increase in duplex thermal stability (~1.8°C per residue).
2’NH3 is an H-bond donor and acceptor and displays a near-physiologic pKa ~6, making it
initially quite attractive for incorporation into aptamers.'?? In direct contrast with 2’F,
2’NH; ribose heavily favors the 2’endo pucker, destabilizing helical duplex and higher
order RNA structure, and promoting premature termination during enzymatic
incorporation.1”123124 For these reasons the modification was largely abandoned. In its
place, 2’0OMe—one of many naturally occurring post-transcriptional tRNA and rRNA
modifications—was found to be a satisfying chemical replacement for its favorable 3’endo
pucker and greater nuclease resistance (Figure 1-3.B).12°-27 Select mutations in T7 RNA
polymerase have since been identified which increase both the rate and fidelity of
enzymatic 2’OMe nucleotide incorporation to levels similar to 2’F, facilitating their ease-
of-use in SELEX experiments and promoting their rise to the most widely used

modifications in de novo aptamer selection.?”*8
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Great success has been found with complementary implementation of pyrimidine-
specific and purine-specific modifications, most commonly 2’F and 2’OMe, respectively,
as is the case in the extensively modified aptamer “Pegaptanib”, the only therapeutic
aptamer approved by the Food and Drug Administration (FDA) for clinical treatment of
exudative age-related macular degeneration.'?®1?° The disease results from dysregulated
angiogenesis across the path of light in the vitreous humor of the eye, and is a major cause
of blindness worldwide.'3? Pegaptanib was selected to bind the angiogenic growth factor,
VEGF16s5, and inhibit receptor interaction thereby suppressing blood vessel formation. The
RNA aptamer was identified by traditional affinity SELEX using 2’F pyrimidine nucleotides
from the onset, with 2’0OMe purine incorporation by chemical synthesis during
multiplexed optimization post-SELEX.*?® The final construct is modified at 25 of 27
residues (all pyrimidines and all but two purines) (Figure 1-3.B). Additionally, during
pharmacokinetic optimization two terminal caps were added, a 5 40kDa branched
polyethylene glycol (PEG) moiety and a 3’-3’ deoxythymidine, reducing exonuclease
sensitivity and suppressing vitreous and renal clearance.'3! Together, these 4 combined
chemical modifications provided the aptamer with half-lives of 131 hours and 9.3 hours
in urine and vitreous humor, respectively (with detectable levels of VEGF1es5 inhibition 28
days post-injection), dramatically longer than the unmodified, native chemistry
equivalent. 128129131132 The gccomplishment of bringing Pegaptanib to market as a viable
clinical tool is exciting for the future of aptamer therapeutics. However, from the vantage
of nucleic acid biochemistry, Pegaptanib is exciting as an example of extreme aptamer

modification. The original selection with only 2’F pyrimidine modifications yielded an
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aptamer with a high affinity for VEGF1ss0f 10pM.%28 A complete chemical overhaul, with
modification at both termini (one with 40kDa of PEG) and 2’0OMe replacement at all but
two residues, dramatically enhanced chemical stability while only reducing the initial
affinity by ~5-fold, to a final published affinity of 49pM.12812% pegaptanib is composed of
substantial WC duplex structure, which has been shown to be stabilized by these two
specific 2’ modifications, as discussed.

In contrast to modifications for the enhancement of chemical stability are
modifications utilized for increasing the structural space an aptamer can occupy. This
approach is best exemplified by a family of hydrophobic base-modified nucleotides
incorporated into otherwise native DNA chemistry, which have found application for
binding previously difficult protein targets. It would be impossible to discuss these
modifications without first acknowledging the biotechnology firm developing them,
which holds an effective monopoly on their implementation. Since its founding in 2000,
Somalogic, Inc, has been driving the development of modified aptamer selection against
an ever-expanding swath of the human proteome (which includes Pegaptanib against
VEGF165, discussed above*). Somalogic’s principal goal is to produce ever-more fine-
tuned aptamer-based lab-on-chip sensors for quantifying proteomic expression ratios in

small volume serum samples for early detection of disease states, so called

*The original aptamer VP30.22 (now called “Pegaptanib”) was selected by Dr. Larry Gold’s startup, NeXstar (previously
NeXaGen), which was bought by Gilead Sciences. The majority of the original personnel of NeXstar stayed behind to
form Somalogic. This same group of roughly a dozen researchers has remained the core team through three companies
over 30 years, and can likely be credited with the partial discovery of aptamers and SELEX (through Gold) and the
identification of >95% of all existing protein-binding aptamers.
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“SOMAscans”.*%133 To this end, the company has successfully implemented the use of
hydrophobic nucleotide modifications into their aptamer selection, improving selection
success against difficult protein targets. Somalogic has published several aptamer
structures in peer reviewed journals, and while the specific sequence and protein target
identities for the vast majority of their selected aptamers remain proprietary the
company reports to possess selective aptamers against thousands of human and
pathogen proteins.*%'34137 The staple chemistry of their success is based on modifications
at the C5 position of deoxyuridine that mimic hydrophobic and aromatic amino acid side-
chains.®®” The four principle functional groups, each connected to uricil at C5 by an
aminocarbonyl linker, are benzyl, naphthyl, tryptamino, and isobutyl (benzyl, or Bn-dU, is
presented in Figure 1-3.C).%°

Aptamers containing these modifications display extremely high affinities to their
protein targets—commonly as low as 10pM—resulting from the aromatic-hydrophobic
moieties at ligand interfaces, reminiscent of the amino acid biases of antibody CDRs
(Complementarity Determining Regions).138-142 The affinities of these aptamers are driven
by extremely slow off-rate kinetics, inspiring the name “SOMAmers” (Slow Off-rate
Modified Aptamers).4%133 The published affinities of SOMAmers are the product of three
traits: intermolecular hydrophobic interactions, structural stability, and shape
complementarity.!® Spectroscopic thermal denaturation analysis of pure WC duplex and
structured SOMAmer sequence (both modified and unmodified) reveal both are stabilized
by the presence of Bn-dU nucleotides.*® While native DNA duplex with perfect

complementarity is more stable than an engineered mismatch bulge containing Bn-dU,
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that Bd-dU mismatch bulge is more stable than an equivalent bulge of native DNA.43
Structural investigations suggest the source of this increased intramolecular structural
stability is the formation of clusters of “benzyl-zippers”, alternating aromatic m-stack
interactions.'3¢143 Both benzyl-zippers and edge-face interactions of the Bn-dU
modification act as small hydrophobic cores which drive compaction and promote
structural stability by entropic collapse similar to globular protein folding. Hydrophobic
collapse and overall structural compaction additionally enhances nuclease resistance to
SOMAmers*. Unlike Pegapatnib, which is modified at >90% of its residues, published
SOMAmers contain a more modest degree of modification at 31-33% of their residue
positions.34136 The remaining ~67% is unmodified DNA with conformational flexibility
native DNA chemistry is allowed. The formation of zippered hydrophobic clusters within
a flexible DNA background produces structure with exquisite shape complementarity to
target proteins (exceeding even that of antibodies) and the capacity to fold into
completely unique topologies only observed in SOMAmers.'3'37 There is much to be
learned from the incorporation of hydrophobic modifications into nucleic acid structure.
Regrettably, the majority of this intellectual property is held by a private company with

little incentive for investment in structural determination or peer-reviewed publication of

*Interestingly, the compaction by hydrophobic collapse observed in SOMAmers has been proposed as a possible
solution to the proposed statistical limitations of complexity in prebiotic nucleic acid structures. Very long RNAs
sequences are required for catalysis of nucleic acid polymerization in vitro (Bernhardt 2012; Joyce 2020). How then
could RNA polymerases evolve without the spontaneously and highly unlikely formation of large complex structures?
Incorporation of hydrophobic residues in prebiotic nucleic acids (which are equally as likely—and equally as
unfalsifiable—as any other nucleotide chemistry) can perhaps solve this problem through increased globularity and
therefore decreased size of RNA structures required complex function (Wolk 2020).
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their valuable aptamer collection.
1.3.5 Limitations of Modifications

The benefits of modified nucleotide incorporation are hopefully apparent,
however there are several caveats and perhaps two true drawbacks that need be
considered. Native DNA is extremely inexpensive to synthesize in large scale, especially
at the short lengths typical of aptamers. In vitro transcription of large quantities of native
RNA is similarly inexpensive, and easy to produce and purify in-house. These
conveniences are quickly lost upon incorporation of bulky modifications incompatible
with polymerases, or multiple modifications of the same base in the same construct. As
discussed, several mutant RNA polymerases have been described which can incorporate
a specific set of modifications without a loss of fidelity, though these mutant polymerases
have a strict list of accepted modifications. Organic synthesis by-passes this issue and
provides the option of including multiple modifications of the same nucleobase in the
same aptamer with position specific precision. However, synthesis becomes very
expensive with increasing modification (especially in an RNA background), and, as
discussed, is restricted to post-SELEX optimization of a previously selected aptamer.

There are two true detriments of selecting aptamers that incorporate and rely on
modified nucleotides for function. The first is a general loss in reliability of structural
prediction and molecular dynamic (MD) simulation. In silico structural prediction and MD
simulations are valuable experimental approaches for proposing mechanisms, identifying
critical residues, and approximating energetics of aptamer folding and ligand binding.4*

These tools are especially important for research programs that lack the specialized
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expertise or funding for empirical structural determination. Prediction tools are
assembled from information and trends observed in empirical structural determinations.
Without extensive structure data, prediction software are inherently limited in accuracy
and depth. The available tools for accurate structural prediction of nucleic acid polymers
is therefore less developed than similar tools for proteins, which is both a result of and
evidenced by the comparative dearth of resolved structures deposited in the Protein Data
Bank (PDB)—as of April 2021, a PDB search yields ~3,500 nucleic acid structures as
compared to the nearly ~170,000 unique protein structures. This is not to say that no 2D
or 3D structural prediction software or MD force fields can process modified nucleotides,
or that all modifications are equally difficult to model. Generally, the more extensively
modified an individual structure is, or the more chemically disparate from native nucleic
acid chemistry a particular modification is (e.g. bulky, aliphatic, or positively charged), the
less reliable a purely theoretical model will be.'*3 Predicted structures of all non-helical
duplex nucleic acids, particularly so with modified residues, need to be considered with
skepticism and tested appropriately.

The second detriment of modified nucleotide chemistry is a loss of potential
expression in a cellular system by endogenous transcriptional machinery. This restriction
actually applies to DNA-based aptamers as well, covering two out of three aptamer
polymer chemistries. While aptamers can be introduced to the cytosol exogenously via
the same techniques used for siRNAs or plasmid DNA, cell-to-cell variability, in vivo
expression, and finely-tuned cellular manipulation are all best achieved by controlled in-

cell transcription. Even if one could conveniently co-express precise levels of an
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appropriate mutant polymerase, endogenous nucleotides will outcompete any
successfully supplemented modified form, nullifying the attempt. Ultimately, if cellular
manipulation is a desirable application, native RNA should be the chosen polymer. In fact,
considering the chemical instability of RNA and the convenient availability of modifying
it, perhaps cellular manipulation is the only condition purely native RNA is more fitting

than DNA or a modified alternative.

1.4 Spinach Aptamer, Fluorescent Sensors, and G-Quadruplexes

1.4.1 An RNA Equivalent of GFP

The impact Green Fluorescent Protein (GFP) has had on our understanding of
molecular biological processes has been profound. With the advent of molecular cloning
and recombinant DNA, GFP was elevated from an interesting trait of jellyfish tissue to an
indispensable research tool for elucidating the fundamental principles governing
subcellular protein trafficking, macromolecular complex function, subcellular
organization, and organismal development.14>10 GFP fluorescence is the result of the
autocatalytic cyclization of Sers-Tyres-Glys, forming the fluorophore HBI (4-
hydroxybenzlideneimidazolinone) which remains covalently incorporated within GFP’s
primary sequence, oriented in its excitable cis-isomer within the core of the protein’s
beta-barrel structure.'>*71>3 The potential value that could be obtained through a nucleic
acid-based equivalent of GFP for the subcellular quantification and trafficking of
endogenous RNAs was not lost on researchers, however no RNA or DNA sequence was
known to produce fluorescent signals inherently. Linking GFP to sequence-specific RNA-

binding proteins was an initially appealing option, however the necessary multi-protein

30



complexes are quite large, disrupting critical RNA-RNA/protein interactions.'>* Thus, in
vitro evolution by SELEX was employed, to instead identify synthetic RNA sequences that
directly bind and induce fluorescence of exogenous fluorophore ligands. Several
aptamers were successfully identified, however their selectivity were poor and the
fluorophores tended to be cytotoxic at high concentrations.?>>1>° These issues were
resolved with the identification of “Spinach” aptamer, which have reinvigorated interest

in subcellular fluorescent investigation of RNA (Figure 1-4.A).160
1.4.2 Fluorescent Vegetable Soup

The advantage of Spinach over previously selected alternative fluorescent
aptamers is less related to any inherent property of the RNA sequences than it was to the
character of the fluorophores they bound. Inspired directly by GFP, SELEX was performed
against a synthetic analog of the GFP fluorophore HBI, DMHBI (3,5-dimethoxy-4-
hydroxybenzylidene imidazolinone).'®® Conveniently, the resulting aptamer family not
only bound and induced the fluorescence of DMHBI, but a small flight of DMHBI sister
fluorophores.'®® These fluorophores all show low cytotoxicity at high concentrations,
display high photostability and low background signal, bind Spinach variants with similar
affinity, display individual excitation and emission wavelength combinations, and, finally,
are conveniently compatible with the preset filters built into many optical instruments

160-162 | just one SELEX experiment, a flight of

designed for use in GFP experimentation.
fluorescent probes were identified that simultaneously paint most of the visible spectrum

(Figure 1-4.B).
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Due to the potential benefits of the Spinach aptamer, additional fluorescent
aptamers with alternate or preferential features have been selected. Some have been
identified through mutagenesis screening (“miniSpinach” and “Baby Spinach”) or directed
evolution of Spinach (“iSpinach”, “Spinach2” and “Broccoli”), and others through
completely independent SELEX (“Mango”, “Corn”, “Chili” and “DIRS2”).163-16% This family
of aptamers have been used to investigate processes including subcellular localization of
endogenous RNAs in bacterial and mammalian cells, viral RNA trafficking in infected cells,
recruitment and dynamics of toxic CGG trinucleotide repeat-containing RNAs, formation
and stability of large ribonuclear protein complexes, and cellular delivery of ncRNA by
nanoparticles.70-17>

Two independent crystallizations of Spinach in complex with DFHBI (3,5-difluoro-
4-hydroxybenzylidene imidazolinone)—the brightest HBI derivative tested at the time—
revealed the structural elements critical for its fluorescent function.'’®'”” Spinach is
composed predominantly of WC base pairing in a linear helical duplex, however an off
center bulge is formed by an intricate, unique, mixed orientation, two-plane Guanine
guadruplex motif (G-Quadruplex), upon which DFHBI docks in a cis-isomer stabilizing
binding pocket (Figure 1-4.A).178 Interestingly, with the exception of DIRS2, all of these
aptamers utilize G-Quadruplex motifs to dock their fluorogenic ligands, exemplifying the
inherent favorability of the G-Quadruplex motif and its capacity to imbue complex
structure into otherwise simple primary sequence.!! Unrelated selections of multiple
fluorescent RNAs dependent on a G-Quadruplex additionally suggests the motif is more

conducive for binding planar aromatic molecules than alternative nucleic acid structural
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elements. This trend can be observed in the family of small-molecules that have been
identified for their G-Quadruplex binding and stabilization in the therapeutic suppression

of c-Myc expression and telomerase activity.!’?

1.4.3 Spinach Biosensors

Spinach was selected with the original goal of subcellular visualization of
endogenous RNA trafficking, for which it has clearly been put to good use. Even before to
its structural elucidation, the potential application of Spinach for biosensor development
was realized.'8% Sequence analysis of Spinach suggested the 5’ and 3’ termini ending in
base paired duplex, conducive for the insertion of Spinach into alternate structures
(Figure 1-4.A).1%9, Extant natural riboswitches display ligand-dependent conformational
flexibility, and are generally utilized as 5’"UTR-located translational regulators (a deeper
discussion of riboswitches can be found in chapter 6).3818! Inserting Spinach into the labile
ligand binding domain of a riboswitch destabilizes the Spinach duplex and G-Quadruplex
domain, resulting in little or no background fluorescence. However, in the presence of
ligand the riboswitch structure is stabilized, allowing the Spinach structure to form,
promoting fluorophore docking and fluorescence.'® This general approach has been
utilized with several natural riboswitch structures. Riboswitches binding cyclic-di-GMP,
cyclic-GMP-AMP, thiamine 5’-pyrophosphate (TPP), adenosine diphosphate (ADP), and S-
adenosylmethionine (SAM) have all be engineered into ligand-dependent fluorescent
biosensors via rational fusion with Spinach aptamer.180,183-185

Both Spinach and Broccoli aptamers have been engineered into split aptamers as

well, allowing the observation of macromolecular assembly independent of a third-party
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ligand interaction, in much the same way as split-GFP.18 These generally remain in the
proof of principle stage, observing nucleic acid assembly in vitro and in cellulo.18’-1%1
However, a few more complicated paradigms using the split aptamers have been
performed to quantify ribozyme kinetics, validate synthetic nanoparticle assembly, or
generate output signals of nucleic acid logic circuits.*®?71% Structural characterization of
the original Corn aptamer revealed it to be a homodimer, with its fluorophore DFHO (3,5-
dimethoxy-4-hydroxybenzylidene imidazolinone-2-oxime) sandwiched between the G-
Quadruplex stacks of the monomers.’®’” Interestingly though, specific interfacial
mutations were tolerated yielding multiple complementary Corn pairs that only induce
DFHO fluorescence when engaged in specific heterodimeric binding. While Corn has yet
to be widely exploited, the capacity to observe multiple association events simultaneously
is promising.197:1%8

The aptamers in this family all bind exogenous fluorophores non-covalently,
inducing fluorescence upon proper folded or specific dimerization. Their native RNA
chemistry and nontoxic fluorophores allow in cellulo biosensing using endogenous
expression machinery. Additionally, the dynamic binding and unbinding of isomerized
HBI-derivative fluorophores provides Spinach family aptamers substantial resistance to
photobleaching compared to GFP or other aptamer sensors.'®® Thus, these RNAs
represent an essential fourth class of optical aptamer biosensors (section 1.2.2), distinct
from those whose fluorescent capacity is dependent on modified nucleotides or the

covalent attachment of fluorophores via in vitro evolved polymerases or organic

synthesis.

34



1.4.4 The Tripartite Complex of Spinach

The solution of Spinach structure revealed the critical G-Quadruplex motif is
stabilized by a single potassium ion, in agreement with both expected cation identity and
coordination stoichiometry for two-plane G-Quadruplexes in physiological
conditions. 176177199201 gy ccessive investigations with the Spinach G-Quadruplex reveal
the structure to have favorable coordination with strontium and lead as well as
potassium, all three of which with significant preference over sodium and other cations
tested (unpublished).?? This is in agreement with cation preferences observed for other
RNA and DNA G-Quadruplex topologies (generally Sr?*>Pb?*>Ba?*>>Ca?*>Mg?* for divalent
cations and K*>>Rb*>Na*>Li* for monovalent.!®® Studies with various cations have all
confirmed Spinach fluorescence requires the association of all three constituent
components. This paradigm—a tripartite complex—is composed of correctly folded RNA,
coordinating one of several G-Quadruplex-stabilizing cations, docking a compatible HBI-
derivative fluorophore (Figure 1-4.A/D). The absence or extraction of any one component

results in a breakdown of tripartite complex and a loss of fluorescent signal (Figure 1-4.D).

1.5 G-Quadruplexes and Cation Sensing

1.5.1 G-Quadruplex-Cation Interactions

The three interacting nucleobase edges (Watson-Crick, Hoogsteen, and Sugar), of
all nucleobases in DNA and RNA, engage in inter- and intra- molecular H-bonding and form
the basis of nucleic acid structural specificity (Figure 1-2.B and Figure 1-5.A).203204 Egch

edge can interact with the other two, and can do so in a cis- or trans- orientation that is
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dependent upon base orientation around the glycosidic X bond (Figure 1-2.B). This yields
twelve orientations in which two nucleobases can engage.?%> Multi-base combinations of
edge interactions, aided by the conformational flexibility allotted to nucleic acids (section
1.1.1) (Figure 1-2), favor the formation of specific secondary structure elements within a
nucleic acid sequence (e.g. the classic helical duplex is the product of a string of cis-
WC/WC interactions). Other common motifs include hairpins, pseudoknots, kissing loops,
three-way and four-way junctions (3WJ and 4WJ, respectively), triplexes, i-motifs, and
qguadruplexes. G-Quadruplexes are planar motifs formed by four guanines engaged in
Hoogsteen-WC face H-bonding, and form spontaneously in guanine-rich sequences in vivo
and in vitro.?°® G-Quadruplexes are often found in multi-plane stacks stabilized by
aromatic m-m interactions, with topologies that are qualitatively categorized by the
directionality (“parallel, antiparallel, or mixed”) and connectedness (“chair, basket,
hairpin, hybrid, or unique”) of their backbones.??” G-Quadruplexes are both
physiologically and therapeutically relevant structures, directly influencing gene
expression and forming the structural basis of telomere DNA.2%%2%° Their generalized
cellular utility for expressional repression of several proto-oncogenes (notably kRAS,
BCL2, c-KIT, and c-MYC) has inspired the development of G-Quadruplex-stabilizing small-
molecule drugs for the treatment of various cancers.?1%24 Counterintuitively, however,
active deconstruction of spontaneous non-telomeric G-Quadruplex formation appears to
be a high priority of eukaryotic cells.?*>?16 All of this highlights the motif’s inherent
favorability, and suggests a biological significance and depth of complex regulation that

remains to be fully appreciated.
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Overall G-Quadruplex geometry is balanced between favorable m-m stacking,
Hoogsteen-WC face H-bonding, symmetrical hydration structure, and repulsive
electrostatics (polar carbonyls and negative phosphates). The balance of forces results in
consistent structural geometry, independent of specific motif topology. 06 oxygen atoms
of each of four guanines orient inward in a square planar arrangement with a consistent
30° twist and 3.3A rise between G-Quadruplex stacks (Figure 1-5.A).297.217 As with any
nucleic acid structure, the bulk of cation interactions are with the phosphate backbone.
However, all G-Quadruplex structural investigations have shown specific cation
coordination of guanine 06 atoms within the central pore to be essential to motif stability,
contributing more free energy of interaction than H-bonding and m-m stacking
combined.%°218.219 A handful of cations are now known to stabilize G-Quadruplexes, with
binding preference dependent upon a series of elemental characteristics including atomic
radii, electron valence, solvation energy, and apparent coordination number preference.
Numerous comparative studies of K* and Na* binding in G-Quadruplexes have been
explored as the two elements are the most highly concentrated cations in physiological
conditions. Na*, with an ionic radius of 0.95A, can move freely through the central pore
and exist coplanar with an individual stack. Alternatively, K*, with a radius so 1.33A, is
restricted to inter-plane space, equidistant from each stack, binding in an n-1
stoichiometry. The freedom of Na* movement through the pore theoretically allows for
enhanced quenching of 06 electronegative repulsion.??® However, thermodynamic
N

studies have revealed the driving force of K* preference is the higher energetic cost of Na

dehydration over K* dehydration, conceptually similar to the mechanisms of cation
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filtration in voltage gated potassium channels.??17223 K* preference is bolstered by studies
suggesting Na* generally engages in fewer coordination numbers than K* in water, G-
Quadruplexes, and channel selectivity filters.??* These studies project both cations to
form coordination numbers fewer than eight, suggesting they engage in dynamic
equilibrium between the eight 06 guanine carbonyls within a stable G-Quadruplex
complex. Additional divalent cations such as strontium (Sr?*), lead (Pb%*), and barium
(Ba%*) coordinate G-Quadruplexes more favorably than K*, also reminiscent of potassium
channel selectivity.??> Each possess the favorable dehydration energetics and ionic radii
alongside higher coordination numbers and the addition of 2+ charge neutralization
within the core, greatly strengthening their binding G-Quadruplex structure and
enhancing G-Quadruplex thermal stability.?26-22° Electrostatic repulsion between these
divalent cations is enough to result in binding only at every other inter-plane space, in an
n/2 stoichiometry.?3° Cation dependent G-Quadruplex formation and stability has been
studied using many common biophysical techniques, however circular dichroism (CD)
spectroscopy and UV-absorbance spectroscopy at 295nm are particularly convenient and

widely employed for direct observation of G-Quadruplex structure.?31-233
1.5.2 Example Cation Sensors

In addition to their biological importance, G-Quadruplex motifs are
disproportionately represented within the canon of structurally characterized aptamers.
Thrombin Binding Aptamer (TBA) is the quintessential G-Quadruplex model aptamer,
identified by SELEX to bind and inhibit human a-thrombin.?3*23¢ The minimalist

palindromic DNA aptamer is just fifteen nucleotides in length (5'-GGTTGGTGTGGTTGG),
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utilizing eight residues to form an antiparallel chair-type two-plane G-Quadruplex (Figure
1-5.B/C). While the aptamer binds its intended protein target with impressive affinity
(40nM), TBA has garnered significantly more research attention as a model structure for
investigating cation-dependent G-Quadruplex folding. Aside from the general chemical
conveniences of short nucleic acids, several TBA-specific traits make it an attractive
model: (i) in the absence of select G-Quadruplex-stabilizing cations TBA is completely
unstructured; (ii) its folding is rapid, two-state, and reversible; (iii) it maintains a 1:1 G-
Quadruplex:cation stoichiometry; (iv) its solution and crystal structure has been solved
several times, and is amenable to additional structural studies including in silico
modelling; and (v) its 5" and 3’ termini end together, interacting in the top G-Quadruplex
plane.

In addition to providing insight into G-Quadruplex formation and stability, this
combination of traits—particularly the last one—has facilitated TBA construction and use
as a quantitative biosensor for the cations it selectively coordinates. Takenaka and
colleagues were the first to realize G-Quadruplex structures are an ideal platform for
engineering cation sensors. Inspired by the termini-linked fluorophore/quencher, FRET,
and excimer pairs of the then recently conceived dual-reporter aptamer beacons (section
1.2.2), they generated a set of fluorescent G-Quadruplex sensors.>* The first attempts at
developing selective K* sensors utilized minimalist human (5'-(GGGTTA).GGG) or
Oxytricha (5’-T.G.);GGG) telomeric sequences, coined “PSO-1" and “PSO-2", respectively,
and were visualized by FRET using terminal conjugation of 6-carboxyfluorescein (6-FAM)

237-

and 6-TAMRA donor and acceptor pairs.?37-23° PSO-1 displayed a narrow linear sensitivity
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to from ~0.1-1ImM K*, while PSO-2 displayed weaker but broader sensitivity from ~5-
20mM. Interestingly, both sensors showed sensitivity to competing Na*, with CD
suggesting a bimolecular homodimer G-Quadruplex structure formed upon Na* binding.
To avoid this cation-dependent conformational heterogeneity, Takenaka and colleagues
turned to TBA, whose short sequence length restricts its fold to its native antiparallel chair
topology.?4%241 Replacing the FRET pair with a pyrene excimer pair (coined “PSO-py”)
enhanced signal-to-noise while retaining linear detection from ~1-10mM K*, bringing the
TBA sensor to its more or less final form (Figure 1-5.D).%42

The success of cation sensing with TBA has spread from the Takenaka group, in
some cases quite interestingly, while others require the reader to expand their definition

III

of the word “novel”. Fluorescence based K* sensing in conceptually similar manners with
terminal fluorophores have been successfully executed.?*® TBA sensors have been used
to visualize subcellular K* flux via cholesterol conjugation, and used for the first on-chip
aptamer-based electrochemical K* detection (see section 1.2.4).24424> As expected based
on generalized G-Quadruplex properties, TBA displays preferential binding to divalent
cations Sr?*, Pb?*, and Ba?* with faster cation-association kinetics, increased melting
temperatures, and subtly compacted quadruplex structure.?*®?4’ Fluorescently and GNP
labelled TBA sensors have been demonstrated to detect Pb?* with detection limits in the
nanomolar to low micromolar range.?*® Success with TBA has inspired additional G-
Quadruplex-based cation sensing, much of which has been performed with alternative

idealized, non-telomeric, guanine rich sequences.?*®>?° These investigations have

generally utilized a similar scheme of terminally conjugated FRET pairs, however reports
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have been presented that exploit the preferential binding of specific small-molecule
fluorophores to folded G-Quadruplex structures for cation sensing.2°172>> These last tools
depend on the binding—and binding-induced fluorescence—of exogenous fluorophores
non-covalently, forming cation-dependent tripartite complexes of their own similar to

Spinach family aptamers.

1.6 Spinach as a Fluorescent Cation Sensor & Post-SELEX Aptamer
Structural Recycling

1.6.1 Spinach and Lead(ll)

Spinach has been used as a split and fusion partner with alternate RNA structures
for the fluorescent sensing of the presence of the ligands of those alternate RNAs, as
discussed. For Spinach fluorescence to be used this way with accuracy, all three
components of Spinach’s own noncovalent tripartite complex must be present in constant
concentrations. In intracellular assays with high concentrations of potassium and
exogenously added DFHBI, this is a condition easily met, coincidentally and conveniently
for researchers who tend not to discuss this potential limitation of fusion or split Spinach
sensors. If, however, Spinach is not fused to another RNA for the detection of an alternate
ligand, the non-covalent nature of tripartite complex formation is not a limitation but a
potential boon. All three components, folded RNA, cation, and fluorophore, are required
for the generation of fluorescent signal. However, holding just two of the three
components constant allows for the detection of variable concentrations of the third,
measured by fluorescent signal upon proper tripartite complex formation. DasGupta et

al (2015) were the first to recognize this potential. Based on the general trends of
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preferential G-Quadruplex-cation interactions, they investigated whether Spinach would
both bind Pb?* and produce a fluorescent tripartite complex with DFHBI.2? Fluorescence
was observed, and G-Quadruplex formation was confirmed by CD. Taken one step further,
they then asked if Spinach could be used to sense unknown Pb2* concentrations. Spinach
displays a clear preference for Pb?* binding even in mixed metal solutions, and produces
a fluorescent signal in Pb?* solutions as low as 10nM.2%2 This report provided the proof-
of-principle that the native sequence of Spinach, by the nature of its induced fluorescence
of DFHBI, could be exploited for cation sensing without any chemical or structural

modification.
1.6.2 In vitro Utility and Chemical Instability

The work by DasGupta et al (2015) was focused in scope and discussion on Pb?*
sensing.?2 However, within the context of additional previous successes of DNA G-
Quadruplex cation sensing (most notable by Takenaka and colleagues), Pb?* sensing by
Spinach opened the door broadly to direct in vitro sensing utility by this fluorescent RNA
family. Unaddressed by DasGupta et al (2015), however, are any complications relating
to the chemical instability of RNA that will inevitably arise when using RNA to sense a
component of unbuffered and uncontrolled environmental solutions in vitro, principally
alkaline sensitivity and the ubiquitous presence of stable ribonuclease enzymes.

Perhaps more concerning, however, is the chemical instability of RNA in the
presence of Pb?*, a phenomenon mechanistically described decades ago.?*®2>7 Similar to
common enzymatic or alkaline RNA hydrolysis, Pb?*-dependent degradation is attributed

to the reactive 2’0OH; deprotonation of the hydroxyl induces an auto-nucleophilic attack,
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creating 2’,3’-cyclic phosphate and 5’-OH cleavage products.?*82%° The regularity of this
cleavage has been leveraged into a low resolution foot-printing assay for the elucidation
of promiscuous cation binding pockets, or tertiary structural compaction more generally
with preferential cleavage observed at loops, bulges, and single-stranded regions.2°8260-
265 ph2* foot-printing has additionally been used to observe differential flexibility resulting
from competing protein, small-molecule, or alternate cation binding.?*®> While
undiscussed by DasGupta et al (2015), it is inherently paradoxical to perform structure-
dependent sensing of an analyte with a sensor that is degraded by that very analyte being
sensed. That is not to say Spinach cannot be made into a viable in vitro cation sensor, even

for Pb2+.

1.6.3 Post-SELEX Modifications for Enhancement of Original Function

As might be expected, the majority of chemical modifications of aptamer post-
SELEX are incorporated with the goal of enhancing the aptamer’s original function,
indirectly through increased chemical stability, or directly through increasing binding
affinity. Successful examples range from a single modification to a complete chemical
overhaul. One specific phosphorodithioate linkage modification at position 18 of another
anti-a-thrombin RNA aptamer (“toggle-25t”) increased it’s affinity from ~2nM to ~2pM.2%6
The same single modification increased anti-VEGF RNA aptamer affinity for its target
protein by a similar ~1000-fold. Structural studies revealed in both cases the increased
affinity was not due to a structural rearrangement in the aptamer, but a favorable S/m
interaction with an aromatic sidechain of the protein ligand. The alternative extreme case

of modification has been performed, most notably with the aforementioned anti-VEGF1es
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aptamer Pegaptanib, the quintessential example of post-SELEX chemical modification for
functional enhancement (section 1.3.4). The aptamer was originally selected with 2’F
pyrimidine nucleotides, but was further modified post-SELEX at all but two positions with
2’0OMe purines, a 3’-3’ terminal cap, and a 40kDa polyethylene glycol 5’ cap. The result is
an aptamer retains the sequence, structure, and affinity of its original selection while
acquiring extreme resistance to all endo/exo-nucleases and renal clearance, resulting in
an effective intra-vitreal therapeutic.

(Dave says “Discuss this”) Bivalent and multivalent aptamer fusions are a less
explored alternative approach to enhancing the original function, typically, though not
exclusively, relegated to protein-binding aptamers. Fusions are engineered by extending
the sequence of one into the other, forming a single transcript that when folded performs
twice the function per stoichiometric unit. In cases where a protein ligand functions as a
dimer or is membrane bound and thus restricted to spatial movement in two dimensions,
favorable binding of a multivalent fusion aptamer via increased avidity can result in
dramatically enhanced function. This approach has been employed to great effect for
aptamers that target surface presented immunological proteins such as CTLA-4 and B-
cell.165267-269 A gybtle twist on this concept has been described, wherein two different
aptamers that target two different epitopes of the same protein ligand are ligated
together to enhance overall ligand binding through similarly enhanced avidity. This has
been performed by fusing two different anti-thrombin aptamers.27%.271

A separate and more intriguing fusion class joins two different aptamers, each

retaining their original function, to produce a bivalent fusion with an emergent combined
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function. The most nuanced use of these fusions are in vivo aptamer-controlled gene
expression logic gates, most effectively executed by Cai and colleagues.?’? In this project
three native RNA aptamers--which selectively bind elF4G, theophylline, or tetracycline--
were structurally manipulated to create ligand-binding dependent mRNA expression
circuits that function by promoting or suppressing ribosomal recruitment to endogenous
genes in mammalian cells.3%272-27> Depending on the particular combination of sequence
modification, binary logic gates were engineered that respond to the same ligands but
can either upregulate or downregulate gene expression. The set of logic gates designed
included AND, OR, NOT, NOR, XOR, NAND, and XNOR. The aptamers’ ligand binding
domains were held constant, and various 3’ extensions were incorporated,
complementary to 5’UTR sequences in the genes regulated, complementary to the
extension on a different co-expressed aptamer, or both complements combined. The
circuit design takes advantage of the ligand-dependent conformational stability of the
tetracycline and theophylline aptamers, whose 3’ extensions are differentially exposed
upon ligand binding.3%272274 Descriptions of how these regulatory aptamer fusion
constructs differentially promote or suppress expression in the different logic gate
configurations can be found in the Figure 1-6. What is important to take away is how
aptamer utility was altered by sequential modification. Native chemistry ribonucleotides
were strategically incorporated into previously characterized aptamers, retaining original
function while engendering new utility that is the product of their bivalent fusion, all

without resorting to de novo selection of new aptamer structures.

1.6.4 Structural Recycling: Facilitation of Novel Function
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In contrast to a modification for enhancement of original function is a modification
in pursuit of novel function that a particular aptamer was not originally selected to
perform. Considering the size, structural simplicity, and binding selectivity commonly
associated with aptamers, the capacity to perform two specific functions without
intentional selection or sequence optimization is a rare aptamer trait, and one that is
open to subjective interpretation.!! This idea is perhaps best explained by example. The
first, and heretofore only, examples of the use of modified nucleotides to reveal an
alternate inherent aptamer function was that of terminal guanine-conjugated
fluorophore-quencher, FRET, and excimer pairs of TBA for K* detection from Takenaka
and colleagues, novelty which went unrecognized and undiscussed by the original
authors.240-242 TBA was selected to bind one ligand (a-thrombin), but coincidentally
requires specific binding of a second ligand. That second function is specific cation
coordination by a G-Quadruplex motif integral to aptamer structure and upon which the
intended primary function depends. By incorporating fluorophore- and excimer-
conjugated nucleotides, Takenaka and colleagues leveraged specific cation binding into
true cation sensing, opening up an entire functional paradigm for TBA that is completely
independent of its originally selected function (the leveraging of cation binding has itself
now branched into two separate functional uses of TBA, fluorescent sensing and G-
Quadruplex modelling).

DasGupta et al (2015) revealed Spinach family aptamers to have a two-function
capacity through their investigation of Pb?* fluorescent detection as—similar to TBA—

Spinach aptamer was selected to specifically bind a fluorophore, not a cation.69202
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Acknowledgement of this fact was similarly unrecognized and undiscussed by the authors.
It is entirely coincidental Spinach displays specific cation binding, and ever more
serendipitous, in this case, that cation binding is essential for fluorescent emission. It is
interesting, though perhaps not surprising that both TBA and Spinach secondary function
relies on a two-plane G-Quadruplex motif for specific cation binding (section 1.7.1). It is
very likely all G-Quadruplex aptamers can be exploited this way; for specific cation
sensing, it seems likely G-Quadruplexes are the ideal (and perhaps only) generalized
structural motif.

When properly formed, the tripartite complex of Spinach is inherently fluorescent,
facilitating cation sensing and exploitation of secondary Spinach function without
chemical modification. Can, however, a structural mimetic chemical modification be used
in Spinach to enhance this secondary function? As discussed (section 1.7.2), it is
inherently problematic to use a native chemistry RNA structure to observe Pb?*
concentration, unless degradation is the readout. Commitment to in vitro application of
a Spinach sensor opens up options of nucleotide modifications incompatible with
endogenous cellular transcription machinery, which may be a viable solution to the
paradox and Pb?* sensing by RNA. Numerous nucleotide modifications exist to increase
the chemical stability of an RNA without (ideally) perturbing the overall structure (section
1.3.4), presumably a requirement in the case of Spinach. For a chemically modified
nucleotide to be dropped in to the sequence of Spinach to perform this task, it should
meet the following criteria: (i) be positioned at C2, stabilizing the construct against Pb?*

and nuclease degradation; (ii) retain the favored 3’endo pucker of native chemistry
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ribose; (iii) perhaps not be located on guanine riboses to minimize any chance of
disrupting G-Quadruplex formation; and (iv) be readily incorporated by RNA polymerase
transcription for convenient and cost effective synthesis. Can Spinach aptamer be
chemically modified without a loss of structural integrity? If so, with what modification(s),
and to what degree of construct coverage? Can other structurally related members of the
Spinach family be modified? Are the same modifications compatible? Are there

unforeseen utilities of chemical modifications that do alter Spinach structure?

1.7 Dissertation Outline

This dissertation focuses on the effects of a specific nucleotide modification on
cation association and tripartite complex formation in a highly related fluorescent
aptamer family, how those effects can be leveraged for the development of RNA-based
fluorescent cation sensors, and the implication of direct chemical modification for the
discovery of novel aptamer function. In Chapter 2, the results of Spinach aptamer
modification with 2’F pyrimidine nucleotides are discussed. The modification alters both
Spinach’s chemical stability in the presence of ribonuclease and high concentrations of
Pb?*, and Spinach’s rate of tripartite complex formation with Pb?* and fluorophore DFHBI,
assayed by the resulting fluorescent emission. In Chapter 3, the sequence relationship
between Spinach aptamer and its highly related sister construct, Broccoli, is explored.
Both constructs share substantial sequence identity, however subtle differences result in
increased thermal stability and accelerated tripartite complex formation in Broccoli. A

theoretical structural model is proposed therein, facilitating hypotheses for addressing
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the discrepancies between Broccoli and Spinach tripartite complex behavior. Inspired by
these differences, the same modified nucleotides (2’F pyrimidines) are incorporated into
Broccoli aptamer. The resulting tripartite complex kinetics and apparent K* affinity are
altered unexpectedly, and conducive to the development of a mixed chemistry chimeric
fluorescent K* sensor. This work is presented in Chapter 4. Chapter 5 briefly summarizes
the cumulative work presented in Chapters 2-4, and provides discussion of the work’s
implications for future cation sensor development using the modified Broccoli Chimera
specifically and Spinach family aptamers generally. Chapter 6 of this dissertation draws
upon the implications of structural recycling of extant aptamer structures for the
discovery of novel function, inspired by the novelty of direct chemical modification of
Spinach and Broccoli aptamers for fluorescent cation sensing. This discussion touches on
mechanisms of natural evolution as compared to in vitro selection by SELEX, the merits of
motif recycling, and the value of techniques that democratize and accelerate aptamer
selection for the development of research, diagnostic, and therapeutic tools. Chapter 7
contains the published manuscripts resulting from the work presented in Chapters 2-4 of

this dissertation, with the final formatting of their respective journals of publication.
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Figure 1-1 SELEX Overview for Identification of Protein-Binding Aptamers. A highly heterogeneous
progenitor library of ssDNA or RNA structures is folded and co-incubated with a molecular target, in this case
a protein. The technique relies on the existence of a small population of the initial pool displaying favorable
binding by the inherent nature of its sequence. These few individuals favorably bound to the target molecule
are separated from the weakly or unbound population, often by use of agarose beads or nitrocellulose filter
binding. The entire population of captured aptamers are unbiasedly amplified by (reverse transcription) PCR.
The resulting population displays considerably more homogeneity than the progenitor library. Successive
passages, each with increasingly stringent selective pressure (e.g. reduced target molecule availability or
increased temperature or salt), drive the population towards further and further homogeneity, until
population sequencing yields few enough unique species to assay for binding.
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Aptamer (30D2)

Figure 1-2 Aptamer Structure and Conformation. (A) A scaled size comparison of 8kDa aptamer (“toggle-

25t” PDB 3dd2) compared to a 150kDa human antibody (IgG, PDB 1hzh). (B) Left: Individual torsion angles
along the nucleic acid backbone are labelled, from alpha to zeta. The representative purine nucleobase edge
nomenclature is similarly labelled. Right: Nucleobases can rotate freely around their single glycosidic bond,

x. Extremes are shown, anti- and syn-.
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Figure 1-3 Chemical Modifications of Nucleotides. (A) Predominate locations of chemical modifications.
Two nucleotides, generic purine and pyrimidine, are labelled with R1-12 showing the common locations of
chemical modifications including the base, sugar, and phosphate backbone. (B) Left: Drawing of generic 2’-
fluoro-2’-deoxypyrimidine and 2’-fluoro-2’-deoxypurine pair showing the C2 modified functional groups
“2'F” and “2’0Ome”. Right: 2D representation of anti-VEGFies aptamer “Pegaptanib”. Pink pyrimidines and
red purines are modified with 2'F and 2’OMe, respectively. 5’ PEGylation and 3’-3’ dT cap are labelled. (C)
Left: Drawing of 5-N-benzylcarboxamide-deoxyuridine (Bn-dU) utilized in numerous SOMAmer structures.
Right: Cartoon 3D structure of crystallized anti-NGF (nerve growth factor) (PDB 4zbn). Space filled green
functional groups correspond to the green benzylcarboxamide group in Bn-dU nucleotide.
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Figure.1-4 Spinach Aptamer. (A) 3D Cartoon representation of Spinach crystal structure (PDB 4kzd). RNA
(green and grey) binds K+ (yellow) at a critical G-Quadruplex motif when properly folded, upon which DFHBI
fluorophore (cyan) binds. (B) Top: Spectral overlap, in respective corresponding visible color, of emission
profiles of HBI-derivative fluorophores in complex with Spinach RNA aptamer derivatives. Bottom: Image of
the same Spinach-fluorophore combinations in microtubes, excited at their respective maximal wavelengths.
(Adapted from Paige et al 2011). (C) The tripartite complex of Spinach family aptamers is composed of folded
RNA G-Quadruplex, cation, and fluorophore. The proper association of these components produces
fluorescent signal. Holding RNA and fluorophore components at constant concentrations allows for
fluorescent detection of cation by emission upon tripartite complex formation.
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Figure 1-5 G-Quadruplex Structure, TBA, and Functional Reprogramming. (A) Chemical schematic of
canonical G-Quadruplex structure, showing Hoogsteen face H-bonding, and location of central pore
coordinating monovalent cation (yellow). O6 oxygen are red, purine nitrogen are blue, h-binding hydrogens
are grey. (B) 3D cartoon representation of TBA in complex with alpha-Thrombin (PDB 4dih). Protein backbone
is grey, nucleotides in aptamer are cyan, potassium ion in yellow. (C) TBA G-Quadruplex structure (PDB 4dih)
coordinating K+, observed from three perspectives. G-Quadruplex guanines represented in cyan, potassium
in yellow. (D) Basic outline of TBA-based K+ sensor function. IN the absence of cation TBA is unstructured,
separating termini-linked pyrene excimer pair. Presence of K+ induced G-Quadruplex fold, binding together
pyrene pair, allowing aromatic stacking and fluorescent detection proportional to K+ concentration from 2-
10mM.
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Figure 1-6 Multivalent Aptamer Fusions Post-SELEX. Three aptamers are used in combination, selectively
binding elFA4G, theophylline, or tetracycline. Upregulation of reporter expression above baseline is dependent
upon recruitment of elF4G aptamer to 5’UTR, binding endogenous elF4G and recruitment of ribosome above
baseline. Downregulation below baseline is dependent upon recruitment of theophyilline or tetracyline
aptamers (either in isolation or as a fusion construct) to the 5’UTR, inhibiting baseline ribosomal template
reading. Blue dot represents theophylline, yellow dot represents tetracycline. Ligand binding induces
conformational alteration in the respective aptamer, changing the exposure of the 3’ extension sequence,
thus altering favorability of base pair with different complementary sequence partners. (I) AND gate
(Upregulation); if either drug is present, reporter is baseline; if both drugs are present, reporter is promoted.
(1) NOR gate (Downregulation); if either drug is present, reporter is suppressed; if both drugs are present,
reporter is suppressed. (Ill) NAND gate (Downregulation); If either drug is present, reporter is baseline; if both
drugs are present reporter is suppressed. (VI) XNOR gate (Downregulation) If either drug is present, reporter
is suppressed; if both drugs are present, reporter is baseline. (V) NOT gate (Downregulation); If either drug is
present, reporter is suppressed. (VI) XOR gate (Upregulation); If either drug is present, reporter is promoted;
If both drugs are present, reporter is baseline. (V1) OR gate (Upregulation); If either drug is present, reporter
is promoted; if both drugs are present, reporter is promoted. Figure adapted from Liu et al, elife, 2018.
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2.1 Abstract

Spinach aptamer fluorescence requires formation of a tripartite complex
composed of folded RNA, a GFP-like fluorophore, and selective cation coordination. 2’'F
pyrimidine modified Spinach has retained fluorescence, increased chemical stability, and
accelerated cation association via increased G-quadruplex dynamics, thereby reducing

readout time and enhancing Spinach utility for aqueous Pb?* detection.

2.2 Discussion

The fluorescent RNA aptamer “Spinach” contains two stacked G-quadruplex
planes stabilized by cation binding (Figure 2-1A).17%77 Spinach was selected to bind 3,5-
difluoro-4-hydroxybenzylidene imidazolinone (DFHBI), a synthetic derivative of green
fluorescent protein chromophore, using the aptamer selection technique SELEX:
systematic evolution of ligands by exponential enrichment.>®1€ Two structural studies
revealed a unique non-parallel G-quadruplex that is coordinated with K* ions.’¢1”” When
folded, DFHBI docks on the G-quadruplex motif via nine hydrogen bonds that stabilize the
cis-conformation, facilitating fluorescence.'”” Folded RNA, coordinated cation, and
docked DFHBI are all essential to form the tripartite complex necessary for fluorescence.

Interactions between Pb?* and stacked G-quadruplex motifs are well
documented.1%%:201.276 One Pb2* atom docks between two successive G-quadruplex planes
stabilizing the structure.1®®201.276 physiologically, G-quadruplex are observed in
coordination with K*, however several other cations stabilize the structures.199:201.252 pp2+

also interacts with non G-quadruplex motifs, facilitating catalysis of synthetic nucleic
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acids.?»?77 Specific and selective interactions between nucleic acids and metal cofactors
is critical for DNA and RNA structure and catalysis in natural and synthetic structures. Both
are of interest in understanding the evolution of the central dogma of molecular biology
and the role of nucleic acids therein.2’8279

Spinach was proposed as an alternative tool for fluorescent detection of soluble
Pb?*.202 The convenience of nucleic acid sensors is attractive, yet the chemical instability
of RNA—especially for environmental sample analyses—complicates its utility. RNA has
an additional complication of Pb?*-catalyzed degradation.?®° Difficulties of using RNA
sequences as experimental tools in vitro has led to a widespread use of modified
nucleotides.?®%282 We hypothesized that modified nucleotides may provide similar
avenues for chemical improvement to Spinach for use in in vitro applications. Of the
various available modifications, ribose C2 fluorination (2’F) is among the most convenient
and economical.

Ribose with a fluorine substitution favors a 3’endo pucker, allowing for structural
rigidity comparable to 2’0OH RNA.%® Yet, a 2’F modification abrogates nucleophilic attack
on the phosphodiester backbone at modified positions, increasing chemical stability
compared to 2’0OH RNA.'® A mutant T7 RNA polymerase was used to transcribe “2’OH
WT” or “2’Fpyr” Spinach, the latter transcribed with equimolar ratios of 2’0OH purine and
2’F pyrimidine triphosphates (see Supplement).’® 2’Fpyr contains a 2’F ribose on 34
residues (40%) of the sequence (Figure 2-1A/B).

To examine whether 2’Fpyr retains functional properties similar to 2’0H WT,

fluorescent and circular dichroism (CD) spectroscopies were employed. Despite having 34
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fewer potential donor hydrogen bonds, 2'Fpyr docks DFHBI and facilitates its
fluorescence, albeit with loss of ~¥35% (Figure 2-1C), and takes an overall structure similar
to 2’0OH WT (Figure 2-1D). Though reduced sharpness and intensity at 210, 224, and
264nm in the spectra suggests diminished G-quadruplex compaction.??? Additionally,
2’Fpyr Spinach displayed similar cation selectivity as 2’0OH WT (Figure 2-S1). Together, the
data provide functional validation of 2’Fpyr, showing it to be comparable to 2’0H WT
despite the chemical changes throughout the structure.

We next investigated the relative changes in chemical and structural stability
between the constructs. The ubiquity and stability of ribonucleases complicate the use of
RNA as a probe in physiological or environmental samples. We therefore examined the
comparative stabilities of the constructs in the presence of purified RNase A, wherein
2’0OH WT is more than 99% degraded in 5 minutes, while 2’Fpyr is less than 50% degraded
in 5 hours (Figure 2-2A). Pb?* catalyzed RNA hydrolysis is well established, though the
mechanism is unclear.?6328° To test relative resistances to Pb?*-catalyzed degradation, we
exposed the two constructs to 500uM Pb?* at 37°C (Figure 2-2B). 2’Fpyr displayed
increased resistance to Pb?*, degrading ~3 fold slower than 2’0OH WT. The relative
structural stability of the G-quadruplex was measured by decrease in fluorescence signal
with temperature, which is proportional to reduced tripartite complex stability, as loss of
RNA structure or binding of either ligand results in complete loss of fluorescence. 2’'F
chemistry reduces G-quadruplex melting by ~7°C (Figure 2-2C). While previous
investigations suggest that electron withdrawing 2’F ribose modifications increase the

stability of Watson-Crick bound RNA duplexes, the specific constraints of 2’'F on G-
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quadruplex structures have yet to be explicitly explored.''®12° Our data show that while
2’F enhances chemical stability of Spinach, the thermal stability of this G-quadruplex
orientation is reduced.

Preliminary fluorescence studies revealed a consistent increase in signal after Pb?*
addition, even tens of minutes after initial scans. To explore this, we compared binding
kinetics of the tripartite components required for fluorescent readout. First, the kinetics
of DFHBI association were investigated by mixing 10X concentrated DFHBI with a solution
of Spinach RNA folded with Pb?*, with fluorescence immediately recorded (Figure 2-S2A).
The resulting kinetic fits are similar, with DFHBI saturating 2’0OH WT and 2’Fpyr at similar
rates, which—for 2’0OH WT—agrees with previously published data.®! Reciprocally,
constructs were folded with DFHBI in an “Apo” state without Pb?*, then mixed with 10X
concentrated Pb2* and monitored similarly. 2’0OH WT required more than 200 minutes to
reach fluorescent saturation. In contrast, 2’Fpyr saturated within 40 minutes. kops values
were acquired from monoexponential fits for a range of Pb2* concentrations (Figure 2-
3A). Third, RNA was folded without either DFHBI or Pb?*, both were then added and
fluorescence recorded. This resulted in a slow rate of fluorescent gain similar to the Pb?*
addition (data not shown), suggesting cation binding is rate limiting for fluorescence.
Linear regression of kops values from Pb?* concentrations plotted against corresponding
sums of Pb?* and RNA concentrations provides kon and kog (slope and y-intercept,
respectively) (Fig. 3C).'®! We obtained kinetic values for 2’0OH WT and 2’Fpyr,

kon=(4.77x10% M1 1), kog=(5.17x1073 s1), and kon=(3.02x10% M s1), kos=(5.93x102 s2),
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respectively. These yield a calculated Kp (termed Kp®€) equaling 10.88M, and 19.6EM,
respectively, consistent with previous work.2%?

Prior studies presenting 2’OH WT Spinach fluorescence have consistently reported
experimental time-scales shorter than 15 minutes.?°2 Our data suggests such an approach
would produce artificially suppressed fluorescence readouts. To estimate the magnitude
of this suppression we determined a series of theoretical Kp (termed Kp™) values for
various time points within the kinetic fits (Figure 2-S2B) (see Methods). The various Kp™"
values were then compared to the Kp®¢, with the difference between the two presented
as a percent error of Kp®. In 10 minutes, Ko™ for 2’Fpyr was found to be within 2% of
Kp®. In the same time, 2’0OH WT Kp'™" deviated from Kp®c by 196%. 2’0OH WT did not
produce a Kp™ within 10% error of its Kp®' for 180 minutes. Accelerated association
kinetics is advantageous for the detection of Pb?* in samples with unknown RNase
capacity. More importantly, however, is the increased internal consistency of 2’Fpyr
fluorescence over a shorter time scale. Despite the potential limits of RNA for Pb?*
detection, fluorination produces interesting kinetic results with potential utility as of yet
unexplored.

To understand reasons for the differences in kinetics of Pb?* binding between the
two constructs, we employed molecular dynamic (MD) simulations. The structure of 2’OH
WT Spinach (PDB 4kzd) was used to generate a model of 2’Fpyr (see Supplement).”” The
two constructs were subjected to a 10 nanosecond simulation using AMBER ff14 RNA
force field in both Apo and Pb%*-coordinated states.?®3 When coordinated with Pb?* both

2’0OH WT and 2’Fpyr showed similar conformational rigidity over the 10ns simulation
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(Figure 2-4). However, in the Apo state 2'Fpyr showed drastic local reduction in G-
quadruplex compaction compared to its Pb?* bound state and the Apo state of the 2’OH
WT (Figure 2-4B/C and Figure 2-S3). MD results agree with CD analysis (Figure 2-1D),
thermal stability (Figure 2-2C), and the accelerated Pb?* binding kinetics (Figure 2-3B/C).
Molecular breathing of the G-quadruplex residues could facilitate faster association by
reduced steric occlusion and alterations in localized electrostatics.

The 2’0OH groups of RNA contribute to both entropic and enthalpic aspects of RNA
stability. Electrostatic repulsion between 2’ and 3’ oxygens shifts the ribose pucker
equilibrium in favor of 3’endo orientation, providing rigidity to intricate RNA architectures
DNA cannot favorably maintain. The 2’OH is additionally capable of donating one and
accepting two H-bonds, interacting with nucleobases and backbone phosphates in long
range interactions promoting favorable non-Watson-Crick interactions not observed in
DNA. Electronegativity of the hydroxyl contributes to the highly negative charge of RNA,
enriching and complicating electrostatic interactions involved in folding and ligand
binding. 2’F ribose similarly favors 3’endo pucker conformation enabling comparable
entropic rigidity. Additionally, organic fluorine are weak hydrogen bond acceptors and
may replace a 2’hyroxyl in limited capacity.?®428¢ Yet 2’fluorine moieties cannot donate a
hydrogen bond, and the increased electronegativity of fluorine may alter localized
electrostatics in ways incompatible with certain secondary or tertiary interactions. Given
these considerations, it is surprising a direct replacement of 2’ chemistry in Spinach
retains secondary structure and fluorescence without sequence optimization.

The Spinach tripartite complex presents an interesting paradigm, bringing
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together concepts of folding, equilibrium dynamics, affinity, and cooperativity. Our
experimental data—CD, thermal stability, kinetic association—and MD simulations
suggest cation association drives G-quadruplex stability and is the rate limiting step of
fluorescent complex formation. MD simulations of 2’0OH WT suggest G-quadruplex
instability is independent of cation presence, which is unexpected given our observations
that Spinach does not fluoresce without a coordinating cation. This raises interesting
guestions about possible long-range interactions between a coordinated cation and
DFHBI through the G-quadruplex plane, independent of G-quadruplex structural stability.
While revealing, our data does not completely elucidate the relationship between cation
coordination and DFHBI fluorescence. Additional investigations of fluorescence-
independent biophysical and computational approaches are merited.

In this work 2'F is limited to pyrimidines, and not present on the guanine
nucleotides in the G-quadruplex, and the retention of “60% of 2’0OH chemistry in modified
2’Fpyr leaves the construct vulnerable to spontaneous alkaline or Pb%* dependent
hydrolysis at those positions. The dramatic increase in chemical stability upon just
pyrimidine fluorination suggests complete modification of the construct with alternative
2’ chemistry at every position may further increase chemical stability of the structure.
However, given differences in hydrogen bond capacity and electrostatic character of a
completely modified RNA structure, it seems unlikely that total modification would be
possible without sequence optimization.

Generally, our data demonstrate residues proximal to G-quadruplex have

significant influence on the properties of the final motif. Hence, it may be possible to
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rationally tune G-quadruplex properties and ligand binding by altering proximal residues
with modified chemistries, or in combination with sequence alterations. This will be
increasingly feasible with characterization of novel G-quadruplex conformations in future
SELEX experiments. More broadly, the exploitation of modified nucleotides opens up new
avenues for the investigations of G-quadruplex biology, and further broadens the
expansive toolbox of nucleic acid biosensors.?®*

To our knowledge, this work represents the first investigation of 2’F nucleotides
in a synthetic fluorescent RNA structure. Since the initial publication of Spinach, SELEX
experiments have produced additional fluorescent RNAs: optimized Spinach derivatives
such Spinach?2, iSpinach, and Broccoli, and independent structures Mango, and Corn.63-
167,287 |nterestingly, all of these have converged on derivatives of this stacked G-
guadruplex motif, highlighting its importance as an ideal orientation for fluorophore
docking. Our studies suggest that G-quadruplex folding, fluorophore docking, altered
kinetics, and affinity for cation association with modified nucleotides is a promising
approach for functional modification of alternative RNA aptamers with stacked G-
guadruplexes. Optimized Spinach derivatives share conserved sequences in the G-
quadruplex core. Despite this, the constructs have varying ligand affinities, thermal
stabilities, and DFHBI fluorescent maxima. The comparative properties of these related
structures raise interesting questions about the long-range influence of Watson-Crick
duplexes, G-quadruplex proximal residues, and altered electrostatics on the tripartite
complex formation and fluorescence. This growing class of synthetic fluorescent

aptamers remains underutilized as in vitro tools, and although it remains to be seen

64



whether fluorination of these perturbs their folding, fluorescence, or dimerization, our
findings with Spinach necessitate exploration. Increasing the chemical stability of these
RNAs, while retaining their fluorescence for use in vitro through modified nucleotide
chemistry, is a valuable expansion of their experimental utility.

While 2’Fpyr displays reduced thermal stability compared to 2’0OH WT (Figure 2-
2C), fluorescent-based kinetic studies revealed Pb?* associates with 2’Fpyr seven fold
faster than 2’0OH WT (Figure 2-3). The increased chemical stability allows for sensor utility
over longer time-scales despite the observation that faster association kinetics enables
Pb?* visualization on a shorter time frame, before RNA hydrolysis can become an issue.
Accelerated kinetics of 2'Fpyr result in internally consistent fluorescent signal within 10
minutes, whereas 2’0OH WT requires greater than 90 minutes before the kinetics are
within 50% error of reliable saturation conditions (Figure 2-S2B). MD simulations suggest
2’F reduces compaction of the G-quadruplex in the absence of Pb?* (Figure 2-4C and
Figure 2-S3). Increased movement of 2'Fpyr G-quadruplex Apo state explain
experimentally observed changes in CD and fluorescence spectra, reduction in thermal
stability, and accelerated binding kinetics with Pb?*.

Accurate and rapid detection of heavy metal toxins is a public health necessity,
with soluble lead of particular importance.?®®2%2 Classical approaches for lead
guantification—Atomic Absorbance Spectrophotometry (AAS) and Inductively Coupled
Plasma Mass Spectrometry (ICP-MS)—are associated with prohibitive costs.?932%
Fluorescence is a comparatively simpler approach.??>?°® We present a chemical

improvement of Spinach for the detection of soluble Pb?*. 2’Fpyr displays a dramatic
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increase in chemical stability in the presence of ribonuclease and Pb?*, both of which pose
a significant liability for RNA utility. We propose pyrimidine fluorination is a chemical
improvement of Spinach for in vitro Pb%* detection, with 2’Fpyr Spinach displaying
increased chemical stability and internally consistent fluorescent signal over shorter time

scales.

2.3 Materials & Methods

In vitro Transcription: RNA transcripts were prepared using linear dsDNA PCR templates,
using the forward strand sequence (T7 promoter is underlined): 5 —

GCGCGCGAATTCTAATACGACTCAC

TATAGGAGGACGCGACCGAAATGGTGAAGGACGGGTCCAGTGCGAAACACGCACTGTTGAGT

AGAGTGTGAGCTCCGTAACTGGTCGCGTC—3'. Reactions assembled at room temperature,
in the following order, to final concentrations of: water, 1X T7 RNAP transcription buffer
(NEB), 2.5-5% DMSO, 24mM MgCl,, 4mM each rNTP (2’OH purines and 2’OH pyrmidines
from NEB, 2'F pyrimidines from Trilink Biotechnologies), 15-25ng/ul dsDNA, 5mM DTT,
1U/ul murine RNase inhibitor (NEB), 2.5mU/ul yeast inorganic pyrophosphatase (NEB),
5U/BI WT T7 RNA polymerase (NEB) or 1.25U/ul mutant T7 R&D polymerase (Lucigen,
Inc). RNA was transcribed at 42°C for >4 hours, and observed on a 4% agarose TBE gel.
Target transcript band was purified by gel excision and electro-elution in dialysis tubing,
and dialyzed against >5,000X volume of 10mM Tris (pH 8.0) for 22 hours at room temp.
RNA was cleaned with three successive mixes with acidified phenol:chloroform:isoamyl
alcohol (Ambion), then precipitated in 0.3M sodium acetate (pH 5.2) with either >50%
isopropanol or 275% ethanol at -20°C for 22 hours. RNA was pelleted by centrifugation
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(16.1k x g for 230 minutes at 4°C), washed with ice-cold 70% ethanol and centrifuged
again (16.1k x g for 210 minutes at 4°C). RNA pellets dried at 37°C and suspended in RNase
free 20mM Tris (pH 8.0), quantified by UV-absorbance at 260nm or fluorescence (Qubit,
Invitrogen), and stored at -80°C. Based on current reagent prices and our average
recovery efficiency at a low scale of transcription, we calculate 2’Fpyr modified RNA to be
~2-4 fold more expensive per unit mass than 2’0OH unmodified. Unless otherwise stated,
all RNA experimentation was performed in a standard base buffer solution of 20mM Tris
(pH 8.0), 5mM MgCl,, 20@M DFHBI. Prior to experimental use of frozen samples, RNA was
folded following a basic protocol: Dilution in buffer then successive thermocycler
incubations at 85°C (20sec), 50°C (1min), addition of DFHBI, 37°C (1min), 25°C (=30min).
RT.PCR: RNA constructs were reverse transcribed and amplified using NEB OneTaq
OneStep RT.PCR kit following manufacturer protocol. PCR cycling conditions as follows:
48°C (30min), 95°C (1min), 25cyles at 95°C (20sec) 63°C (30sec) 68°C (30sec), 68°C
(10min), 4°C. RT.PCR amplicons were gel purified as described above and ethanol
precipitated, before ligation into a TOPO.pca2.1 TA sequencing vector (Invitrogen) and
used for transformation of DH5a E. coli. Sanger sequencing was performed commercially
by Eurofins Scientific.

Liquid Chromatography - Mass Spectrometry: LC-MS experimentation and analysis
performed commercially by Novatia, LCC, using a Dionex UltiMate HPLC and Thermo
Finnigan LTQ mass spectrometer.

Circular Dichroism Spectroscopy: Measurements were performed on an Aviv 202 CD

Spectrometer at 20°C. RNA samples were folded and prepared similarly to fluorescence
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based experiments. 51M RNA samples were scanned in 1mm quartz CD cuvette from 320
to 185nm by 0.25nm steps, with a 2 second integrated read per step. Data presented as
average of three individual scans. Control scans of DFHBI in buffer subtracted from RNA
spectra. Values plotted in GraphPad Prism 5.

Chemical Stability Measurements: RNase-dependent: 0.5uM RNA was folded as
described in standard spinach buffer without lead. RNA was incubated with purified
RNase A (Qiagen) at a final concentration of 1.25mU/ul at 25°C. 10ul samples were
removed from pooled incubation at designated time points quenched with 10mM EDTA,
and 2X DNA loading dye (Thermo Scientific). Samples were run on a 3% agarose TBE gel,
stained with Sybr Gold nucleic acid dye. Band intensities were quantified by densitometry
with Image Lab software and plotted in GraphPad Prism 5. Pb?*-dependent: 0.5uM RNA
was folded as described in standard Spinach buffer solutions, and incubated with or
without 500uM Pb?* for 4 hours at 37°C. 10ul samples were removed from pooled
incubation at designated time points, quenched with 10mM EDTA, and frozen. Samples
were run on a 3% agarose TBE gel, stained with Sybr Gold nucleic acid dye. Band
intensities were quantified by densitometry with Image Lab software, and plotted in
Graph Pad 5.

Thermal Stability Measurements: Thermal melting was observed using an ABI StepOne
Real Time PCR Thermocycler. 0.51M RNA was folded as described in 20mM Tris (pH 8.0),
5mM MgCl,, 50uM PbClz, 20uM DFHBI, 1% DMSO, and loaded in 20ul volumes in triplicate
wells in an ABI brand 96 well QPCR plate. Fluorescence was measured in the Sybr Green

Ex/Em channel from 4°C to 70°C at a 2% gradient. Control scans of DFHBI in buffer
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subtracted from RNA spectra. Fluorescent values averaged and plotted in GraphPad Prism

Fluorescence Measurements: All fluorescent measurements were performed on a
Photon Technologies International QM-1 steady state fluorescent spectrophotometer.
Samples were prepared at stated concentrations and excited at 468nm, at 20°C held
constant by a circulating water bath, in a 2mm quartz fluorescence cuvette. Kinetic
experimentation was performed by rapid, in-cuvette mixing of folded Apo-state RNA in
buffer and 10% vol. of 10X PbCl; in water. Emission at 501nm was read every 29.5 seconds
with a 0.5 sec shutter exposure. Kp® values were determined using kon and koff
determined under steady state fluorescence conditions, at 200min and 40min for 2’0OH
WT and 2’Fpyr, respectively. Kp™ values were determined by excluding data beyond
stated time points, and refitting to generate new theoretical kobs at those time points.
Control scans of DFHBI in buffer subtracted from RNA spectra. Fluorescence data was
plotted and fit in GraphPad Prism 5.

Modelling and Molecular Dynamic Simulations: Spinach aptamer (PDB 4kzd) without co-
crystalized Fab was used as the template for modelling and MD simulations. 2’Fpyr
construct was modelled by direct chemical replacement of the C2 hydroxyl group with
fluorine on every pyrimidine ribose using YASARA Structure modelling software. A revised
AMBER ff14 RNA force field was used for energy minimizations, using an explicit solvent
TIP3P water model. Nucleotide bases were frozen and the backbone was subject to an
energy minimization, after which the backbone was frozen and the bases were minimized.

The structure was then subject to a final, full-structure minimization with no constraints.
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Potassium was replaced with a lead atom, in both constructs, and full-structure energy
minimizations were performed with no constraints. MD simulations were run for 10ns,
with snapshots taken every 100ps, using the YASARA md_run macro with explicit solvent
conditions at 298K with a physiological intracellular NaCl concentration. Hydrogen
bonding atoms present in the bases of the starting aptamer structure were identified and
the distances between them were catalogued for every snapshot. A distance over 2.5A
was defined as a broken hydrogen bond. YASARA hydrogen bond interpolation was then
used to count the number of hydrogen bonds present within the aptamer over time,
within the G-Quadruplex, duplex sections, and the transition between the duplex and the
G-Quadruplex core. These values were obtained for every snapshot. Hydrogen bond

values were plotted in Sigma Plot, and structural images presented with Chimera.
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Figure 2-1 Spinach Aptamer Accepts Fluorinated Pyrimidine Nucleotides. (A) Spinach construct: cartoon
of spinach. Flattened projection is color coordinated with 3D structure (adapted PDB 4kzd): green and blue
are stem loops; orange is G-quadruplex; cyan molecule is DFHBI; yellow is Pb2+. (B) Ribose fluorination:
modified ribose differ by a fluorine at C2. (C) Fluorescence: 2’0OH WT and 2’Fpyr facilitate DFHBI Ex/Em at
468/501 nm. Gel inset depicts RNA integrity. (D) Circular dichroism: comparison of CD spectra showing
structural similarity.
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Figure 2-2 Comparative Stability of Modified Spinach. (A) RNase A-dependent stability: gel inset shows
time-dependent aptamer degradation of single experiment (minutes). Graph plotted from densitometry
quantification of three replications. (B) Pb?*-Dependent stability: gel inset shows time-dependent aptamer
degradation of single experiment (minutes). Negative control is 240 minute incubation without Pb2*. Graph
plotted from densitometry quantification of intact aptamer band in three replications. (C) Thermal stability:
melt curves are readouts of tripartite complex stability
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Figure 2-3 Tripartite Complex Kinetics of Spinach with Pb?*. (A) Binding kinetics of Pb?*: fitted fluorescence
profile of 20mM Pb2?* mixed with folded 0.5mM Apo RNA. (B) Kobs vs. [Pb?* + RNA]: kobs values of multiple Pb2*
concentrations plotted against the sum of Pb?* and RNA in each experiment. Linear regression provides kon
values (slope) and koff (y-intercept), from which Kpis calculated.
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Figure 2-4 G-Quadruplex Molecular Dynamics. (A) G-quadruplex H-bonds: schematic of 16 guanine H-
bonds of the two G-quadruplex planes. Red and blue correspond to bottom and top planes, respectively. (B)
Percent retention: H-bonds retained after 10 ns simulation as percentage of starting count. H-bonds extended
beyond 2.5A in the simulation are considered broken. Background structure H-bonds calculated as the
difference between total and G-quadruplex. (C) 3D visualization of distances: left plots are 2’0OH WT, right are
2’Fpyr. Top depict RNA simulations in coordination with Pb?* and bottom are Apo.
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Figure 2-S1 Mass Spectrometry and Sequence Analysis of Spinach. (A) Sequence Identity: cDNA of
Spinach constructs were sequenced by Sanger sequencing validating integrity of the transcripts generated
by T7 RNA polymerase variants and modified nucleotides (T7 promoter sequenced is underlined in red). (B)
LC-MS: Spinach Constructs analyzed by Liquid Chromatography—Mass Spectrometry to validate sample
identity. 2’0OH WT sample composed of two species differing by a single 5’ terminal guanosine, likely due to
T7 RNA polymerase slipping. Mass shift between 2’0OH WT and 2’Fpyr constructs corresponds to fluorination
of pyrimidine residues.
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Figure 2-S2 Comparative Cation Selectivity of Modified Spinach. Spinach constructs were folded in the
presence of DFHBI and various cations. Both constructs show similar fluorescent yield with each cation,
showing the strongest preference for Pb?* in the micromolar range. Inset: physiologically relevant cations
were also investigated in 100mM concentrations. Both constructs show similar preferences. All cation
solutions prepared from CI salts for consistent background.
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Figure 2-S3 Supplemental Tripartite Complex Kinetics in Spinach. (A) Binding Kinetics of DFHBI: Fluorescent
gain after 20uM DFHBI mixing with folded 0.5uM RNA pre-incubated with Pb2+. Colored lines are
monoexponential fits. (B) Percent error of fitted Ko vs. Time. Kp values determined (Ko™) at specified time
windows 5, 10, 20, 30, 40 (2’Fpyr and 2’0OH WT), 60, 90 120, 150, 180, 200 min (2’OH WT only). Deviation from
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point is presented as percent error of Kp®", and is calculated as (|Ko™ - Ko®'|/ Ko®')*100. Lines are
monoexponential fits
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Figure 2-S4 Detection Limit of Pb?*. Pb?* was detectable by fluorescence down to 10nM by both Spinach
constructs. Inset: Linear regression of Pb?* detection by both constructs for Pb?* concentrations between
50nM and 30uM.
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Figure 2-S5 Visual Comparison of G-Quadruplexes in Molecular Dynamic Simulations. Images
correspond to 2’0H WT and 2’Fpyr both in coordination with Pb%* and in Apo states. Green and purple
correspond to Ons, and cyan and magenta correspond to 10ns.
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3

Subtle Sequence Variations
Alter Tripartite Complex
Kinetics and G-Quadruplex
Dynamics in RNA Aptamer
Broccoli

This chapter has been reformed from its original publication in Chemical Communications:

Savage, J. C.; Davare, M. A.; Shinde, U. Subtle Sequence Variations Alter Tripartite
Complex Kinetics and G-Quadruplex Dynamics in RNA Aptamer Broccoli. Chem.
Commun. 2020, 56 (17), 2634-2637. https://doi.org/10.1039/c9cc09375c.

J.C.S. and U.S. designed the research; J.C.S. performed all experimentation; M.A.D. provided
thoughtful discussion and manuscript editing; J.C.S. wrote the paper; J.C.S. and U.S. edited and
strategized the paper.
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3.1 Abstract

Though extensively utilized, the fluorescent RNA aptamer Broccoli is poorly
characterized with an unknown structure. Spectroscopic and kinetic investigations of
tripartite complex formation reveal surprising differences between Broccoli and Spinach
aptamers despite extreme sequence conservation. Our studies highlight how subtle
sequence variations impart functional consequences of G-Quadruplex—cation

interactions in RNA.

3.2 Discussion

The RNA aptamer “Spinach”, selected in vitro by SELEX 45160, docks to DFHBI (3,5-
difluoro-4-hydroxybenzylidene imidazolinone) and induces DFHBI’s fluorescence through
a unique, cation-coordinated, stacked two-planed G-quadruplex motif, that coalesces
into a tripartite complex of RNA + DFHBI + Potassium, or “RDK”.16%.176.297 gpinach has been
minimized in successive in vitro selections producing a family of smaller and generally
more stable iterations including Spinach 2, Spinach mini, baby Spinach, and
iSpinach.163,164,170,176,287,297 “Brqccoli”, one of the smallest DHFBI-binding RNAs, has been
utilized in vitro and in vivo, but not extensively characterized.!®>'70 Despite the
assumption that all Spinach RNAs share the same G-Quad motif, Broccoli has remained in
question and its structure remains unknown.?®® Here we investigate the relationship
between kinetics and structure of RDK formation in Broccoli and Spinach. The two
aptamers display notable differences in kinetics of complex formation, yet they share

extensive sequence identity and secondary structure, as observed by sequence
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alignment, and Circular Dichroism (CD) and fluorescence spectroscopies. To understand
our experimental observations we built a homology model of Broccoli, analyzed its
structure, and subjected it to molecular dynamic (MD) simulations. Our data suggest that
both aptamers adopt the same unique G-Quad motif, but with altered stability imparted
by subtle sequence differences, resulting in differential RDK formation and altered
complex stability.

Broccoli and Spinach RNAs display comparable fluorescence under high
concentrations of KCl and DFHBI (100mM and 20BM, respectively), with both showing
maximal excitation and emission at 468 and 501nm, respectively (Figure 3-1A). The
fluorescent complex of Broccoli has an increased thermal stability over Spinach, as
assayed by fluorescence (Figure 3-1B), which may be explained by the higher affinity for
K* Broccoli displays over Spinach (Figure 3-1C). Interestingly, the kinetics of complex
formation upon rapid mixing of concentrated KCI and DHFBI with RNA are notably
different (Figure 3-1D). Fig.1E shows the linear regression of Kops values for RNA—RDK
determined from the fit of five KCl concentrations with constant DFHBI (Figure 3-1D;
inset). The slope of the regression provides K* association forming RDK, which is observed
to be roughly 2.5-fold faster for Broccoli than Spinach (Figure 3-1E).

Researchers have treated Spinach and Broccoli as unrelated constructs, as per
their nomenclature and 2D structural representations. However, the fact they induce
fluorescence of the same ligand with similar photophysical properties and cation
dependency necessitates deeper analyses of their sequence and structure. Sequence

alignments show the G-Quad motif within iSpinach and Spinach share >92% sequence

81



identity (Fig.2A; S1). Only one residue differs in the G-Quad motif (Ui7and A7 in iSpinach
and Spinach, respectively). The superimposed X-ray structures of the two have a room
mean square deviation (RMSD) of 0.63A within the G-Quad motif (Figure 3-2B and Figure
3-S2 and Figure 3-S3). Broccoli also shares 91% and 95% sequence identity within the
Spinach and iSpinach G-Quad motifs, respectively, suggesting Broccoli also adopts the
same unique structure (Figure 3-2A and Figure 3-52). To experimentally compare Broccoli
and Spinach, CD spectroscopy was utilized.?01,202232.233 The CD spectra reveal the two
RNAs adopt nearly identical secondary structures, validating the similarity suggested by
the sequence alignment (Figure 3-2A/C and Figure 3-S1). Furthermore, the ensemble of
peaks at 295, 260, and 240nm provide experimental evidence of a G-Quad motif,
independent of Spinach as a crystallized reference.176:233.287.297 Together, the alignment
and spectroscopic analysis strongly suggest Broccoli contains a G-Quad, in an orientation
likely identical to Spinach.

Given the similarities based on sequence alignments and spectroscopic analyses,
it is surprising that the kinetics observed in RDK complex formation between Broccoli and
Spinach are different (Figure 3-1D/E). In pursuit of a mechanistic explanation of these
observed differences a homology model of Broccoli was generated using iSpinach as the
template (see Methods). iSpinach was chosen for four reasons: (1) Broccoli is more similar
to iSpinach than Spinach in sequence length and identity (Figure 3-2A and Figure 3-51);
(2) a crystal structure of iSpinach exists, which (3) is nearly identical to Spinach,

particularly at the G-Quad motif (Figure 3-S3); yet, (4) the reported thermal stability and
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K* affinity of iSpinach are more similar to values obtained for Broccoli than for Spinach
(Figure 3-1).%64

Considering their sequence conservation, it is unsurprising the Broccoli model is
superimposable upon the crystal structures of Spinach and iSpinach with RMSDs of their
aligned G-Quad motifs <1.0A (Figure 3-2B and Figure 3-52 and Figure 3-53). The G-Quad
motif of Spinach and Broccoli is flanked by two A-form Watson-Crick (WC) duplex helices,
one ending in both 5" and 3’ termini and the other ending in a hairpin loop (Figure 3-3A).
Structural analysis of Broccoli and Spinach reveal three base pair interactions located in
the termini duplex that may, in part, explain the observed difference in thermal stability
and cation affinity presented in Figure 3-1. The 3 differing residues around the G-Quad in
Broccoli result in two canonical WC duplex base pairs with increased hydrogen bonding
compared with Spinach (As,C7,Gsa and Uis,A21,Aes, in Broccoli and Spinach, respectively;
Figure 3-3A). This suggests that, while substantially shorter than Spinach, the termini
duplex of Broccoli is likely more stable. The effect of alternate base interactions may be
the most dramatic at the first base-pairing downstream of the G-Quad motif in the termini
duplex (A21-Aea in Spinach and C7-Gss in Broccoli). C7-Gsa in Broccoli compresses the
transition region between G-Quad and termini duplex in Broccoli, zipping up the duplex
immediately adjacent to the G-Quad motif with a CG WC pair, increasing its stability with
a minimum predicted enthalpic contribution of -5.8kcal/mol at that position.?%°
To generate hypotheses and rationalize observed differences in kinetics of K*

association between Broccoli and Spinach, 50ns MD simulations with or without KCl were

performed in YASARA modelling suite using a modified Amber14ff RNA force field (Figure
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3-3B).28 Broadly, the MD simulations show Broccoli to be more stable than Spinach
(Figure 3-3B). Yet both Broccoli and Spinach display an increase in the conformational
flexibility of their G-Quad motifs in an Apo state (without K* coordination), with Broccoli
displaying more destabilization (Fig3-4A). Interestingly, what movement is seen is
predominately just two H-bonds from one guanine residue, Broccoli Gag and Spinach Gso.
The dynamics of Gag in Broccoli are drastically increased over the movement of equivalent
Gso in Spinach, with Broccoli Gas flipping out of the G-Quad plane at ~5ns and remaining
open for the duration of the Apo simulation (Figure 3-4A/B). Gas flipping is particularly
striking when the absolute distance of its movement is compared to the remaining G-
Quad H-bonds of both structures (Figure 3-4B/C). In the Apo state, the total G-Quad motif
of Spinach and Broccoli is rigid (Figure 3-4C; top). The 7 G-Quad guanines without Gag of
Broccoli display subtly increased conformational rigidity (Figure 3-4C; middle), and the
majority of the G-Quad movement observed for Broccoli in Figure 4B may be attributed
to Gag (Figure 3-4C; bottom). The remaining residues, particularly Gi7 and Gae, provide the
site for DFHBI docking, and the subtly increased stability of these residues in Broccoli
(Figure 3-4C; middle) may explain its increased Apo fluorescence (Figure 3-4D). Together

o"

it appears Gag acts as a K* “gatekeeper”, resulting in faster K* association and increased
DFHBI fluorescence in the Apo state (Figure 3-1D and Figure 3-4D).

Despite the differences between Broccoli and Spinach derivatives suggested by
their nomenclature and presented 2D structures, the two aptamers share much in

common. They both promote the fluorescence of the same ligand with similar

photophysics in a K*-dependent manner, in the same concentration range. Sequence
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analysis reveals the two share >90% sequence in the G-Quad motif suggesting structural
similarity, which is experimentally corroborated by CD. Despite these similarities the two
display differences in stability and kinetics of RDK formation.

Our model allows for investigations into the relationship between sequence,
structure, and function in Broccoli and Spinach, and provides the means for in silico
rationale of experimental observations (Figure 3-1). Two phenomena have been
uncovered that may work synergistically. The first is canonical WC base pairing in the
termini duplex stem of Broccoli that cinches the strands closer to the G-Quad motif
through G-C hydrogen bonding, which may restrict the conformational flexibility of the
motif, increasing the RDK melting temperature as observed (Figure 3-1B). The second is
the movement of K* gatekeeper Gag to an open state seen in the Apo MD simulations,
which could explain the accelerated K* association kinetics (Figure 3-1D/E) by increased
accessibility to the inside of the G-Quad motif. This hypothesis is consistent with recent
work on lead association with 2’F pyrimidine modified Spinach RNA.3°° Subtle
perturbations in local chemical environments—either due to modification of pyrimidine
ribose or minor changes in the primary sequence—produce conserved G-Quad motifs
with altered dynamics and kinetic stabilities that result in changes of cation association
rates. These data posit further questions on the capacity for rationally tuning of cation
selectivity into related RNA structures for modified function which is yet to be explored.

298 wherein a

Broadly, our work is further complemented by another recent publication
single pyrimidine residue in Broccoli tunes the fluorescent emission of fluorophore DFHO

by up to 20nm. Together these demonstrate how subtle differences in chemistry and
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sequence can produce changes in biophysical properties of RNA, independent of
structure. These observations are likely not unique to this RNA family and may have broad
implications for a wide array of G-Quad structures.

G-Quads are critical in numerous biochemical systems including gene regulation,
metabolite sensing, and diseases ranging from cancer to viral infection to Alzheimer’s,
and are attractive for exploitation in synthetic biology and for the development of
chemical tools.?10:216301-307 Degpite their importance in RNA biology, the majority of in
vitro characterizations of G-Quads rely on telomeric DNA; G-Quads are inherently weak
in their absorbance and fluorescence.?31:308309 hyt telomere sequences are almost
exclusively composed of G-Quad stacks, magnifying their signal strength with increasing
sequence length. While this makes telomeres a spectroscopically convenient G-Quad
model, telomeric DNA does not provide comparable insight into equivalent RNA
sequence.3!? Spinach family RNAs are predominately used for subcellular visualization of
larger complexes'’®31! yet their utility as models for G-Quad and RNA-cation
investigations are heretofore unrealized. This RNA family shares a unique combination of
model features: (i) structure-dependent fluorescent by a small molecule ligand with high
affinity and specificity; (ii) two distinct cation cofactors of differing valences and hydration
states (K* and Mg?*); and (iii) three distinct structural motifs (Watson-Crick duplex,
hairpin, and G-Quad). These features provide a system for RNA investigations from
various functional and chemical perspectives within a constant background for direct

experimental comparisons.
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Our results provide mechanistic explanations for the increased thermal stability
and accelerated rate of tripartite complex formation of Broccoli compared to Spinach.
These investigations reveal how subtle sequence differences result in canonical WC base
pairings, which stabilize the G-Quad motif and increase dynamics of gate-keeper Gao,
promoting cation association. This work utilizes DFHBI fluorescence to investigate RDK
tripartite complex formation; however, these investigations posit new questions about
component interactions which require alternative, fluorescence-independent biophysical
approaches for direct detection of cation hydration, order of association, cooperativity,
or folding on sub-second timescales. Such investigations will provide proof-of-principle
for biochemical investigations of RNA using this model system, a more complete picture
of Broccoli-cation complex biophysics, and strengthen our understanding of the

relationship between sequence, structure, and function in RNA.

3.3 Materials & Methods

In vitro Transcription and purification: RNA transcripts were prepared using linear dsDNA
PCR templates. Sequences of the forward DNA strand are as follows (T7 promoter is
underlined, construct in bold font): Spinach 5 —

GCGCGCGAATTCTAATACGACTCACTATAGGAGGACGCGACCGAAATGGTGAAGGACGGGTCC

AGTGCGAAACACGCACTGTTGAGTAGAGTGTGAGCTCCGTAACTGGTCGCGTC—3’; and
Broccoli 5 —

GCGCGCGAATTCTAATACGACTCACTATAGGGAGACGGTCGGGTCCAGGCACACAAAAATGTT

GCCTGTTGAGTAGAGTGTGGGCTCC—3'. Prior to transcription, PCR templates were gel

purified, phenol:chloroform cleaned, and desalted, similar to RNA clean up ( described
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below). Transcription reactions were assembled at room temperature in the following
order, to final concentrations of: water, 1X T7 RNAP transcription buffer (NEB), 24mM
MgCl;, 4mM each rNTP (NEB), 15-25ng/@Bl dsDNA, 5mM DTT, 1U/Bl murine RNase
inhibitor (NEB), 2.5mU/BIl Yeast Inorganic Pyrophosphatase (NEB), 5U/BI T7 RNA
polymerase (NEB). RNA was transcribed at 42°C for 4-10 hours. Transcriptions were
guenched with DNase | treatment, and observed on a 4% agarose sodium borate gel,
stained with Sybr Gold nucleic acid dye. Target transcript bands were purified by gel
excision and electro-eluted into 3.5kDa MWCO dialysis tubing. RNA was concentrated
with a 3.5KDa MWCO concentrating spin column (Millipore) and cleaned with acidified
phenol:chloroform:isoamyl alcohol (Ambion). RNA was then desalted into 5mM Tris (pH
8.0) using a Zeba 7kDa MWCO desalting spin column (Thermo), and quantified by UV-
absorbance at 260nm and fluorescence (Qubit HS RNA kit; Invitrogen), and stored at -
80°C. Prior to experimental use of frozen samples, RNA was folded following a basic
protocol: Dilution into desired buffer, then successive thermocycler incubations at 85°C
(20sec), 50°C (10sec), 37°C (10sec), addition of DFHBI, 4°C (>30min).

Fluorescence: All fluorescent measurements were performed on a Photon Technologies
International QM-1 steady state fluorescent spectrophotometer. All samples were read
under the following solution conditions unless otherwise stated: 0.58M RNA, 20mM Tris
(pH 8.0), 100mM KCI, 5mM MgCI2, 10@M DFHBI. Samples were 20°C held constant by a
circulating water bath, excited at 468nm in a 2mm quartz fluorescence cuvette. Kinetic
experimentation was performed by rapid, in-cuvette mixing of folded Apo-state RNA in

buffer and a 10% volume of 1M KCI in water. Emission was then read at 501nm every
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29.75 seconds with a 0.25 second shutter exposure. KCl titrations were performed by
folding RNA in the presence of various KCl concentrations in individual reaction tubes.
Samples were then incubated on ice for 2hr to ensure equilibrium was reached.
Fluorescent of each sample was individually scanned (468/501nm). Fluorescence data
was plotted and fit in GraphPad Prism 5.

Circular Dichroism: Measurements were collected on an Aviv 202 CD Spectrometer at
20°C. RNA samples were assayed in 10mM Cacodylate (pH 7.4), 100mM KCI, 5mM MgCl,.
RNA was folded as described above. 135ng/@l RNA samples were scanned in 1mm quartz
CD cuvette from 320 to 190nm by a 0.2nm step, with a 3 second integrated read per step.
Data presented as average of three individual scans. Control scans of buffer were
subtracted from spectra. Values plotted in GraphPad Prism 5.

Thermal Stability: Thermal melting was observed using an ABI StepOne Real Time PCR
Thermocycler. 0.58M RNA was folded as described in 20mM Tris (pH 8.0), 5mM MgCl,,
100mM KClI, 202IM DFHBI. 202l sample volumes were scanned in triplicate wells in an ABI
brand 96 well white opaque QPCR plate. Fluorescence was measured in the Sybr Green
Ex/Em channel from 4°C to 70°C at a 2% gradient. Control scans of DFHBI in buffer were

subtracted from RNA spectra. Fluorescent values averaged and plotted in GraphPad Prism

Homology modelling: Initial homology models for Broccoli were produced using
automated 3D RNA structural prediction servers, RNA Composer3!?, ModeRNA3!3, and
SimRNA34, While these servers provided 3D predictions consistent with their structural

templates, a complete and fully automated predictive model for Broccoli was only
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partially generated. Hence, a local multiple sequence alignment (MSA) of the target RNA,
Broccoli, with derivatives of Spinach, and multiple structural templates 4TS2, 4KZD, and
50B3 was obtained using ClustalW, and edited to ensure optimal base complementarity
indicated by arrows pointing towards the hairpin (Fig.2A). The G-Quad motif for Broccoli
was generated from 50B3 based on the MSA that established this region of the target
RNA is almost identical within all available structural templates. An extensive fragment
library search identified a loop of 16-nucleotides from a zinc finger RNA (1UNSG, residues
13-28) as an optimal fragment to bridge the G-quad motif in Broccoli from residues 20-
35315, The model was energy minimized using a modified Amber14ff RNA force field in
YASARA modelling suite, and the quality of the model was assessed using RNAssess316, a
computational server that discriminates between potentially correct and incorrect
conformations by comparing RNA 3D models with the reference structures.

MD simulation: Generated Broccoli model and Spinach (4KZD) without co-crystalized Fab
were used in MD simulations. A revised AMBER ff14 RNA force field283 was used for
energy minimizations, using an explicit solvent TIP3P water model. MD simulations were
run for 50ns, with snapshots taken every 100ps, using the YASARA md_run macro with
explicit solvent conditions at 298K with a physiological intracellular NaCl concentration.
Hydrogen bonding atoms present in the bases of the starting aptamer structure were
identified and the distances between them were catalogued for every snapshot.
Hydrogen bond values were plotted in Sigma Plot, and structural images presented with

Chimera.
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Figure 3-1 Fluorescence, Stability, and Tripartite Complex Kinetics in Spinach and Broccoli. (A)
Fluorescence spectrum: fluorescence of DFHBI induced by Spinach and Broccoli show similar properties
including Ex/Em wavelengths (468/501 nm). Constructs display 45% difference in intensity. (B) Thermal
melting: RDK fluorescence as a function of temperature. Broccoli displays increased thermal stability (Tm
= 45°C) compared to Spinach (Tm = 40°C). (C) K+ titration: RNA incubated with 20mM DFHBI and varying
[KCI], and allowed to reach equilibrium. Fluorescent Em at 501nm was recorded, and values fit for
approximate affinity for K*. Broccoli shows a B10-fold increase in affinity for K*. (D) Comparative kinetics:
Apo folded Spinach or Broccoli was rapidly mixed with concentrated KCl and DFHBI in a cuvette and
scanned for fluorescence upon RDK formation. Colored lines are fit. Inset: Identical approach performed
with multiple concentrations of KCI, with fixed concentrations of RNA and DFHBI. All scans normalized
and fit. (E) Comparative kinetics continued: Kobs values for each KCl concentration from fits of (B) inset
were plotted against respective KCl concentrations. Slope of the linear regression equals the Kon for
complex formation. Spinach and Broccoli Kon = 0.0025 M min't and 0.0059 M min, respectively
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Figure 3-2 Analysis of Spinach Family Aptamers. (A) Sequence alignment: Comparison of Spinach derivative
family members and Broccoli. Color coding: Red letters/grey background are G-Quad core motif residues;
White letters/Black background are G-Quad guanine residues; Black Lettering/Grey background are
conserved non-G-Quad residues; arrows indicated complementary regions that point towards the hairpin.
Bottom and bold sequences correspond to crystalized sequences (or in the case of Broccoli, modelled here).
(B) Spinach v iSpinach comparison: The crystal structures of Spinach (4KZD) and iSpinach (50B3) are aligned.
RMSD of the alignment at the G-Quad core motif show a considerable degree of structural similarity,
suggesting iSpinach to be a satisfactory template for generating a homology model of Broccoli. G-Quad
guanine bases are purple, DFHBIs are cyan, and K* ions are yellow. (C) Circular Dichroism: Spinach and Broccoli
both show a clearly similar spectral signature by CD, suggesting Broccoli contains the G-Quad core motif
shared by all other Spinach derivatives. Additionally, signal intensities at wavelengths 295, 260, and 240nm
confirm the presence of a G-Quad independent of Spinach as reference structure.
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Termini

Figure 3-3 Structural Comparison of Spinach and Broccoli. (A) Broccoli and Spinach base-pairing
comparison: Broccoli and Spinach Structures are alighed (model and PDB ID 4KZD, respectively). Color
coordination is consistent with previous figures; Broccoli in blue, Spinach in green, G-Quad guanines in
purple, DFHBI’s in cyan, K* ions in yellow, Non-conserved residues in red. *1 is C7-Gsa in Broccoli and Az1-Aes
in Spinach; *2 is As-Us7 in Broccoli; *3 is Uis-Us7 in Spinach. (C) Time course of MD simulation: Spinach
structure (4KZD) and Broccoli model were subjected to a 50ns MD simulation. RMSD was used as a metric
for structural stability over the time window, with Broccoli displaying increased structural stability. Green
and blue lines represent Spinach, and Broccoli, respectively; light and dark hues are Apo and potassium
bound, respectively.
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Figure 3-4 Molecular Dynamic Simulations of Spinach and Broccoli. (A) Structural visualization of MD
simulations: The G-Quad guanine residues of Spinach (left, green) and Broccoli (right, blue) are presented. T=0
and T=50ns of each are aligned (dark shades are To, light shades are Tso). The most drastic movement for both
structures corresponds to the same guanine (Gss of Spinach and Gas of Broccoli). The movement of Gas in
Broccoli is much more pronounced. (B) Residue specific H-Bond dynamics in the G-Quad: The 16 H-bonds from
the 8 Guanine residues of the stacked G-Quad guanines are plotted as a function of stretch distance and time,
in Spinach and Broccoli, both with and without K* (“Apo”). As can be seen in (A), Broccoli shows more base
movement than Spinach in the Apo state, however the majority of the movement is restricted to one base,
Gas. The Gag trap door may explain the accelerated K* association kinetics observed in Figure 1 by providing an
opening for K* association. (C) Cumulative RMSD of G-Quad guanines: Stability of the G-Quad guanines without
potassium was looked at via RMSD over the same MD simulation. Both RNAs display rigid G-Quad structures
throughout the simulation (Top). Broccoli appears to have a subtle increase in G-Quad stability when Gag is
removed, i.e. remaining 7 guanines (middle), whereas Gas alone in Broccoli appears to account for most or all
of the net G-Quad dynamics, in contrast to Gsg in Spinach which is quite static (bottom). (D) RNA induced DFHBI
association without Potassium: DFHBI was spiked into Apo RNA and fluorescence gain was observed. Although
low background fluorescence was observed for both, Broccoli displayed 5 fold higher signal than Spinach.
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Figure 3-S1 Full sequence alignment of Family Aptamers. Comparison of Spinach derivative family

members and Broccoli. Color coding: Red letters/grey background are G-Quad core motif residues; White
letters/Black background are G-Quad guanine residues; Black Lettering/Grey background are conserved
non-G-Quad residues; arrows indicated complementary regions that point towards the hairpin. Bottom and

bold sequences correspond to crystalized sequences (or in the case of Broccoli, modelled here).
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Figure 3-S2 Supplemental Structural Comparison of Spinach and Broccoli. (A) Broccoli model: Cartoon
representation of the homology model of Broccoli; DFHBI, G-Quad guanine bases, and K+ ions are colored
cyan, cyan, and yellow, respectively (B) Spinach v Broccoli comparison: The crystal Structure of Spinach
(4KZD) and model Broccoli are aligned. The two show significant structural similarity, as would be expected
based on the similarity between Spinach and iSpinach. G-Quad bases are purple, DFHBIs are cyan, and K+
ions are yellow. (C) Residue interaction map: The G-Quad core residues are presented in a 2D flattened
projection, with corresponding nucleotide interactions.
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Top Plane

Figure 3-S3 G-Quadruplex Structural Alignment. Comparison of G-quadruplex planes of Spinach (4KZD),
iSpinach (50B3), and Broccoli model, colored green, orange, and blue, respectively. Top and bottom planes
are individually colored against a grey neutral background for clarity.
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A Broccoli Aptamer Chimera
Yields a Fluorescent K*
Sensor Spanning
Physiological Concentrations

This chapter has been reformed from its original publication in Chemical Communications:

Savage, J. C,; Shinde, P.; Yao, Y.; Davare, M. A_; Shinde, U. A Broccoli Aptamer Chimera
Yields a Fluorescent K* sensor Spanning Physiological Concentrations. Chem. Commun.
2021, 57(11), 1344-1347. https://doi.org/10.1039/d0cc07042d.

J.C.S. and U.S. designed the research; J.C.S. performed all biochemical experimentation; P.S.
performed computation analysis; Y.Y. assisted with kinetic experimentation. M.A.D. provided
thoughtful discussion and manuscript editing; J.C.S. wrote the paper; J.C.S. and U.S. edited and
strategized the paper.
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4.1 Abstract

The RNA aptamers Broccoli accept 2’fluorinated (2’F) pyrimidine nucleotide
incorporation without perturbation of structure or fluorescence in the presence of
potassium and DFHBI. However, the modification decreases Broccoli’s apparent affinity
for K* >30-fold. A chimera of Broccoli RNAs with mixed chemistries displays linear
fluorescent gain spanning physiological K* concentrations, yielding an effective RNA-

based fluorescent K* sensor.

4.2 Discussion

The RNA aptamer “Broccoli” was identified by SELEX to be an improved version of
the aptamer “Spinach”, the first fluorescent RNA equivalent of green fluorescent
protein.®%185 Flyorescent emission is contingent upon the association of three individual
components, forming a “tripartite complex”. This complex is composed of (1) a unique
RNA G-quadruplex fold stabilized by (2) selective cation coordination, which promotes (3)
the docking of fluorophore DFHBI (3,5-difluoro-4-hydroxybenzylidene imidazolinone) or
select derivatives (Figure 4-1A).176177:317 Flyorescence of Broccoli or Spinach is absolutely
contingent upon the proper association of all tripartite complex components. Though the
structure of Broccoli has not been solved crystallographically, sequence alignment,
spectroscopic studies, and computational modelling suggest Broccoli shares significant
structural similarity with Spinach aptamers.16>176,287,297,298,317

While biological systems required billions of years to select riboswitch aptamers

capable of sensing ions and metabolites, in vitro evolution experiments by SELEX allow
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for rapid identification of a wider range of aptamer structures and functions.3#6318-320
Incorporation of synthetic nucleotide derivatives further expand the chemo-structural
space RNA can adopt outside the biological constraints of enzymatic nucleotide synthesis
and polymerization. Most published aptamers do not contain modified nucleotides as
such chemistry restricts intracellular applications. However, the use of modified
nucleotides in de novo aptamer selection and established aptamer tuning for in vitro
utility remains underexploited and unexplored.

It has been previously demonstrated Spinach aptamer can be transcribed with
2’fluorinated pyrimidine nucleotide incorporation without perturbing fluorescence or
structure.3°°© Though numerous modified ribonucleotide chemistries are available,
2’fluorination is commonly used as it is inexpensive, accepted by certain RNA polymerases
without loss of fidelity, increases polymer resistance to nucleases, and is well
published.?”9%113,120300 Degpite their sequence similarities at the G-quadruplex, Broccoli
is smaller overall with increased thermal stability compared to Spinach, making it more
attractive for in vitro applications.'®>37 Hence, we have explored the use of modified
chemistry in Broccoli aptamer and discovered its distinct biophysical properties open new
avenues for in vitro biosensor applications.

Broccoli shares significant structural similarity with Spinach aptamers, including
the G-quadruplex motif unique to this family (Fig4-1A). Akin to Spinach, Broccoli
transcribed with 2'F pyrimidine nucleotides—without any change in primary nucleobase
sequence—folds correctly, binds DFHBI and K* and displays dramatically increased

chemical stability in the presence of RNase A. (Figure 4-1 and Figure 4-S1). RNAs
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transcribed in vitro with 2’hydroxylated (2'OHpy/pu) or 2’fluorinated pyrimidine (2'Fpy)
nucleotides (Figure 4-1B) were purified and compared by fluorescence and circular
dichroism (CD) spectroscopies (Figure 4-1C and Methods). Fluorescence with 100mM KCl
yielded spectra of 2’F,y that display no change in excitation and emission wavelengths,
albeit with a 25% reduction in fluorescent intensity compared to 2’OHgy/pu (Figure 4-1C).
CD reveals both Broccoli constructs share similar secondary structures (Figure 4-1C, inset),
which are nearly superimposable on the spectrum of Spinach.300317

Interestingly, despite initial similarities, obvious differences between Broccoli and
Spinach emerge at sub-saturating K* concentrations as observed upon titration (Figure 4-
1D). Broccoli 2’OHpy/pu displays a higher affinity for K* than Spinach 2’OHpy/pu.t6>317
However, Broccoli 2’F,y displays a lower affinity for K* than Spinach 2’F,y, (Figure 4-1D).
The resulting apparent affinities between Spinach constructs differ less than 2-fold, but
Broccoli constructs differ greater than 30-fold. The subtle sequence variation between
Broccoli and Spinach imparts significant biophysical differences in cation association and
tripartite complex stability, which is further exaggerated with 2’fluorinated pyrimidine
incorporation.

To examine changes in affinity in finer detail, K* association kinetics were assayed
as described (Figure 4-2; Methods).!613% Kinetics were performed with each RNA
construct in isolation (Figure 4-2A). Fits of these data provide individual apparent
association constants (Kobs), which each contain discrete component binding (kon) and
unbinding (koff) rates within it. To determine those individual components, Kobs values are

plotted against their corresponding KCl concentrations. Linear regression provides kon
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(slope) and kosf (y-intercept) (Fig. 2B). The results show pyrimidine 2’fluorination in
Spinach increases kofr with little effect on kon, Wwhereas the same modification in Broccoli
both increases kot and reduces kon. Individual kinetic values, and calculated dissociation
constant Kp, roughly concur with K* affinities approximated in Figure 4-1D (Fig. 2B inset).

In attempt to rationalize the kinetic observations, a structural model of 2'Fpy
Broccoli was constructed and molecular dynamic (MD) simulations were performed to
directly compare RNA constructs, 2’-chemistries, and K*-coordination states
(Methods).39%317 Root mean square deviation (RMSD) analysis provides insightful
structural information, however it does not allow for analysis of structural convergences
that may occur during a simulation. To capture this information we performed a principal
component analysis (PCA) of G-quad motifs from all time-points of each simulation
(Figure 4-S2). Projection plots of the Spinach and Broccoli structures onto the subspace
spanned by their respective first two principal components indicate the presence of
several distinct conformational populations dependent upon the construct, chemistry,
and coordination state. 2’OH Broccoli appears to sample a reduced set of distinct
populations than 2’OH Spinach, in both K*-coordinated and Apo states, and is consistent
with our experimental observations that 2’OH Broccoli is more stable than 2’OH Spinach.
2’Fpy Spinach and Broccoli display the same population distribution when K*-bound, yet
2’Fpy Broccoli samples more distinct structural populations in its Apo state. We interpret
this as evidence that 2’Fpy Broccoli is less stable than 2’Fpy Spinach, which is consistent

with our experimental data (Figure 4-1D and Figure 4-2). This work corroborates to the
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Broccoli structural model and provides an additional approach for future in silico
characterization of sequence-optimized constructs.

The results hitherto establish the same chemical modification in these two highly
similar RNAs does not yield effects proportional to their structural relatedness. While
Fluorescent and CD spectroscopies show both Spinach and Broccoli RNAs retain their
structural identity, and all four constructs display similar K* binding profiles upon titration,
binding kinetics and apparent affinities of K* are altered drastically (Figure 4-1C/D and
Figure 4-2 and Figure 4-S2). Such functional difference between Broccoli and Spinach in
response to pyrimidine modification led us to investigate how the biophysical behavior of
Broccoli could be exploited in a way Spinach could not.

The combined detection limits of the two individual Broccoli constructs span
physiological K* concentrations of ~0.15 to 100mM, more than 20-fold the concentration
the Spinach constructs cover (Figure 4-1D). We postulated a mixture of 2’OHpy/pu and 2'Fpy
Broccoli RNAs might produce a signal with a broad range of linear fluorescent gain,
equivalent to the combined upper and lower detection limits of the individuals. Such
results could open an avenue for development of an RNA-based fluorescent K* sensor, a
tool with diagnostic potential for dysregulation of potassium-dependent homeostatic
functions including blood pressure, muscular contraction, circadian rhythm, and
others.3?!

Three ratios of Broccoli constructs were mixed—2:1, 1:1, 1:2—and KCI titrations

were performed (Figure 4-3A). The widest detection range with a linear regression fit of

R2>0.90 was attributed to the 1:1 mixture (Figure 4-3A inset). To engineer the mixture
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into a single construct which can be maintained under non-equilibrium conditions,
complementary 3’ extensions with unfavorable self-annealing were designed and added
to each Broccoli RNA (Figure 4-3B and Figure 4-3C and Methods). The resulting construct
contains two units of identical nucleobase sequence but is a hybrid of the two individual’s
chemistries, or a chimera. The proposed Chimera contains two distinct G-quadruplex
motifs, each forming a separate tripartite complex with a respective K* ion and DFHBI
pair. We postulated that annealing of the overhangs would not alter the biophysical
behavior of the individual tripartite complexes, given the highly modular nature of RNA
structural elements. As hypothesized, chimera formation does not change the K* titration
profile or fluorescence intensity as compared to an un-annealed mixture, suggesting an
absence of cooperativity in cation association after annealing (Figure 4-3C upper right,
and Figure 4-3D) The Chimera displays KCl association kinetics that approximately split
the difference between 2’OHpy/pu and 2'F,, monomers (Figure 4-S3). Similarly, as
expected, the fluorescent properties of DFHBI in the 2’OHpy/pu and 2’Fpy Broccoli subunits
of the Chimera remain unchanged with excitation and emission wavelengths at 468 and
501nm, respectively. Thus both individual emissions coalesce into a single readout signal
(Figure 4-3C upper right). The Chimera produces maximal fluorescence at pH 8, and
displays Three ratios of Broccoli constructs were mixed—2:1, 1:1, 1:2—and KCl titrations
were performed (Figure 4-3A). The widest detection range with a linear regression fit of
R2>0.90 was attributed to the 1:1 mixture (Figure 4-3A inset). To engineer the mixture
into a single construct which can be maintained under non-equilibrium conditions,

complementary 3’ extensions with unfavorable self-annealing were designed and added
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to each Broccoli RNA (Figure 4-3B and Figure 4-3C, and Methods). The resulting construct
contains two units of identical nucleobase sequence but is a hybrid of the two individual’s
chemistries, or a chimera. The proposed Chimera contains two distinct G-quadruplex
motifs, each forming a separate tripartite complex with a respective K* ion and DFHBI
pair. We postulated that annealing of the overhangs would not alter the biophysical
behavior of the individual tripartite complexes, given the highly modular nature of RNA
structural elements. As hypothesized, chimera formation does not change the K* titration
profile or fluorescence intensity as compared to an un-annealed mixture, suggesting an
absence of cooperativity in cation association after annealing (Figure 4-3C upper right,
and Figure 4-3D) The Chimera displays KCl association kinetics that approximately split
the difference between 2’OHpypu and 2’Fpy monomers (Figure 4-S3). Similarly, as
expected, the fluorescent properties of DFHBI in the 2’OHpy/pu and 2’F,y Broccoli subunits
of the Chimera remain unchanged with excitation and emission wavelengths at 468 and
501nm, respectively. Thus both individual emissions coalesce into a single readout signal
(Figure 4-3C upper right). The Chimera produces maximal fluorescence at pH 8, and
displays greater than 70% fluorescent signal intensity in up to 50% cell culture serum for
over 60 minutes (Figure 4-S4). Linear regression of KCl titration shows the Chimera to be
suitable for visualizing K* over a wide concentration range, with signal changes observable
as low as 70uM (Fig. 3D inset). Additionally, the Chimera displays sufficient selectivity and
K* preference over alternate cations, confirming its potential as a K* sensor (Figure 4-3C).

The sensor was tested in an in vitro cell system to observe bulk K* flux upon

hypotonic lysis of adherent HEK293T cells (Figure 4-4). Cultured cells at various degrees
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of confluence were lysed in a K*-free hypotonic buffer containing DFHBI and Broccoli
chimera. Lysis-induced efflux in K* concentration were observed (Figure 4-4 upper inset)
and interpolated from a standard curve (Figure 4-4, and Methods). Changes in calculated
K* concentrations are directly proportional to the observed cell density prior to hypotonic
lysis, validating sensor applicability in an in vitro cellular system (Figure 4-4 upper inset).
In this work only select riboses were altered, not the nucleobase sequence.
2’Fluorinated pyrimidines result in retained structure and fluorescence but with
dramatically altered cation association. Numerous alternately modified nucleotides are
commercially available, and may prove more appropriate for certain applications.03
Additionally, chemical synthesis—as opposed to transcription—allows for combining
chemistries with site-specific incorporation.3?> The fluorescent property and small size of
Broccoli’s G-quadruplex makes it possible, albeit tedious, to test every combination of
base and chemistry at each position. On the basis of these results we posit two avenues
of aptamer modification—sequence and chemistry—can be used synergistically for finer
adjustment of functional tuning for new applications. There are several examples of
previously reported aptamer fusions.18%183323 However, these fusions are the result of
connecting the primary sequences of two aptamers together to be transcribed as a single
unit. There are advantages of this approach, though it does restrict the fusion product to
a single nucleotide chemistry. This work represents, to our knowledge, the first example
of a mixed chemistry chimera, generated in vitro via multiple synthesis reactions,

expanding the aptamer toolkit.
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Functionally, the RNA Chimera is a valuable addition to the available methods for
fluorescent K* sensing, which contains several small molecule chelators, a single protein-
based construct employing FRET or a split-eGFP, and three DNA constructs, which are the
most chemically similar (Table $1).237324331 The DNA sensors PSO-1,2 and TBA also
employ G-quadruplex folds for K* docking, though, unlike the Chimera, the fluorescence
of these DNA sensors is based on termini-linked FRET pair interaction upon K*-induced G-
Quadruplex folding.237238331332 \While this detection scheme has a lower background
signal than the Chimera, the linear range of function K* detection of these tools is within
a single order of magnitude, ~1-10 and ~100-200mM.?37:332 The complementary
molecular geometry of nucleic acid G-Quadruplexes and desolvated potassium is
sufficiently favorable and selective to suggest any nucleic acid sensor engineered for
detecting K* in the millimolar range will likely employ the motif. Tuning such sensors will
be heavily based on modulating the number of G-Quadruplex planes and optimizing
proximal residues, changing the number of bound potassium and their binding affinity. In
the case of this Chimera, additional tuning can be achieved by optimizing construct
preference for alternate DFHBI derivatives with differential affinity, excitation/emission,
brightness, and photo-bleaching.16%333

Considering the transcriptional limitations discussed above, visualizing subcellular
K* gradients with this Chimera may prove difficult. However, it is reasonable to presume
future re-programming experiments could yield a Broccoli-derived RNA sensor with
similar properties to the Chimera but composed exclusively of hydroxylated nucleotides.

Such work has been explored conceptually for the Spinach aptamer for sensing of Pb2*
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ions.2%2 Transcribing Spinach with modified nucleotides was demonstrated to accelerate
Pb?* association, increase response fidelity, and enhance chemical stability, all without
affecting Pb?* preference over K* by 1000-fold.3%

Broccoli has been shown to accept various DFHBI derivatives, producing
fluorescent complexes in a range of colors.160,162,298334 Saquence optimization to increase
fluorophore selectivity of Chimera constituents could yield chimeras with FRET capacity
or simultaneous sensing of multiple targets.6%1622%8 Similarly, because individual units
contain two distinct G-quadruplex motifs that form independently, a re-tuned Broccoli
chimera could be exploited to investigate basic RNA-cofactor biophysical interactions and
tripartite complex formation studies. Chimeras of mixed chemistry provide vast
opportunity for custom-tailored sensor development while expanding the aptamer canon
for functional modification and rational tuning.

Nucleic acid aptamers have ligand affinity with selectivity that rival antibodies.
Using aptamers to detect or “sense” their molecular targets in ways similar to antibodies
has been commonplace for some time. However nucleic acid sensors for the accurate
quantification of their ligands are less developed, for which fluorescent aptamers are an
ideal system. We have found the unaltered sequence of Broccoli aptamer allows for
quantification of K* when mixed with a modified 2’Fpy construct of the same sequence. A
chimera of the two annealed RNAs produces a stoichiometric unit that can be maintained
in non-equilibrium conditions. While the properties of the monomeric subunits are
unaltered, their individual signals coalesce into a single readout spanning a linear range

of K* detection of nearly three orders of magnitude. This platform provides a promising
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foundation for future ion-selective optimization, which could yield a flight of RNA sensors
for the real-time fluorescent quantification of cellular cation flux.

The authors thank Drs. Dave Farrens, Matt Thayer, and Larry David for their
thoughtful discussion and generous use of scientific equipment. This work was supported

by funds from the NIH and the Medical Research Foundation of Oregon.

4.3 Materials & Methods

In vitro Transcription and purification: RNA transcripts were prepared using linear dsDNA
PCR templates. Sequences of the forward DNA strand are as follows (T7 promoter is
underlined, construct in bold font): Spinach 5—

GCGCGCGAATTCTAATACGACTCACTATAGGAGGACGCGACCGAAATGGTGAAGGACGGGTC

CAGTGCGAAACACGCACTGTTGAGTAGAGTGTGAGCTCCGTAACTGGTCGCGTC—3’; and
Broccoli 5'—

GCGCGCGAATTCTAATACGACTCACTATAGGGAGACGGTCGGGTCCAGGCACACAAAAATGTT

GCCTGTTGAGTAGAGTGTGGGCTCC—3’. Prior to transcription, PCR templates were gel
purified, phenol:chloroform cleaned, and desalted, similar to RNA clean up (described
below). Transcription reactions were assembled at room temperature in the following
order, to final concentrations of: water, 1X T7 RNAP transcription buffer (NEB), 24mM
MgCl,, 4mM each NTP (2’0OH purines from NEB, 2'F pyrimidines from Trilink
Biotechnologies), 15-25ng/ul dsDNA, 5mM DTT, 1U/ul murine RNase inhibitor (NEB),
2.5mU/ul Yeast Inorganic Pyrophosphatase (NEB), 5U/ul WT T7 RNA polymerase (NEB) or

1.25U/ul mutant T7 R&D polymerase (Lucigen, Inc). RNA was transcribed at 42°C for 2-5
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hours. Transcriptions were quenched with DNase | treatment, and observed on a 4%
agarose sodium borate gel, stained with Sybr Gold nucleic acid dye. Target transcript
bands were purified by gel excision and electro-eluted into 3.5kDa MWCO dialysis tubing.
RNA was concentrated with a 3.5KkDa MWCO concentrating spin column (Millipore) or
Speed Vac, and cleaned with acidified phenol:chloroform:isoamyl alcohol (Ambion). RNA
was then desalted into 5mM Tris (pH 8.0) using a 7kDa MWCO desalting spin column
(zeba, Thermo Scientific), and quantified by UV-absorbance at 260nm and fluorescence
(Qubit HS RNA kit; Invitrogen), and stored at -80°C. Prior to experimental use of frozen
stocks, RNA was folded following a basic protocol: dilution into reaction buffer, then
successive thermocycler incubations at 95°C (20sec), 50°C (10sec), 37°C (10sec), addition

of DFHBI, 4°C (=30min).

Fluorescence: Single sample fluorescent measurements were performed on a Photon
Technologies International QM-1 steady state fluorescent spectrophotometer. All
fluorescent measurements were performed with the following solution with various
cation additions: 0.5uM RNA, 20mM Tris (pH 8.0), 5mM MgCl,, 20uM DFHBI. Samples
were read at 20°C, held constant by a circulating water bath, and excited at 468nm in a
2mm quartz fluorescence cuvette. KCl titrations were performed by folding RNA in the
presence of various KCI concentrations in individual reaction tubes. Samples were then

incubated on ice for 2hr to ensure equilibrium was reached.

Chemical Stability Assays: RNaseA-dependent: 0.5uM RNA was incubated with
1.25mU/ul purified RNase A (Qiagen). At stated time points, 5ul of reaction was removed,

guenched with 10mM EDTA in 2X gel loading dye, and frozen at -20°C. Samples were
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analyzed via 4% agarose gel stained with Sybr Gold nucleic acid dye. pH-dependent:
0.5uM Chimera was assayed for fluorescent yield at 9 pH points in a universal buffer
composed of 20mM acetate, 20mM HEPES, 20mM Borate, 100mM KCI, 5mM MgCl,,
20mM DFHBI. Samples were incubated at stated pH for 30minutes, then analyzed
simultaneously in a SpectroMax M2 Microplate reader (Molecular Devices), Ex/Em at
468/501nm, respectively. Serum-dependent: 0.5uM Chimera was assayed for
fluorescence over time in increasing concentrations of cell culture serum, 0, 10, 25, and
50%. Serum was composed of a 1:1 mixture of Bovine Growth Serum and Fatal Calf Serum
(Atlanta Biologicals). Fluorescence was measured in a SpectroMax M2¢ Microplate reader
(Molecular Devices). Samples were Top-read at 25°C, every 60 seconds for 60min with

Ex/Em at 468/501nm. Data plotted in GraphPad Prism 5.

Tripartite complex association kinetics: Kinetic fluorescence was performed by rapid, in-
cuvette mixing of folded Apo-state 0.25uM RNA in buffer with a 10% volume of 10X KCl
in water. Emission was read at 501nm every 29.75 seconds with a 0.25 second shutter
exposure. Association curves of individual KCI concentrations were fit in GraphPad Prism

5 using the following built in equation for specific binding:

Y= [(Bmax)(x)]/(KD+X) (1)

This fit assumes any non-specific binding does not contribute to fluorescence. Individual
kinetic fits provided K observed (Kobs) rate values. To determine the individual kinetic
parameters of the Kobs (binding and unbinding, or Kon and Ko, respectively), Kobs values for

each KCl concentration were plotted against their respective KCl concentration. Linear
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regression of the resulting plot provides Kon and Koff, via the slope and y-intercept,

respectively.

Circular Dichroism: Measurements were collected with an Aviv 215 CD
Spectrophotometer at 20°C. RNA samples were assayed in 10mM Cacodylate (pH 7.4),
100mM KCI, 5mM MgCl,. RNA was folded as described. 135ng/ul RNA samples were
scanned in 1mm quartz CD cuvette from 320 to 190nm by a 0.2nm step, with a 3 second
integrated read per step. Data presented as average of three individual scans. Control

scans of buffer were subtracted from spectra. Values plotted in GraphPad Prism 5.

Construct Design: Complementary 3’ extensions were engineered into Broccoli construct
by PCR. The two sequences added to the 3’ terminus of dsDNA T7 Broccoli constructs: (1)

5-AGACAGACAGT-3’ and (2) 5’-ACTGTCTGTCT-3'".

Cell Culture: HEK293T cells were cultured in DMEM with 10% fetal bovine serum,
penicillin and streptomycin, and supplemented 5mM glutamine, at 37°C with 5% CO2.

Cells were maintained between 40-80% confluent between passages.

Hypotonic Lysis: HEK293T cells were cultured to various degrees of confluence in 96-well,
clear-bottom, black-walled, tissue culture plates. Cells were quickly and gently washed
once with 1X PBS then once with hypotonic buffer (20mM Tris pH 8.0, 5mM MgCl;, 0.01%
Triton X-100), before 200ul of hypotonic lysis solution containing 3uM DFHBI, 0.5uM
Broccoli chimera RNA, and 80mU/ul murine RNase Inhibitor was added to each well. Plate
immediately placed in SpectroMax M2¢ Microplate reader (Molecular Devices). Samples

were bottom-read at 25°C, every 60 seconds for 60min with Ex/Em at 468/501nm.
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Positive control wells of varying KCl concentrations with no cells were simultaneously
read, as were negative control wells containing either no cells, no RNA, or neither of both.
Positive control samples used fit to a simple nonlinear regression model in GraphPad

Prism 5:
Y = Yintercept + X*Slope (2)
Unknown samples values were interpolated from the resulting plot in GraphPad Prism 5.

Molecular Dynamic Simulations: Broccoli structural model adapted from Savage et al,
2020.3% 2’fluorinated Broccoli structural model was created in the YASARA software
package as described.3%%335 Simulations were performed for 50ns at 298K with an
improved Berendsen thermostat for temperature control and a “densostat” for pressure
control, with an integration time step of 2.5fs. lonic concentration was 0.9% w/v NaCl
concentration; electrostatics were evaluated using Particle Mesh Ewald with an 8A cut off

for long range interactions.33¢ A modified AMBER14 force field for RNA was employed.?®3

Model Analysis: G-Quadruplex bonding analysis: The distances between hydrogen bond
donors and acceptors for each canonical hydrogen bond within the two-plane G-
guadruplex motif was analyzed for each snapshot and plotted as a time trace. Distances
within 2A were considered bound via hydrogen bonding, and interaction distances
outside this range were considered unbound. Principle Component Analysis: The core
residues of the G-quadruplex and DHFBI binding pocket were extracted for every
simulation snapshot and aligned to the starting broccoli model, to remove any

translations and rotations that occurred over the course of the simulation. The MD
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trajectories for the aptamer with and without K* were combined to form a single
trajectory upon which a principal component analysis was conducted using ProDy.33’
Cluster analysis was conducted on the projections of all snapshots onto the first three
principal components using Wolfram Mathematica FindCluster. The structures
corresponding to cluster averages were then back-calculated using the coordinates of

individual elements within the cluster in order to find potential intermediate states.
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Figure 4-1 Broccoli Aptamer Accepts Fluorinated Pyrimidine Nucleotides. (A) a 2D projection with
sequence, and a 3D structural model of Broccoli RNA. In both representations, G-quadruplex guanines are
purple, coordinating K+ ions are yellow, and DFHBI is cyan. Broccoli structure adapted from Savage et al.,
2020.5 (B) 20 hydroxylated and 20 fluorinated pyrimidines differ only by the functional group present at the
ribose C2 position. (C) Fluorescence comparison between 2’OHpy/pu and 2’Fpy Broccoli RNA with 20mM
DFHBI and 10mM KCl. (C; inset) Circular dichroism (CD) spectra of 2’OHpy/pu and 2’Fpy Broccoli show the
two constructs share nearly identical secondary structures. (D) Fluorescence-based KCl titrations with RNAs
provides an approximate Kp for K+ at the G-quadruplex. Despite the structural similarity between Spinach
and Broccoli, the two RNAs display dramatic differences in K* association when 2’Fpy nucleotides are
incorporated, with a <2-fold difference between Spinach constructs, but >30-fold between Broccoli
constructs. (inset) Apparent Ko values for K* determined from fits.
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Figure 4-2 Kinetics of Fluorescent Tripartite Complex Formation in Spinach and Broccoli. (A) Individual
kinetic traces and colored fits of K+ association, assayed by fluorescence. Each trace represents a single KCI
concentration. All traces performed with constant RNA and DFHBI concentrations (see Methods). (B) Fits of
each kinetic trace in (A) yield a Kobs apparent rate constant. When each Kobs is plotted against its respective KCI
concentration and fit, individual kinetic components can be extrapolated; kon and kot determined from the
slope and y-intercept, respectively. Despite their sequence and structural similarities, 20 F incorporation of
Spinach reduces koff with negligible effect of kon, whereas the same modification in Broccoli both reduces kon
and increases koff, explaining affinity differences observed in Fig. 1D. (inset) Explicit values determined from
fits in (B) with the same color coordination. Red asterisk denotes high KD value for Broccoli 2'Fpy which may
be unreliable with this particular technique. KCl additions too close to an apparent KD yield non-linear Kobs

values.
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Figure 4-3 Broccoli RNA Chimera Construction. (A) fluorescence-based KCl titration of various ratios of
monomeric Broccoli constructs, showing predictable curve shifting based on relative 20 chemistry
composition. (inset) Linear regression of KCl concentrations was performed, containing the most points while
retaining an R%>0.90, of which the 1:1 ratio displays widest detection range. Inset axes identical to outer
graph. (B) 2D schematic of chimera design, showing WC stems, G-quadruplex motif and complementary 30
extensions (see Methods for sequences). Chimera contains two G-quadruplex domains forming two
independent tripartite complexes. Overhang sequences in Materials & Methods (C) (upper left) Agarose gel
EMSA shows mass shift of chimera compared to the two monomeric chemistries. (upper right) Comparative
fluorescence spectra of chimera and monomeric chemistries. Monomers at 0.5mM and chimera at 0.25mM,
to account for (2) G-quadruplex motifs per chimera. Gel lane colors in EMSA correspond to fluorescence
signal colors. (lower) Chimera fluorescence in the presence of various mono- and divalent cations (all chloride
salts) normalized to KCI signal. Each cation present at 50mM in buffer (Methods). (lower; inset) Chimera
fluorescence in the presence of 50mM K* is unchanged with or without the presence of competing 50mM
Na*. (D) Fluorescence-based KCl titrations of 2’OHpy/pu, 2’Fpy, 1: 1 mixture, and annealed chimera. Both the
1: 1 mixture and the annealed chimera split the difference between two monomeric chemistries with respect
to apparent KD and broader detection range. Difference between 1: 1 mixture and chimera is negligible,
confirming 30 extension and annealing does not alter K+ association and tripartite complex formation for
individual chimeric subunits. (inset) Linear regression shows the chimera to have a linear range of detection
from ~150uM to ~100mM. Inset axes identical to outset.
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Figure 4-4 In Vitro Detection of K* Flux by Hypotonic Lysis. HEK293T cells were cultured to ~40, 75, 90%
confluence and media replaced with KCI free lysis buffer (see Methods). (upper inset) Raw fluorescence
signal gain was collected (red fits) next to KCl positive standards (grey fits) and negative controls (purple fit).
Unknown K+ concentrations (red dots) were interpolated from a standard curve (grey dots) generated from
nonlinear regression of positive controls. (lower inset) Approximate cell confluence and interpolated K*
concentrations were directly proportional over the range tested.

119



O A 1 5 A0 20

f

2'0H

py/pu

2'F

py

Figure 4-S1 RNase stability of Broccoli RNAs. Each construct was incubated with purified RNase A for given
time before being quenched with EDTA and loading dye. Broccoli transcribed with 100% 2’OH rNTPs
(2’0OHpy/pu) was completely degraded within 1min of RNase A exposure, whereas the incorporation of 2’F
pyrimidine NTPs resulted in no visible degradation for more than 30minutes.
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Figure 4-S2 Principal Component Analysis of Molecular Dynamic Simulations. 250ns Molecular dynamic
simulations were performed to observe structural differences between 2’chemistries in Spinach and
Broccoli over time. Principal component analysis of G-quadruplex motifs under 3 variable conditions are
presented (RNA identity, 2’chemistry, and K+ coordination). Each colored dot corresponds to one G-
quadruplex structure, sampled every 100ps; Black dots correspond to the structural average of each unique
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Figure 4-54 pH and Serum Chemical Stability of Broccoli Chimera. (A) pH-dependent fluorescence of
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of Bovine Growth Serum and Fetal Calf Serum.
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Summary and Conclusions

5.1 Summary of Results

The cumulative body of presented research is centered on a single pyrimidine
nucleotide chemical modification, incorporated into the sequence of two highly related
fluorescent RNA aptamers, producing differential and unexpected changes in cation
affinity, kinetics, and resulting fluorescent emission. The 2'fluorination of pyrimidine
nucleotides was initially explored in the aptamer Spinach as proof-of-principle for its
capacity to enhance RNA chemical stability in the presence of nuclease and Pb?* for in
vitro sensing application (Figure 2-1 and Figure 2-2).3%° The analyte for the only published
Spinach-based fluorescent cation biosensing research prior to the body of work presented
herein.?%2 Interestingly, the 2’F pyrimidine modification resulted in accelerated cation
association kinetics and tripartite complex formation, increasing the accuracy of the
Spinach sensor on short time scales, enhancing sensor function and utility (Figure 2-3).
Spinach and Broccoli RNA aptamers were observed to have >90% sequence identity in

their critical G-Quadruplex motif (Figure 3-2).31 However, differences between the two
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RNAs in critical base pairing interactions proximal to the G-Quadruplex appear to have
substantial influence on the stability and dynamics of G-Quadruplex residues, resulting in
disparate cation association and tripartite complex stability (Figure 3-1). The interesting
results with Spinach and Pb> lead to the questions of if, how, and to what degree the
same modification would alter the properties and biophysical behavior of the closely
related Broccoli aptamer.33 K- titrations of Spinach and Broccoli revealed differences of
K- affinity between the two aptamers with native chemistry which are exaggerated when
chemically modified with 2’F pyrimidines (Figure 4-1). The combined upper and lower
limits of K--dependent fluorescence of native and modified Broccoli span roughly three
orders of magnitude (~0.15-100mM). K- titration in a mixture of the two Broccoli construct
chemistries produced a curve that spans the K+ concentration range of constructs in
isolation, with a significantly broader range of linear detection covering human
physiological intra- and inter- cellular K- concentrations (Figure 4-3). Adding 3’
complementary extensions and annealing these individual constructs into a single
stoichiometric unit produced an mixed chemistry chimera with an identical K- titration
curve as the mixed monomers, which validated the Chimera as a fluorescent K+ sensor
that can detect physiologically relevant K- concentration changes in real time (Figure 4-3

and Figure 4-4).

5.2 Continued Development of the Broccoli Chimera K* Sensor

5.2.1 Covalent Circularization

While the Broccoli Chimera K+ sensor contains 2’F pyrimidine nucleotides and

shows considerably enhanced chemical stability in the presence of RNases, the Chimera
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is currently generated only by base pair annealing of 3' complementary extensions. This
approach of connecting two RNAs is quick, simple, and specific, however covalent
circularization of the chimera would enhance sensor reliability, raise the construct’s
melting temperature, abrogate vulnerability to exonucleases, and add a sense of polished
completeness. Unfortunately, circularization is not as simple as adding RNA ligase to the
annealing reaction. T7 RNA polymerase incorporates trailing heterogeneous 3’ extensions
up to ten residues long in run-off transcription reactions, making ligations that depend on
perfect overhang complementarity impossible without prior processing.33%34° A solution
is needed that produces defined and homogenous 3’ termini, ideally reliant on post-
transcriptional enzymatic manipulation. Two solutions based on ribonuclease cleavage
have been widely discussed, one by RNase H1 and the other by self-cleaving
ribozymes.341342 The preferred option is the self-cleaving ribozyme and involves the 3’
fusion (and co-transcription) of ribozyme sequence, which folds and cleaves at a defined
residue upon transcription.34273% This approach has been successfully performed by
others using the hepatitis delta virus ribozyme (HDVr).3*> HDVr is preferred for its small
size, catalytic activity in otherwise denaturing conditions (up to 5M urea or 18M
formamide), and fast activity with several divalent cations (Ca», Mgz, Mn#, and Sr),346:347
However, HDVr has not been confirmed to retain catalytic activity with incorporated
nucleotide modifications as other, less ideal, self-cleaving ribozymes such as
Hammerhead have.''”348 As long as nucleobase identity directly 5’ of the cleavage site is
purine (which is tolerable), HDVr should theoretically retain activity when transcribed

with 2’F pyrimidines (however, structural analysis reveals the critical general acid C75 in
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HDV to favor a 2’endo pucker, which may not be allowed if C75 is 2’fluorinated).3#9-3>2
Should 2’F,, HDVr prove inactive or impractical, native chemistry HDVr or alternate
ribozyme can be added in trans, however the substrate RNA will remain fluorinated at
pyrimidine nucleotides which must be acceptable for the protocol to work.3>® While
theoretically simple, reaction and recovery efficiencies of cleavage, phosphorylation,
annealing, and then RNA ligation will add up. It may be found that, despite the high costs
of RNA synthesis (particularly so with modified nucleotides), synthesizing appropriately

phosphorylated Broccoli constructs for ligation is worth the price.

5.2.2 Detection of Cellular K+ Flux

Ideally the Broccoli Chimera will prove to be as effective for visualizing K* flux in
living, dynamic cellular systems as it is in vitro. The first step to achieve this is to
successfully deliver the Chimera to a subcellular location of interest. Modified nucleotide
incorporation prevents transcription by endogenous transcription machinery, as
discussed (section 1.3.5), therefore the Chimera must be added exogenously. Depending
on the subcellular location, this could range from challenging to extremely difficult. The
simplest proof-of-principle for visualizing K- flux is to label the plasma membrane in a low
KCl solution, then induce membrane permeabilization by mechanical or chemical means
and observe K: efflux by Chimera fluorescence. To this end Broccoli Chimera was
successfully anchored to the plasma membrane of adherent cultured cells and visualized
by fluorescence microscopy, generally following recently established protocols of
fluorescent cell labelling (Figure 5-1).3%4-357 Briefly, the native chemistry 2’OHpy/pu Broccoli

constituent RNA was transcribed in vitro with 5-azido-PEG4-uridine triphosphate ina 1:12
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molar ratio with standard UTP, yielding RNA with an average of one azido functional group
per transcript. This RNA was annealed to 2’F,, Broccoli, after which the Chimera was
coupled to Cholesterol-PEG,-DBCO (dibenzocyclooctyne) via azide-alkyne strained
cycloaddition CLICK chemistry.3>® The final construct was then added to adherent
HEK293T cells, washed, and visualized in high KCl solution by fluorescent microscopy (with
apparent stability for at least 30minutes post-addition). In addition to simply verifying
that the construct is truly imbedded in the lipid bilayer, several basic questions must be
answered before this construct can be used for any cellular K+ quantification: (i) does
azido-UTP incorporation alter the K- titration profile of the chimera? If so, is the new range
of detection biologically relevant? (ii) What is the construct half-life in cell suspension
present with RNAses? Is the half-life commensurate with the inherent kinetic limitations
of Chimera-K- association? (iii) What is an appropriate positive control probe (a crown
ether or alternative biologic polymer K- sensor) which can be similarly conjugated to
cholesterol and anchored? These data are clearly very preliminary. However, simply

seeing some degree of cell labelling is a satisfying and necessary first step.

5.3 Questions and Future Directions

5.3.1 Alternative Modifications in Spinach Family Aptamers

The entirety of this body of work was performed utilizing a combination of
unmodified RNA and 2’fluorinated pyrimidine nucleotides. While there remains
substantial room for additional exploration with variations of the 2’F modification theme,

there are hundreds of alternative chemical modifications that can be directly
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incorporated into the native sequence of Spinach and Broccoli RNAs. Some may not yield
any appreciable change in aptamer function, and many are likely to completely diminish
it. However, it is reasonable to presume at least a few will yield something interesting or
valuable. 2’fluorination is a particularly bio-compatible modification, with steric and
electrostatic properties quite similar to natural ribonucleotide chemistry (section 1.3.4).
However even 2’fluorination is not universally accepted; even other members of the
Spinach such as Corn do not function when transcribed with 2'F pyrimidines
(unpresented). The difficulty then is deciding on which particular modifications to pursue,
and how to screen those modified constructs for function with reasonable ease and
speed. Fluorescent aptamers such as Spinach and Broccoli are ideal models for scaled
exploration of chemical modifications. Preparing 96- or 384-well microplates for
multiplexed fluorescent assays that vary with RNA modification, or fluorophore and
cation identity is not prohibitively expensive or unrealistically time consuming.

One subset of nucleotide modifications that may be particularly interesting to
explore in the Spinach aptamer family are inherently fluorescent nucleoside analogs,
especially 2-aminopurine (2AP) (adenine analog) and 6-methylisoxanthopterin (6Ml)
(guanine analog), which are minimally invasive as they do not rely on bulky aromatic
functional groups and maintain consistent base pairing preference of native nucleotides
(A-T and G-C). Both analogs display high fluorescence quantum yields (0.68 and 0.7 for
2AP and 6MI, respectively), that vary with local nucleotide environment making them
conducive for studying nucleic acid hybridization, folding, stability, and intermolecular

359

interactions.3>°-361 6MI can engage in G-Quadruplex formation, resulting in a quenched
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and red shifted fluorescent emission that can be used to assay motif formation and
stability.3%2 While only two independent studies have been published, 6MI incorporation
appears to have quite variable effects on G-Quadruplex formation and stability.3633¢4 Ml
has been observed to destabilize certain sequences while stabilizing—and greatly
accelerating K* association—in alternate structures, in a cation-dependent manner.
Incorporating 2AP proximal to the G-Quadruplex motif, or at inter-plane positions, may
allow for direct fluorescent observation of cation-association and G-Quadruplex folding.
Additionally, 2AP and 6MI have spectral overlap conducive for FRET pairing, which could
enhance signal to noise and open up additional nuanced G-Quadruplex tuning (Ex/Em of
2AP and 6MI are 315/360nm and 370/430nm, respectively). Should these or other
fluorescent nucleotide analogs prove viable for observing cation association and G-
Quadruplex in Spinach RNAs, their capacity for in vitro cation sensing would be greatly

expanded.

5.3.2 The Other Half of the Tripartite Complex: Fluorophore-RNA Interactions

As discussed, the tripartite complex of Spinach family aptamers involves the
proper association of folded RNA, cation, and fluorophore (section 1.6.5). This body of
work has focused exclusively on the cation association half, leaving fluorophore docking
unexplored. Valuable biochemistry and resulting photophysical properties of the DFHBI-
Spinach interaction have been elucidated.®* However the study was just one of several
fluorophores bound to one of several RNAs. Within the context of the work presented
here, one has to wonder if and how chemical modifications of RNA affect DFHBI (and

fluorophores) affinity, association kinetics, or photophysical properties such as quantum
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yield. Differential behavior of DFHBI with native chemistry or 2’Fpy modified Broccoli RNA
doesn't affect the ultimate functionality of the Broccoli Chimera as a sensor, as maximal
DFHBI excitation/emission in both chemistries is 468/501nm, respectively, producing two
individual emissions that coalesce into a single inseparable readout. However, this may
not be the case with all HBI-derivative fluorophores that could be used, or all alternatively
explored nucleotide modifications in future sensor development. A wider exploration of
Spinach and Broccoli with other HBI-derivative fluorophores may yield a more favorable
fluorescent combination for sensing K+, Pb>, or Sr», even within the same paradigm of
exclusively modified 2’F pyrimidines.

5.3.3 The Implications of Base Interactions Proximal to G-Quadruplex
Structures

The body of work presented here justifies the continued exploration of modified
nucleotide chemistry incorporation in G-Quadruplex structures for the tuning of cation
interaction preferences, rates, and affinities. Just as interesting, however--and technically
simpler to investigate--is the prospect of sequence-base tuning of G-Quadruplex
structures that is suggested by the subtle differences in cation binding and thermal
stability displayed by the native chemistry 2’OH,,.. Spinach and Broccoli constructs.
Sequence analysis revealed the two RNAs are highly conserved and share a nearly
identical G-Quadruplex motif structure that differs by a single outwardly oriented residue
(Figure 4-2 and Figure 4-3). Despite this, their respective tripartite complexes display
substantial differences in thermal stability, and cation affinity and kinetics (Figure 4-1).

Directly proximal to their shared G-Quadruplex motifs Spinach and Broccoli subtly differ
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in duplex base pairing composition. Within the same four pair duplex stretch, Spinach
engages A-A and U-U whereas the same loci are C-G and A-U in Broccoli (Figure 4-3).
Stronger WC interactions, particularly the closer G-C, directly proximal to the nearly
identical G-Quadruplexes are proposed to cinch up the motif with differential stabilities,
restricting the flexibility of G-Quadruplex residues in both Apo and cation-coordinated
states. Switching two base pairs alters K+ apparent affinity ~5-fold and tripartite complex
thermal stability ~5°C. The base identity changes are quite modest, yet produced dramatic
effects. While it is difficult to predict how other combinations of targeted mutations may
affect Broccoli or Spinach behavior, it would not be difficult to engineer and test many of
these combinations. The variable tolerance of proximal sequence provides substantial
room for rational engineering.

The G-Quadruplex-proximal differences between Spinach and Broccoli exist on
one side of the motif, however the alternate side may be just as influential on tripartite
complex stability if not more so. The opposing cluster of residues has an additional role
in stabilizing the DFHBI binding pocket, possibly providing any mutation a
disproportionately large influence on tripartite complex stability. Intra-G-Quadruplex
motif residues (i.e., inter-plane residues within the motif) are also of interest for
functional tuning, particularly the conserved C11-G53 (Broccoli numbering). Mutations
that produce a G-U wobble or a weaker A-U may destabilize Broccoli sufficiently to
produce Spinach-like tripartite complex behavior. Alternatively, replacing conserved G-U,
U-U, or A-U base pairings on both sides of the G-Quadruplex with G-C where possible may

stabilize constructs substantially, increasing tripartite complex stability and effective
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sensing range at lower K+ concentrations. Should this conceptual approach engender the
creation of a flight of functionally distinct Broccoli constructs that more narrowly sample
a wider K+ concentration range, the 2’F chemical modification used to make the Broccoli
Chimera can perhaps be abandoned allowing for direct cellular transcription for in cellulo
applications. Taking inspiration from Filonov et at (2014), it should be possible to
construct a single native chemistry construct with multiple Broccoli G-Quadruplexes, each
with varying proximal residue identity, producing a single coalesced fluorescent signal
comparable to the mixed chemistry Broccoli Chimera.'6>

Mutational tuning additionally opens up avenues for reducing the overall size of
both constructs. The G-Quadruplex motif of Broccoli and Spinach aptamers are off center,
being closer to the hairpin in Spinach and closer to the termini in Broccoli (Figure 4-3). An
optimal hybrid structure that combines the shorter termini-duplex of Broccoli and the
shorter hairpin-duplex of Spinach can possibly reduce the overall size of a hybrid
structure. This would be a boon for endogenous RNA labelling and visualization of
subcellular trafficking (section 1.6), as well as in vitro sensing applications discussed.

The prospect of proximal duplex manipulation has additional interesting
implications for model G-Quadruplex structures such as TBA or a minimized human
telomere (hTelo), which are effectively composed of 100% quadruplex stacks. PSO-py and
other TBA K- sensors from Takenaka and colleagues have quite narrow ranges of K-
detection, each within a single order of magnitude.?*>-2*2 Based on work with Spinach
family tripartite complex formation, one would expect extending the duplex off of TBA

termini to decelerate both Kon and Kofr, making the overall trend in K+ affinity difficult to
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predict. Favorable duplex formation should induce partial G-Quadruplex folding even in
the absence of K, likely slowing K* association by steric occlusion. Upon eventual
association however, favorable WC duplex should dramatically stabilize the now-
favorable G-Quadruplex structure, slowing dissociation as well. It is difficult to imagine

the addition of differential terminal duplex to TBA can be used to both increase and
decrease sensitivity, however either change has potentially valuable applications.

The same logic tuning synthetic G-Quadruplex cation sensors by proximal duplex
engineering raises an important question about the general utility of small aptamers and
truncated telomere structures as models of biologically relevant G-Quadruplex behavior
generally. It is well established that nucleotide chemistry (DNA or RNA), cation identity,
inter-plane loop size, and overall construct size (i.e., number of planes) affect
physiological G-Quadruplex topology, folding, and stability.?2535>-368 There has been little
investigation, however, into the role of proximal sequence on G-Quadruplex formation or
stability. Two studies have been published that intentionally approach this question,
however they share the same caveat. Ren et al (2002) extended the 5’ terminus of a
minimized hTelo sequence (d(GGGTTA).GGG)) with a poly-dT. run.3®® This construct was
then annealing to an exogenous poly-dA.. sequence prior to biophysical analyses of CD
and UV-absorbance (295nm) thermal melting, MD simulations, and differential scanning
calorimetry (DSC). From these data they concluded there to be “little or no crosstalk”
between folded G-Quadruplex and the flanking duplex poly A:T. Konig et al (2013) found
the opposite to be true.3’ Using a similar scheme of 5’ sequence extension and

exogenous reverse complement addition (of mixed GC or AT rich content), they observed
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a distance-dependent trend of exaggerated mismatch duplex destabilization by hTelo G-
Quadruplex (and i-motif) formation. The criticism of both of these studies is the use of
exogenous reverse complement oligonucleotides to create a proximal duplex on one side
of the G-Quadruplex. How does this replicate a biological system? In their discussion,

Konig et al (2013) states,

“As many putative G-quadruplex-forming and IM [i-Motif] sequences
are surrounded by stretches of duplex DNA, these results are of
particular interest and could help to address whether these higher-
order substructures are likely to form in a physiological context.” (Pg.

7458)

Despite this recognition, the authors fail to note that telomeric G-Quadruplex exists
within extremely long stacks and is flanked on one end by duplex DNA, or that alternate
physiological G-Quadruplexes (such as c-MYC) exist within nucleic acid strands that
extend from both termini of the G-Quadruplex motif.2%0

The issue of proximal duplex can be inferred from the dramatic differences in
cation kinetics reported for optimized small G-Quadruplex structures (such as TBA,
minimalist hTelo, and the like), and those observed for G-Quadruplexes that exist within
extended, duplexed nucleic acid such as native chemistry Spinach and Broccoli aptamers.
It is farcical to draw firm conclusions about natural G-Quadruplex behavior from
experiments on chemically modified, synthetic 2’F,, Spinach or Broccoli aptamers using
K*, let alone Pb%*. However, the magnitude of difference in cation association between
TBA or hTelo and Spinach family aptamers is indicative of the issues present when using

any of the three as models of natural in situ G-Quadruplex behavior. Every single
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published report that uses one of these model G-Quadruplexes reports association
kinetics faster than Spinach or Broccoli. Not every publication can be uniformly compared,
as some report Kobs, some Kon, with differential use of Pb?*, K*, and Na* cations. The trends,
however, are consistent. Model G-Quadruplexes TBA and minimized hTelo associate with
cations faster than Spinach and Broccoli, ranging from a modest 4-fold to a surprising
40,000-fold 227228371374 G-Quadruplex topologies display differential stabilities and
folding kinetics.367:37> However, no report exists showing anything close to a 40,000-fold
difference attributable just to topology. This difference in kinetics between Spinach and
TBA aptamers is likely the result of the proximal duplex structure on both sides of the
Spinach G-Quadruplex, which partially pre-folds the motif, slowing cation association by
steric occlusion. The G-Quadruplex structure of TBA is unrestricted in this sense, and can
fold and unfold in a true two-state manner following cation addition or sequestration.
Between Spinach and TBA or minimalist hTelo, biologically relevant structures such as the
c-Myc or KRAS intra-promoter G-Quadruplexes appear to be more contextually
reminiscent of Spinach. It seems likely that biophysical investigations performed looking
at such traits as cation association and cooperativity, thermodynamic and kinetic
stabilities, folding intermediates, or inter-topological conversion using TBA as a model do
little to inform biologically relevant G-Quadruplex behavior, and instead thoroughly
describe the conditional properties of TBA alone.

Researchers utilize small model G-Quadruplexes for two reasons (which are really
two sides of the same reason): (i) other members of the field use them; (ii) their small size

and high percentage of G-Quadruplex guanine composition allow them to be directly
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observed by DSC, CD, and UV-absorbance without interfering signal from additional non-
G-Quadruplex nucleic acid sequence or structure; in short, ease of experimental
execution dictates the model, not biological relevance.?31233 For this second reason,
studying G-Quadruplex in situ is difficult (debate still exists whether G-Quadruplexes exist
at all in vivo).37® Spinach is not necessarily a good G-Quadruplex model. Nor are TBA or
minimalist hTelo necessarily bad G-Quadruplex models. The dramatic differences in
cation association between them simply suggests the potential importance of proximal
nucleic structure, be that duplex or something else, that has not been addressed--in either
experimentation or discussion--in the use of small, optimized, independent G-Quadruplex

structures for modelling natural G-Quadruplex biophysics in situ.

5.4 Conclusion

This body of work has provided: (i) the first (and second) instance of inducing new
function in an existing aptamer structure by chemical modification of nonterminal
nucleotides (without a modification of primary sequence); (ii) a sequence analysis of the
relation between the highly related Spinach family aptamers and the first 3D structural
model of Broccoli from which rational biochemical mechanism and structural
manipulation can be proposed; (iii) the first generation of an aptamer chimera of mixed
nucleotide chemistries, engineering via a universal approach applicable to numerous
aptamer paradigms; (iv) the first RNA K* biosensor combined with the widest range of
fluorescent K* detection of any nucleic acid cation sensor yet published, covering nearly

three orders of magnitude. This work stimulates questions to be pursued specific to the
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Broccoli Chimera and the Spinach aptamer family specifically, broadly on the influence of
sequence identity and structural proximity in G-quadruplex-cation interactions and its
relationship to G-Quadruplex behavior with implications for semi-rational tuning, and
methodologically on the merits of structural recycling and functional reprogramming of

aptamers as a conceptual alternative to de novo aptamer generation.
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Figure 5-1 Preliminary Cell Labelling for Detection of Cellular K* Flux. (A) Basic outline of lipid-linked Chimera
for membrane anchoring. Commercially sourced cholesterol-PEG2k-DBCO is CLICKed to Broccoli Chimera
composed containing an additional 5-azido-PEG4-Uridine nucleotide by standard azide-alkyne strained
cycloaddition in aqueous solution. The conjugated construct is added to cells for outer leaflet membrane
anchoring. (B) Microscopy images of HEK293T adherent cell labelling with cholesterol-linked Chimera. Left
panels are labelled with RNA, right are not, both are incubated with DFHBI fluorophore. 100um scale bar applies
to all images.
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Perspective

6.1 Introduction

The conception of nucleic acid aptamers and their in vitro selection synergized the
biochemical knowledge and biotechnological advancements in nucleic acid research from
the preceding decade into a single technique. Immediately after the initial development
of the Systematic Evolution of Ligands by EXponential enrichment (SELEX), researchers
began designing customized derivations of the protocol.3=® Every variation attempts to
favor selection of certain functions and biophysical characteristics, or to streamline the
selection process generally making it more likely to be successful. To date—depending on
one’s definition of unigue—hundreds to possibly thousands of unique SELEX derivations
have been described, yielding an aptamer canon diverse in structure, function, and
chemistry. Aptamers continue to hold value for their unique biophysical properties, in-
house identification, and alluring blend of history and futurology, stimulating hypotheses
on the origin of life while embodying the promises of the synthetic biology revolution.

SELEX exploits the defined and favorable conditions of in vitro biochemistry to
expedite the evolution of complex structures, accelerating processes which took billions
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of years in a primordial soup down to days and weeks in a test tube. However, unlike
natural molecular evolution which uncovers novel function through the mutability of
extant species via conservative and spontaneous change, SELEX protocols consistently
reach all the way back to the random sequence soup to initiate their aptamer selections.
We refer to this de novo approach as “classical SELEX”. Theoretically, a classical SELEX
progenitor library contains every possible sequence (and thus every possible structural
permutation) that can ever exist for a given sequence length. Additionally—and also
theoretically—only and all favorable sequence-structures are enriched as a classical SELEX
experiment progresses, a product of the carefully defined selection conditions and
unbiased molecular biology reactions. Regrettably, these theoretical assumptions are
rarely so clean, making classical SELEX experiments laborious and risky with unknowable
durations. Despite these hurdles the diversity of function and application for which
aptamers have been successfully exploited is enormous and the allure of SELEX as potent
now as at its conception.

There is clearly a strong precedent and sound logic to perform a selection
experiment following classical SELEX approaches. Yet in vitro evolution of protein,
ribozyme engineering, and numerous natural evolutionary and biological examples
suggest it may not be necessary that all selections against protein ligands begin with a
completely random library. Is there a reliable way to exploit aptamer structures with
proven stability and functionality? Has the aptamer structural lexicon of in vitro evolved
species reached sufficient diversity to enable structural recycling following the logic of

natural evolution? The answer to these questions must in large part be yes, and further,
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embracing this alternative, though by no means mutually exclusive, approach to de novo
selection will facilitate a rapid expansion of successful aptamer generation from a broader

swath of research laboratories.

6.2 Structural Recycling and Targeted Epitope Re-selection

6.2.1 Classical SELEX

Aptamer selection by classical SELEX begins with an extremely heterogeneous
randomized progenitor library of nucleic acid sequences, within which exists an
exceptionally small population that inherently possesses a desired biophysical trait. All
SELEX paradigms aim to expand this small desirable population through iterative cycles of
classical Darwinian selection—favorable selection followed by PCR replication—enriching
sequence representation over time. Progenitor libraries typically contain degenerate
lengths of >25 nucleotides, providing >10= unique aptamer sequence-structures. Intuition
might suggest ever increasing sequence diversity can only aid in aptamer discovery,
however a balance must be struck between heterogeneity, concentration, volume, and
efficiency of recovery at each step in every cycle. That balance is not easy nor is there a
universal rule for determining its optimal condition. While plenty of successful selections
have been published, it is generally accepted that classical SELEX fails to identify a genuine
aptamer in 50-70% of attempts made.*%377 Any conceptual advancement which increases
the ease of success and thus the ubiquity of aptamer identification and utility in basic

research is a scientific boon.

6.2.2 Progenitor Libraries & Heterogeneity
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The foundational and often repeated power of SELEX is the immeasurably vast
sampling of structural space. Theoretically, every sequence and structure that can
possibly exist for a given polynucleotide length is present in equal proportions, competing
under the same unbiased selective pressure, resulting in enrichment based purely on
thermodynamic favorability. However, representative equality breaks down when longer
sequences are employed to sample more complex sequence space. For scale, a 1mM
solution of a 70nt randomized sequence must be 102 liters (roughly ten times the volume
of water on earth) to contain just one copy of each possible species. At such lengths, an
infinitesimal fraction of the available sequence space is actually being sampled in a
laboratory setting. The inherent complications of size and scale at the onset of selection
are exasperated by additional factors that contribute to unselected and thus detrimental
homogeneity. These include nonrandom library synthesis, off-target interactions, non-
targeted compositional drift, and biased amplification of small or differentially stable
structures during transcription and PCR.1*%37% |t is clear that substantial sequence bias
exists during classical SELEX, even under idealized conditions. Some bias may need to be
ignored, some can be accounted for and mitigated, and some could and should be
strategized.

One way of strategizing a bias is to look at natural functional RNA as a guide. While
we cannot observe the evolutionary progression of past RNA sequences, analysis of
contemporary RNAs with wide functional and phylogenetic divergences reveals
substantial and universal sequence biases.3’® This may suggest the available sequence

space has been widely explored and particular compositional biases are (or were)
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universally adaptive. Conversely, and more likely, substantial sequence space remains
unexplored, and a surprisingly narrow swath is sufficient to provide the functional
diversity we observe in contemporary life.?! Either way it may be superfluous to even
attempt to sample much of the sequence space in an in vitro selection, with total
randomness—where even possible—unnecessarily burdensome. One logical conclusion
from this is to incorporate the compositional biases—or further yet, complete
subdomains—of extant RNAs into an otherwise random in vitro selection library,
restricting heterogeneous populations to favorable, though still novel, sequence space.

6.2.3 Strategic Bias & Directed Evolution

The earliest attempt of motif doping in aptamer selection for protein binding was
the intentional incorporation of a fixed stem-loop sequence in a selection against GTP.37°
The constant stem-loop sequence was flanked by two 26nt random runs, hypothesized to
bias the representation of structurally complex aptamers in the progenitor library. The
selection was successful with the engineered pool heavily favored over the completely
random control pool that was simultaneously selected. Structural determination
validated the engineered stem-loop to be integral to GTP binding.38 An alternative
approach employing a position-specific pyrimidine/purine compositional bias favoring
stem-loop enrichment has been employed during library synthesis, similarly revealing
structural doping to be beneficial for selecting structurally complex aptamers (ruff
2010).38! G-Quadruplex motifs can similarly be enriched during library synthesis. While
more structurally complex, G-Quadruplex enrichment paradigms are actually simpler

requiring only a guanine bias.3®? Though a slightly more hands-on approach allows for
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topological tuning of G-Quadruplex motifs, tipping equilibriums towards parallel,
antiparallel, and mixed G-Quadruplex orientations (McManus 2013).383

The previous examples utilized sequence enrichment to aid selection of affinity
binding aptamers, which can be as small as 15nt and still obtain complex structure.?3
Natural ribozymes, on the other hand, require at least ~40nt though often exceed 150nt
(however, extremely small catalytic aptamers have been evolved in vitro).14223334384 |
silico analysis of randomized sequence pools suggests long lengths are required to
achieve, with any statistical likelihood, the structural diversity necessary for complex
catalysis.”?38  Additionally, natural structured RNAs are significantly more
thermodynamically favorable than the average structure found in random sequence
populations of equivalent length (or compared to their own scrambled sequence), further
highlighting their rarity.3838 The hurdles of identifying large and complex structures de
novo has been overcome by incorporating entire domains of natural ribozymes into a
selection, a process called directed evolution. Within a constant scaffold of evolutionarily

vetted structure, partially randomized catalytic core domains can be readily evolved for

novel catalytic function.388-3%
6.2.4 Aptamers & Riboswitches

Current aptamer selection protocols necessitate the de novo identification of both
an appropriate primary sequence and a stable structure. A selection approach that
exploits the stability of a vetted and characterized aptamer by reprogramming it to
selectively bind an alternate ligand needs only identify a favorable primary sequence at

select positions. Such a dimensional reduction should simplify the selection process and
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increase the likelihood of success. This logic of structural recycling by targeted epitope
selection was successfully implemented once for the generation of novel riboswitches by
Batey and colleagues in 2017.3%> Synthetic small-molecule binding aptamers display
unpredictable efficacy when transferred to cytosolic conditions for in vivo use. To
surmount this obstacle, Batey and team turned from de novo in vitro selection to
exploiting evolutionarily validated structures with robust folding and a stable
architecture. They attempted to reprogram several structurally conserved riboswitch
classes by selectively randomizing the ligand-binding epitopes in 3WJ domains while
holding the conserved stem and pseudoknot domains constant (Figure 6-1). Two
riboswitches (c-di-GMP and guanine) and a ribozyme (hammerhead) were selectively
randomized then re-selected against alternate ligands, S5HTP or L-tryptophan. Selectivity
was successfully redirected, and structural analysis post-SELEX revealed the overall
pseudoknot-stabilized 3WJ topology was retained.3%®

Riboswitches are theorized to be some of the last vestiges of life preceding protein
as the principle tool for cellular function, a theory otherwise known as the RNA
World.1?3% Consistent with this, all known riboswitch classes bind only small-molecule
metabolites—co-enzymes, nucleotides and several derivatives, and three amino acids—
and a handful of ions.®! Riboswitches generally regulate gene expression through ligand-
dependent allostery, sequestering their small-molecule ligands in internalized binding
pockets. Internalization necessitates that most residues be inwardly oriented, which is
obvious upon quick inspection of a riboswitch structure where the vast majority of

residues are engaged in intramolecular helical duplex or tertiary pseudoknot contacts
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(Figure 6-1). The resulting solvent accessible surface is predominantly helical grooves
which are regularly structured, highly negative, and provide minimal sequence-specific
chemical identity from which to confer binding specificity. An RNA world would not have
contained a protein-binding riboswitch by definition, and if one was evolved during the
transition to the current DNA/protein world, we have no evidence for it. Similarly,
reengineering contemporary riboswitches in vitro to bind protein is difficult to imagine.
Therefore, to utilize the concepts of structural recycling in identifying protein-binding
aptamers, we must turn to an alternate source of evolutionarily vetted structures.

Compared to riboswitches (Figure 6-2.A), in vitro evolved aptamers are generally
much smaller, display higher ligand-independent stability, and utilize fewer critical
residues (R.) to confer selectivity to their respective ligands (Figure 6-2.B).1! These likely
result from three factors: (i) as opposed to riboswitches, protein-binding aptamers
interact through outwardly juxtaposed surface interactions; (ii) folded proteins contain
more chemi-structural information than small-molecules, allowing aptamers to outsource
necessary chemical information of interaction to their protein ligands; and (iii) in vitro
selection tends to bias selection of smaller aptamers, which exist with higher copy
number in early cycles and retain fidelity through selection cycles, a phenomena referred
to as the “tyranny of the small”.*

An extreme example of the comparatively simple 1° and 2- structural contribution
from an aptamer can be observed in the structure of “Thrombin binding aptamer” (TBA)
in complex with its ligand, a-thrombin.®®23¢ The minimalistic 15nt TBA, composed

exclusively of guanine and thymine, utilizes eight residues to generate its core G-
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Quadruplex structure and four more residues in simple loops to achieve a low nanomolar-
affinity interaction with a-thrombin (Figure 6-3.A). This trend of nucleic acid minimalism
can be additionally observed in reciprocal protein evolution. Piccirilli and colleagues have
engineered antigen-binding fragments (Fabs) against short RNA sequences with simple
hairpin structures, for pull-down assays and chaperoned crystallization.3*” The interaction
between the RNA-Fab pair requires minimal complexity from the RNA, just 5 nucleotides
in a simple hairpin, as interaction complexity is heavily supplemented by the protein
constituent (Figure 6-3.B).°7

At the time of this writing, the structurally characterized, protein-binding aptome
consists of roughly 50 aptamer-protein complexes, which drops to 30 unique structures
when redundant crystallizations are removed. Despite the modesty of this data set, very
obvious structural trends can be observed (Figure 6-2.C). By far, the most common
structural element in protein-binding aptamers is the classical nucleic acid helical duplex,
which is found in >80% of determined structures (with >50% composed entirely of the
motif). While nucleobases in duplex are inward facing and engaged in intramolecular
structural contacts, interspersed mismatch non-WC base pairing in aptamers produce
unique bulge domains that act as the sites of ligand interaction. These bulges outwardly
juxtapose specific residues or form cavities for amino acid side chain engulfment, forming
highly specific binding interfaces. Given the number of independent angles of torsional
rotation per residue available to the nucleotide backbone (five as opposed to two in
peptides), even aptamers with a predominately helical structure can form exquisitely

specific binding interfaces against protein ligands, with mean shape complementary
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indices that can outperform antibodies.’® The ubiquity of duplex motifs in crystallized
aptamers is initially surprising considering the monumental structural heterogeneity that
SELEX is advertised to sample. However, perhaps a bias of duplex structure should be
expected, duplex is stable and amenable to short sequences, and protein-binding
aptamers are often derived from libraries <40nt long which restricts their capacity for
higher order complexity.®?

Batey and colleagues observed recycled guanine and c-di-GMP riboswitch
scaffolds retained ligand-dependent structural stability after being reprogrammed to bind
alternative molecules, strongly suggesting that is an inherent property of the 3WI-
pseudoknot scaffold of those riboswitch classes and independent of ligand identity.3%
Based on this, along with knowledge of the general nature of ligand binding in
riboswitches and aptamers as discussed above, it appears that R.in riboswitches exist as
a subclass of structural residues, located within a specific domain. This is in contrast to
protein-binding aptamers wherein R. act as fully independent residues that are more
dispersed throughout the primary sequence, both distinct from and much fewer than
residues that form background structure. The separation of residues descriptively and
spatially facilitates the manipulation of each independent of the other. In so doing, vetted
aptamers evolved in vitro to bind proteins may be similarly—and possibly more—
amenable to structural recycling than their riboswitch analogs, promoting the

exploitation of their stability and expediting the discovery of novel aptamer constructs.

6.2.5 Targeted Epitope Re-selection
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To contextualize these notions of epitope re-selection within the context of
protein-binding aptamers concretely, a simplified but explicit experimental approach is
presented for the recycling of the aptamer “toggle-25t” (Figure 6-4). Structural studies of
toggle-25t complexed with a-thrombin (PDB 3DD2) revealed ligand selectivity and sub-
nanomolar affinity to be the result of just six residues (Figure 6-4.A).3%83% These residues
exist in two small clusters, juxtaposed out of the simple helical structure and devoid of
intramolecular interaction. It is reasonable to suppose selective randomization of these
residues individually will not perturb the overall helical structure of the aptamer but will
completely abrogate the aptamer affinity for a-thrombin, similar to the selective 3WJ
domain randomization by Batey and colleagues. A very basic experimental flow path is
presented, with a hypothetical “6Ntoggle” library, containing six randomized N positions,
constant scaffold positions, and primer sequences adapted from the original toggle-25t
selection (Figure 6-4.B).3%8 Reusing primer sequences further simplifies re-selection,
minimizing PCR optimization and reducing the chance of primer sequence structural
integration.

Several examples of selective randomization for the opposite purpose—to
enhance nucleic acid affinity to its original ligand—have been performed successfully.*°%-
403 While the goal of these example cases opposes what we are proposing here, the logic
of re-selecting a specific target epitope with a constant structure is consistent. In one
particular example the affinity of E. coli glutamine tRNA for its native protein ligand,
glutaminyl-tRNA synthetase (GInRS), was optimized.**! The resulting tRNA maintained

residue identity at protein contact positions, but altered identity in the background
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structure that increased overall 3- stability, elevating binding affinity by reducing the
entropic cost of interaction. This approach may be a valuable second step to an epitope
re-selection attempt like that described with 6Ntoggle. Targeted epitope re-selection
against a novel ligand may yield a genuine aptamer, however constraints of the original
sequence may reduce its efficacy against a new ligand. This is consistent with previous
investigations wherein binding improvements are more dramatic after optimizing
intramolecular contacts within the aptamer than by increasing intermolecular contacts
with a ligand.380404 Re-selecting specific background residues post-epitope re-selection
could facilitate relaxation of the newly selected R, residues into their least constrained
positions, similar to an in silico energy minimization during model construction and MD
simulation. This two-step re-selection could be used to great effect while holding true to

the logic of recycling a validated aptamer structure.
6.2.6 Biological and Experimental Inspiration

Natural evolution occurs through subtle and spontaneous change of extant
structure, facilitating the gradual emergence of divergent function and increased
molecular complexity. The conserved riboswitch motif ykkC is an interesting example of
natural evolution in RNA.*% A structurally conserved helical domain provides a scaffold
upon which smaller variable and modular substrate domains confer ligand
specificity.?%407 Alignment of ykkC subclasses reveals how the singular conserved
structure is tuned to recognize ligands of drastically different size, shape, charge, and
binding location (Figure 6-5). More extreme conservation can be observed between

adenine and guanine riboswitches, which use an identical fold to juxtapose a single ligand-
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discriminating residue.?®® Targeted epitope re-selection is a semi-rational approach that
exploits the successes of previous chemi-structural sampling, in a manner somewhere
between natural evolution and de novo classical SELEX.

Epitope re-selection is similarly an established and defining feature of the adaptive
immune system. Somatic V(D)J recombination in developing lymphocytes produces
diverse and unique mature Immunoglobulin (Ig) and T-cell receptor (TCR) proteins with
conserved structure but highly heterogeneous complementarity-determining regions
(CDR).140-142 \/(D)J recombination produces populations of genetically distinct lymphoid
cells which survive and replicate upon antigen binding, analogous to the Darwinian
selection utilized in all SELEX derivations. Targeted epitope randomization through V(D)/
recombination allows the immune system to exploit a single validated structure—the
product of eons of evolutionary selection—for the discrimination of diverse antigens
within a single generation.

The logic behind epitope re-selection and structural recycling has been applied to
an alternative in vitro evolution technique to great effect. Phage display is the
fundamental method for the in vitro evolution of protein structure, and similar to SELEX,
numerous customized protocols have been designed.>*° The technique relies on targeted
insertion of random sequences within specific epitopes of select viral capsid proteins,
without perturbing the virion’s capacity to infect a replicating host. Rational
randomization of structural epitopes on a constant structural background allow for

unguided evolution of large combinatorial peptide libraries.

6.3 Caveats & Considerations
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There are two principle caveats to epitope reselection in small protein-binding
aptamers that must be considered, which residues should be randomized and if there is
sufficient heterogeneity in the number of those residue positions to evolve a new
interaction. Some structural information is necessary for epitope reselection to be
performed as described, and many aptamer-protein complexes--far more than the small
collection that has been crystallized--have been probed by low resolution structural
assays such as mutagenesis, hydrogen-deuterium exchange, UV-crosslinking, or the like.
However, limiting epitope re-selection to aptamers that have been crystallized in complex
with their original ligand may be the most fruitful option, as it provides the identity of
residues to randomize while ensuring the structure being recycled is at least stable
enough to be crystallized (often in the hands of structural biologists who did not perform
the original selection and characterization). Using crystallized aptamers exclusively does
exclude the vast majority of known aptamer sequences. One must also wonder what
structural bias is present in the current canon, and what—if any—structural motifs are
currently invisible and thus un-exploitable. Continued structural investigations will
expand the aptamer lexicon and amenable structural motifs.

Figure 6-4 presents the hypothetical reprogramming of 6Ntoggle by the
randomization of six interfacial residues responsible for direct ligand interaction.
However, complete randomization of those six residues provides just 4° (4,096) unique
interfacial combinations, a paltry number compared to the >42> combinations often
associated with aptamer selection. The question must be asked, does this approach

provide enough sequence heterogeneity to successfully reprogram an aptamer structure
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to bind an alternate protein by re-selection? Batey and colleagues were allowed the
heterogeneity of >20 positions of randomness in the 3WIJ ligand-binding domains of their
riboswitch re-selection (Figure 6-1).3%> As discussed, protein-binding aptamers are
smaller, providing fewer positions to randomize before the overall structure is lost and
the very concept of structural recycling breaks down. Assuming no cross reactivity—an
admittedly unrealistic assumption—a population of 6Ntoggle will only recognize 4,096
unique protein ligands. What are the odds a given protein-of-interest falls into this
exceedingly narrow slice of the universal proteome? In this regard, the conceptual
comparison to antibodies appears to similarly fall short, as the same degree of
randomization in protein would provide ~15,000-fold more diversity with 20® unique
combinations (though while 20" is theoretically possible, immunoglobulin CDRs display
significant amino acid bias).13%4% While the hurdle of homogeneity is problematic for
epitope recycling, we can imagine several mitigating solutions.

One way of expanding the heterogeneity of recycled structures in new re-selection
is to combine multiple epitope-randomized structures into a single compound library. As
of the writing of this manuscript, there are eleven empirically resolved structures of
native chemistry RNA aptamers complexed with protein ligands deposited in the PDB.
These structures range in R, count from 3 to 9, combining for a representative
combination of 526,144 unique structures if each were to be fully represented. This
approach does, however, forego homogeneity of length typically constant during SELEX.
The eleven aptamers vary in total length (Rr) from 20 to 59nt, with a maximum difference

between any two constructs being 19nt and a minimum difference of just 1nt. Visual

153



inspection of PCR and transcription integrity by gel electrophoresis during a compound
library selection will yield complex gel patterns. This may not be a deal breaker, but is a
major consideration that could make troubleshooting a fickle selection quite difficult.
Additionally, a compound library’s heterogeneity is additive not multiplicative, which
greatly limits its capacity to resolve the limited heterogeneity raised above. While 526,144
is already a 128-fold increase over 6Ntoggle alone, the heterogeneity is quite low for in
vitro selection. It is, however, readily expandable with time. Every structurally resolved
aptamer of compatible chemistry can be prepared (R. randomized and identical primer
sites extended) and added to the compound library, increasing the library’s value with
every new PDB-deposited structure.

One of the most attractive traits of aptamers is their ease of chemical
modification, which can directly replace specific residues during a structural recycling
experiment.3%%338 However their use for expanding heterogeneity in an epitope re-
selection experiment is laborious, as the mechanism of nucleobase fidelity in polymerases
restricts chemical exploration to a single modification per nucleobase per library. This
results in the same degree of heterogeneity (4% combinations per library in the case of
6Ntoggle), as exploring multiple modifications of the same nucleotide requires multiple
independent selections in parallel each with its own nucleotide pool. Modified
nucleotides expand the sampled chemi-structural space, but like a compound library are
additive not multiplicative. Additionally, enzymatic incorporation places a modified

nucleotide at every template position, including in the background structure which might
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be detrimental to the very structural integrity a recycling approach is intending to
preserve.

Increasing the heterogeneity while retaining original structure by inserting
residues in loops between critical structural elements may be possible in certain cases.
For toggle-25t, an insertion of 4 residues in the hairpin cluster may be modest enough to
retain helical structure of the aptamer, yet increase the population diversity of reselection
from 4° to 41°. Similarly, and perhaps more effectively, residue positions can be inserted
into the inter-plane loops of G-Quadruplex aptamers, drawing inspiration from the biased
libraries discussed.3®1383 G-Quadruplexes are common in protein-binding aptamers
(Figure 6-2.C), and for those that bind their ligands at inter-plane loops (such as TBA,
Figure 6-3.A), residue insertion may be highly effective for epitope re-selection. Figure 6-
6 shows hypothetical library designs that utilize various two-residue loop insertions to
expand heterogeneity in TBA recycling, which can be increased from 4% to possibly 413
combinations while retaining the core G-Quadruplex motif.

Perhaps the most promising approach for maximizing heterogeneity is an
expanded genetic code, which is, on the other hand, multiplicative and directly
compatible with targeted epitope reselection. “Hachimoji” (Japanese for “eight letters”)
is a recently developed eight-base code containing the familiar AT/UGC alongside two
additional synthetic purine-pyrimidine pairs (Figure 6-7).#2° The resulting expanded WC
interactions of dA:dT, dG:dC, dP:dZ, and dB:dS can be replicated (and transcribed into a
Hachimoji RNA) using polymerases evolved in vitro that accept the synthetic

nucleotides.””%410 |n the 6Ntoggle example, one could readily synthesize a DNA
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template that restricts dP dZ dB and dS to only the randomized interfacial positions,
expanding the heterogeneity of the reselected epitope from 4° to 8% without any
background structural alteration. Use of expanded code in aptamer selection will
incentivize the genesis of modified variants of these synthetic nucleobase pairs, further
expanding the chemi-structural sampling they provide. Expanded genetic codes are of
great interest in the fields of abiogenesis and synthetic biology, wherein they are critical
pieces of a large and complex puzzle with years still in the works. Minimalist SELEX, on
the other hand, requires only the code and compatible polymerases.**1=413 A convenient
expanded-code SELEX kit containing all of the appropriate reagents is not available
currently, but continued interest should drive these tools to ubiquity soon.

It is unlikely that all aptamers will be equally amenable, or even capable, of ligand
re-selection as described. Such aptamer-dependent conditionality that will likely result
can be gleaned from an examination of one particular riboswitch-ligand complex.4441>
The T. petrophila fluoride riboswitch is composed of complex high-order tertiary contacts,
stabilized by proper fluoride coordination within a water-cation binding pocket (Figure 6-
8). Interestingly, this critical water-cation complex is itself coordinated exclusively by
backbone phosphates of the riboswitch (Figure 6-8 inset). In other words, no single
nucleobase interaction is directly involved in fluoride binding, and thus by the very metric
presented in this document (Figure 6-2), there are no critical residues in this structure
that confer selectivity to fluoride binding. Clearly this cannot be the case. In fact, the
opposite—that every nucleotide is critical for proper overall backbone juxtaposition—is

likely closer to the truth. Does this observation extend to every aptamer-ligand structure?
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How influential are background structural residues for the juxtaposition of R, in conferring
ligand selectivity? How much variance in the capacity to be reprogrammed exists between
aptamer structures? Ultimately, as exemplified by the fluoride riboswitch, the capacity to
reprogram the selectivity of a ligand interface will be highly aptamer-specific, and trial

and error with these considerations in mind would be a prerequisite for success.

6.4 In silico Structural Prediction

Structural determination provides invaluable nuanced information and, following
the above discussion, opens numerous biochemical doors of optimization and
manipulation. While preliminary publications of novel aptamers rarely contain empirical
structural determination, many researchers attempt to discern at least some structural
information. Considering the small size and minimal tertiary contacts of aptamers, and
incompatible modified chemistries often used in their selection, experimental low-
resolution structural studies such as 2’-hydroxyl acylation analyzed by primer extension
(SHAPE), nuclease-protection, or Pb%*-dependent degradation assays are not easily
undertaken.?63416417 \When faced with these limitations, computational modelling and
structural prediction are commonly turned to. The current workflow of computational
prediction and in silico experimentation of aptamer structure begins after a complete
SELEX experiment has run its course and a sequence or family of sequences has been
identified. From here 2° structural prediction software is employed and tested by various
structural assays or mutagenesis. Some available programs produced a complete 3°
prediction, from which docking studies, molecular dynamic simulations and aptamer

optimization can be performed.312:313:316418419 This general experimental flow has been
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followed numerous times. Nucleic acid structural modelling, particularly for RNA, has
made great strides in the previous two decades. With this, the number of available
software packages and web servers for executing 2°/3° structural prediction is ever
growing. A proper discussion of the nuanced differences of each program and their
contributions is well beyond the scope of this manuscript, however several informative
reviews are worth further reading.429421

The current mainstay of computational structural prediction of nucleic acid or
protein is based on two approaches. The first relies on deterministic biophysical principles
governing nucleic acid fold and generates models with the assumption the lowest free
energy structure is most likely correct.*?> The prediction can only be as accurate as the
biophysical parameters that define its construction. Which is made extremely difficult by
the conformational flexibility, relatively weak tertiary interactions, and strong
dependency on cation identity and concentration that nucleic acid structures often
display. The second predictive approach assembles unknown structures based on
relatedness to the primary sequences of previously solved structures.*?3 This approach
requires a wide diversity of templates with determined structures, and further it assumes
closely related sequences will yield closely related structures. This is an assumption not
as reliable for nucleic acids as for proteins.?’ The sequence-structure relationship (also
referred to as genotype-phenotype relation) of nucleic acids remains very convoluted.
Whereas >99.9% of random ssRNA sequence will fold stably, only 2% of random peptide
sequence will do s0.2° While the absolute structural diversity of that 2% can adopt is

greater than the 99.9% of RNA, the sequence dependency is much higher—in other
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words, highly related protein sequences produce fewer, more similar structures than
highly related RNA sequences. These results suggest RNA to be a better equipped
evolutionary vector than protein for sampling subtler diversity in phenotypic space from
substantially larger genotypic space. This supports both the RNA World hypothesis and
the merits of aptamer selection by SELEX. Unfortunately, it also makes accurate structural
prediction of nucleic acids quite difficult.

Structural biology is on the precipice of a third approach, which in time will surely
supersede alternative methods as the dominant tool for all biophysical questions which
require structural information. The winners of the critical assessment of protein structural
prediction 2020 (CASP-14) were announced in November 2020, with Google’s artificial
intelligence offshoot DeepMind taking first place with their machine learning algorithm
“AlphaFold2”.4%* The same group won CASP-13 in 2018 with Alphafold(1), however the
success of AlphaFold2 is such a dramatic improvement as to be considered the beginning
of a new revolution in structural biochemistry.#?4%%¢ As with any machine learning
algorithm, AlphaFold2 uses large sets of experimentally derived data--in this case the
entirety of protein structures deposited in the PDB--to generate and train an algorithm
for structural prediction. A machine learning algorithm such as AlphaFold2 does not
require or directly provide any basic biophysical knowledge as to why a given sequence
folds the way it does, just that a particular structure is likely based on previous training
input of related sequence. While the chemical and biophysical principles governing
protein folding remain to be completely elucidated, ubiquitous access to plug-and-play

webservers that can quickly provide accurate three dimensional structures from nothing

159



but sequence is indeed a revolution for all biochemical research, from basic mechanism,
to diagnostics, to drug development and therapeutic intervention.

Machine learning for the structural prediction of nucleic acids has similarly been
an active area for several years.*?’-42% Successful development of machine learning-based
approaches for structural prediction bypasses the otherwise necessary elucidation of
governing biophysical principles that determine nucleic acid structure. Contemporary
prediction is complicated for the reasons discussed. However the principle reason may
simply be the dearth of intellectual and financial investment in solving nucleic acid
structures, much of which can likely be traced to the 40 year window wherein it was
known that proteins had the unique structures which nucleic acids simply coded for. The
differential investment is obvious from the numbers of respective structures deposited in
the PDB (~170,000 for protein and ~3,500 for nucleic acid, at the time of this writing). The
efficacy of machine learning algorithms are directly related to the depth and breadth of
their training data. For nucleic acids, training data is the limiting factor. While deposition
of nucleic acid structures is accelerating, it may be years yet before enough structures of
sufficient diversity are solved to allow for a machine learning “AptaFold” or equivalent.
This problem is further exaggerated for aptamer structures which contain modified
nucleotides, which contain widely divergent and unique structural elements, and for
which there are significantly fewer crystal structures.!®'*3 Continued interest and
investment in aptamer selection and structural characterization will result in increased

power, speed, and most importantly, accuracy of computational tools for nucleic acid
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structural prediction. This will further expand the availability of aptamer selection and

utility, possibly leading to the aptamer holy grail: completely in silico SELEX.

6.5 The Democratization of Affinity Reagents

The ability to selectively bind a molecular target of interest is a foundational
requirement of all biochemical research. To meet this need, researchers have generally
turned to specialized biotechnology corporations which have spent decades engineering
proprietary hybridomas for monoclonal antibody production and purification, targeting
much of the human and common model animal proteomes. Antibodies are among the
most valuable and commonly used biological research tools, with a projected market
value of $5.3 billion by 2027 according to the market research firm Reports And Data.
Four decades of entrenchment as the affinity reagent has lulled researchers into generally
accepting that antibodies bind their self-reported target ligands with infinite affinity and
100% selectivity, leading to a recent crisis in reproducibility.*3° Despite their perceived
ubiquity, many academic laboratories work in model systems wherein the commercial
availability of an antibody with even questionable reliability is an unknown luxury, with
outsourced custom antibody generation remaining prohibitively expensive. While
antibodies will continue to be essential tools, they will remain biologically-derived
immune system components being utilized in ways not naturally intended. It is becoming
increasingly clear the batch variability and unreliable selectivity are reoccurring problems,

and increased stringency or, better yet, effective synthetic alternatives are needed.
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Against this backdrop aptamers have made promising but quiet alternatives for
three decades. Aptamers are small, stable, inexpensive, reversibly denaturable, and
chemically modifiable nucleic acid structures, capable of affinities and selectivities greater
than that of antibodies. Perhaps most attractive however are aptamers’ comparatively
simplerin-house genesis by SELEX, and the ease of their dissemination by sequence alone.
Yet despite the alluring theoretical simplicity of classical SELEX, knowledge of aptamer
existence, let alone their utilitarian potential as research reagents and clinical tools
remains regrettably low.

Some of this can be attributed to what Geoffrey Baird has referred to as “the
thrombin problem”, referring to the fact that in the preceding 28 years since TBA was first
selected, thousands of publications from as many research groups have been released
that describe some twist on aptamer application or modification or G-Quadruplex
property using TBA as a model structure.*3! TBA was the first DNA aptamer as well as the
first to target a protein ligand without physiological nucleic acid interaction. The
excitement of TBA was accentuated by its simplicity, just 15nt of guanine and thymine
folded into a small G-Quadruplex (making it additionally the first G-Quadruplex containing
aptamer.234236 These firsts were groundbreaking for aptamers and SELEX as concepts and
for nucleic acid biochemistry more broadly, and numerous investigations of TBA
structure, function, and manipulation were merited. However, the excitement of TBA led
reputable journals to publish nearly any manuscript submitted that contained TBA. The
nearly guaranteed publication paired with ease and cost of purchasing TBA (one can

obtain 100nmol of a 15nt DNA oligonucleotide within a week for ~$10), incentivized
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aptamer researchers to invest in “novel” ways of manipulating TBA instead of riskier
endeavors such as performing SELEX against any other protein target. Similar trends of
obsession can be observed following publications of other now popular models like anti-
cocaine, ATP, or PDGF aptamers. Through these targets, aptamers have become victims
of their own success.

While aptamers maintain all the same desirable traits that lead to their conception
and early excitement, de novo aptamer identification is currently monopolized by
specialized research groups. New aptamers against novel targets continue to be published
regularly. However a second renaissance is needed, heralding new therapeutic aptamers,
and more universally applicable aptamer-based research methodologies. Most
importantly however, is an increased democratization of novel aptamer identification.
Any technique that expands the breadth of interest or contracts both the time and risk of
selection is a boon to the scientific community as a whole. With a continued interest in
aptamer selection and commitment to expand the diversity of aptamer functional utility,
itis reasonable to envision a world of biochemical research where novel in-house aptamer

selection is as standard a practice as molecular cloning and protein purification.
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Guanine c-di-GMP Hammerhead

Figure 6-1 Targeted Epitope Reselection of 3WJ Domains in Natural Ribozymes and Riboswitches.
Presented are the structures of the guanine and c-di-GMP riboswitches and Hammerhead ribozyme
reprogrammed to bind 5HTP and L-tryptophan by Porter et al 2017. Grey residues were held constant, providing
the structural scaffold within which red residues (binding native ligands shown in blue) were randomized to
reprogram ligand selectivity by in vitro re-selection. PDB IDs presented
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Figure 6-2 Analysis of Nucleobase-Ligand Interactions of Structurally Determined
Riboswitch/Aptamer-Ligand Complexes. Critical ligand interacting residues (R.) were compared to the
total number of residues in the construct (Rr), for aptamers and riboswitches (excluding three solved
structures for ion-binding riboswitches). (A) Analysis of Rt showing that aptamers are generally smaller,
and (B) exploit ~2/3 the number of residues required by riboswitches. (C) Analysis structural elements of
PDB deposited protein-binding aptamer structures.
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Figure 6-3 Structural visualization of Minimalist Aptamer-Protein Interactions. (A) The small 15nt TBA
(cyan) contacts a-Thrombin (grey) with 4 thymine residues under the bottom plane of its G-quadruplex
motif (PDB 4DIH). (B) “Spinach” aptamer (green) containing a 5nt recognition sequence crystallized in
complex with an RNA-binding Fab (grey; PDB 4KZD). The two cases show how minimal aptamer residues
are sufficient to confer high affinity interactions with protein ligands.
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Figure 6-4 Example Experimental Outline of Targeted Epitope Re-Selection. (A) Structure of “toggle-25t”
aptamer in complex with a-thrombin. The aptamer-ligand interface reveals only six residues in two small
clusters contribute selectivity to thrombin, yielding Ko ~ 0.5nM. (B) The RL nucleobases in toggle-25t are
better visualized without thrombin, labelled and colored in blue. (C) A basic experimental flow path is
presented. The red asterisk denotes primer docking sequences from the original selection of toggle-25t
(White et al, 2001). This scheme prevents unnecessary PCR optimization, and mitigates the chance of primer
sites becoming structurally integrated into a final aptamer.
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Figure 6-5 Analysis of ykkC Riboswitch Motif Subclasses. Despite dramatic chemical differences in their
respective ligands, high degree of structural conservation is observed between alignments of guanidine
(5T83), phosphoribosyl pyrophosphate (6CK5), and guanosine tetraphosphate (6DMC) riboswitches. The
modular ligand binding domain, composed of helices P3 and PO, displays the widest sequence divergence.
Nomenclature of the P3/P0 domain borrowed from Knappenberger et al 2020.
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Figure 6-6 Library Design Considerations for Targeted Epitope Re-Selection of TBA. TBA aptamer binds
a-thrombin via four thymine residues below the G-quadruplex plane (Figure 6-3A). Randomizing these
residues exclusively allows for reselection of the basic structure against an alternative protein ligand. To
increase the heterogeneity of a selection, and thus expand the proteome of potential novel protein ligands,
inter-plane loops can be lengthened as well as randomized. The 11 various possible libraries with 2nt loop
insertions are presented. Red dots represent a randomized position, black dots are constant and identical
to the original sequence of TBA (which is shown in the center structure). Libraries with randomization in all
three loops may require biased nucleotide availability during synthesis which disfavors guanine. This would
limit additional G-quadruplex plane formation and deviation from the validated TBA structural motif (Zhu

2012, McManis 2013).
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Figure 6-7 The Eight Hachimoji DNA and RNA Bases and their Respective Base-Pairing.

170



PDB 4ENC

Figure 6-8 Analysis of the Fluoride Riboswitch (PDB 4ENC). A minimalist structure of the fluoride riboswitch
of T. petrophila is shown. Inset stereo view shows the specific binding of a fluoride ion ligand (green)
coordinated by three magnesium ions (pink), a single potassium (yellow), and 7 waters (blue). This
metal/water coordination complex exclusively interacts with the riboswitch backbone (phosphate oxygen in
red). The resulting complex is an interesting situation wherein no single residue confers ligand selectivity, yet
many residue’s specific juxtaposition is necessary to promote the metal/water complex binding pocket and
fluoride selectivity.
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Formatted Publications

This chapter contains the research and discussion presented in Chapters 2—-4, displayed
with their final formatting as published in the journal Chemical Communications.

Citation numbers this chapter are self-contained and consistent with the original
publications. Citation numbers in this chapter do not correspond to citation numbers in
the preceding Chapters 1-6. References for Chapters 1-6 are contained in Chapter 8 of
this dissertation.
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Spinach aptamer flucrescence reguires foermation of a tripartite
complex composed of folded RNA, a GFP-like fluorophore, and
selective cation coordination. 2'F pyrimidine modified Spinach has
retained fluorescence, increased chemical stability, and accelerated

iti iati d G-quadruplex dynamics, thereby
reducing readout time and enhancing Spinach utility for aqueous
Pb** detection.

The fluorescent RNA aptamer “Spinach” contains two stacked
G-quadruplex planes stabilized by cation binding (Fig. 1A}
Spinach was selected to bind 3,5-difluoro-4-hydrosybenzylidene
imidazolinone (DFHEI), a synthetic derivative of green fluorescent
protein chromophore, using the aptamer selection technique SELEX:
systematic evolution of ligands by exponential enrichment.”™ Two
structural studies revealed a unique non-parallel G-quadruplex that
is coordinated with K™ jons."* When folded, DFHBI docks on the
Gquadruplex motif wa nine hydrogen bonds that stabilize the
cis-conformation, facilitating fluorescence.” Folded RNA, coordinated
cation, and docked DFHBI are all essential to form the tripartite
complex necessary for fluorescence.

Interactions between Pb*" and stacked G-quadruplex motifs
are well documented.*® One Pb*" atom docks between two
successive G-quadruplex planes stabilizing the structure.”®
Fhysiologically, G-quadruplex are observed in coordination with
K', however several other cations stabilize the structures.”* Pb**
also interacts with non Gquadruplex motifs, facilitating catalysis of
synthetic nucleic acids.™" Specific and selective interactions
between nueleic acids and metal cofactors is critical for DNA and
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Fig.1 (A) Spinach construct: cartoon of spinach. Flattened projection
is color coordinated with 3D structure (adapted PDB 4kzd?): green and
blue are stern loops, orange is G-guadruplex; eyan molecule is DFHEI
yellow is Po®". {B) Ribose fluorination: modified ribose differ by a fluorine
at C2. (C) Fluorescence: 2'0OH WT and 2'Fpyr facilitate OFHB| Ex/Em at
468/501 nm. Gel inset deplcts RNA integrity. (D) Circular dichroisrm:
comparison of CD spectra showing structural similarity.

RNA structure and catalysis in natural and synthetic structures. Both
are of interest in understanding the evolution of the central dogma
of molecular biology and the role of nucleic acids therein.''"*

Spinach was proposed as a tool for fluorescent detection of
soluble Pb*"."* The convenience of nueleic acid sensors is
attractive, yet the chemical instability of RNA—especially for
environmental sample analyses—complicates its utility. RNA has an
additional complication of Pb*-catalyzed degradation.™ Difficulties
of using RNA sequences as experimental tools in vitro has led to
the use of modified nucleotides.’™* We hypothesized modified
nucleotides may provide similar avenues for chemical improvement
to Spinach for use in in vitro applications. Of the various available
modifications, ribose C2 fluorination (2'F) is among the most
convenient and economical.

Ribose with a fluorine substitution favors a 3'endo pucker, allow-
ing for structural rigidity comparable to 2'OH RNA." Yet, a 2'F
modification abrogates nudeophilic attack on the phosphodiester
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backbone at modified positons, increasing chemical stability com-
pared to 2'0OH RNAY A mutant T7 RNA polymerase was used to
transeribe “2'OH WT" or “2'Fpyr” Spinach, the latter transcribed
with equimolar ratios of 2'OH purine and 2'F pyrimidine tripho-
sphates [see ESIT).”™"* 2'Fpyr contains a 2'F ribose on 34 residues
(40%) of the sequence (Fig. 1A and B).

To examine whether 2'Fpyr retains properties similar to
2'0H WT, fluorescent and circular dichroism (CD) spectro-
scopies were used. Despite having 34 fewer potential donor
hydrogen bonds, 2'Fpyr docks DFHBI and facilitates its fluores-
cence, albeit with loss of ~35% (Fig. 1C), and takes an overall
structure similar to 2'0H WT (Fig. 1D). Though reduced
sharpness and intensity at 210, 224, and 264 nm in the spectra
suggests diminished G-guadruplex compaction.”® Additionally,
2'Fpyr Spinach displayed similar cation selectivity as 2'0OH WT
(Fig. 51, ESIT). Together, the data provide functional validation
of 2'Fpyr, showing it to be comparable to 2'0H WT.

We next investigated the relative changes in chemical and
structural stability between the constructs. The ubiquity and stability
of ribonucleases complicate the use of RNA as a probe in physiolo-
gical or environmental samples. We therefore examined the com-
parative stabilities of the constructs in the presence of purified
BNase A, wherein 2'0H WT is more than 99% degraded in
5 minutes, while 2'Fpyr is less than 50% degraded in 5 hours
(Fig. 2A). Pb** catalyzed RNA hydrolysis is well established, though
the mechanism is unclear."™" To test relative resistances to Pb™'-
catalyzed degradation, we exposed the two construets to 500 uM Pb*"
at 37 "C (Fig. 2B). 2'Fpyr displayed increased resistance to Pb™,
degrading ~3 fold slower than 2'0H WT. The relative structural
stability of the G-quadniplex was measured by decrease in fluores-
cence signal with temperature, which is proportonal to reduced
tripartite complex stability, as loss of RNA structure or binding of
either ligand results in complete loss of fluorescence. 2'F chemistry
reduces G-quadruplex melting by ~7 “C (Fig. 2C). While previous
investigations suggest that electron withdrawing 2'F ribose modifi-
cations increase the stability of Watson-Crick bound RNA
duplexes,”** the specific constraints of 2'F on G-quadruplex strue-
tures have yet to be explicitly explored. Our data show that while 2'F

® 1w m
Time (i)

Temeralure ()

" Tl'ng\(m d;s]
Fig. 2 (A) RMase A-dependent stability: gel inset shows time-dependent
aptamer degradation of single experiment (minutes). Graph plotted fram
densitometry guantification of three replications. (B) Pb**-Dependent
stability: gel inset shows time-dependent aptamer degradation of single
experiment (minutes). Megative control is 240 minute incubation withaut
PB®*. Graph plotted from densitornetry guantification of intact aptamer
band i three replications. [C) Thermal statlity: melt curves are readouts of
tripartite complex stability.
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enhances chemical stability of Spinach, the thermal stability of this
G-quadruplex orientation is reduced.

Preliminary fluorescence studies revealed a consistent increase
in signal after Pb*" addition, even tens of minutes after initial scans.
To explore this, we compared binding kinetics of the tripartite
components required for fluorescent readout. First, the kineties of
DFHEI association were investigated by mixing 10x concentrated
DFHBI with a solution of Spinach RNA folded with Pb*, with
fluorescence immediately recorded (Fig. S2A, ESIt). The resulting
kinetic fits are similar, with DFHBI saturating 2'0OH WT and 2'Fpyr
at similar rates, which—for 2'OH WT—agrees with previously
published data.** Reciprocally, constructs were folded with DFHEI
in an “Apo™ state without Pb**, then mixed with 10x concentrated
Pb*" and monitored similarly. 2'O0H WT required more than
200 minutes to reach fluorescent saturation. In contrast, 2'Fpyr
saturated within 40 minutes. k. values were acquired from mono-
exponential fits for a range of Pb** concentrations (Fig. 3A). Third,
RNA was folded without either DFHBI or Pb**, both were then
added and fluorescence recorded. This resulted in a slow mate of
fluorescent gain similar to the Pb* additon (data not shown),
suggesting cation binding is rate limiting for fluorescence. Linear
regression of &, values from Pb** concentrations plotted against
corresponding sums of Pb*" and RNA concentrations provides k,,
and k_ (slope and y-intercept, respectively) (Fig. 3C).~ We obtained
kinetic values for 2'OH WT and 2'Fpyr, ko = (4.77 % 10° M ' 577,
ko = (5.17 % 1077 57%), and ko, = (3.02 x 10° M s7Y), kg =
(5.93 = 107 s '), respectively. These yield a calculated K,
(termed K:"%) equaling 10.8 pM, and 19.6 uM, respectively,
consistent with previous work.™

Prior studies presenting 2'OH WT Spinach fluorescence have
consistently reported experimental time-scales shorter than
15 minutes."” Our data suggests such an approach would produce
artificially suppressed fluorescence readouts. To estimate the mag-
nitude of this suppression we determined a series of theoretical K,
(termed Kp™) values for various time points within the kinetic fits
(Fig. 52B, ESIf) (see Methods, ESI). The various K values were
then compared to the K'[_?lr, with the difference between the two
presented as a percent error of K5, In 10 minutes, K™ for 2'Fpyr
was found to be within 2% of K5 In the same time, 2'0H WT
KB* deviated from K5 by 196%. 2'0OH WT did not produce a
K within 10% error of its K= for 180 minutes. Accelerated
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Fig. 3 (A) Binding kinetics of Pb*": fitted fluorescence profile of 20 pM
Po® mixed with folded 0.5 uM Apo RNA. (B) Hop, ve [PE*" + RMAL Kop,
values of multiple Pb** concentrations platted against the sum of Pb** and
RNA in each experiment. Linear regression provides kg, values {slope) and
keoey (y-intercept), from which Ky is caleulated.
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association kinetics is advantageous for the detection of Pb** in
samples with unknown RNase capacity. More importantly, however,
is the increased internal consistency of 2'Fpyr fluorescence over a
shorter time scale. Despite the potential limits of RNA for Pb*
detection, fluorination produces interesting kinetic results with
potential utility as of yet unexplored.

To understand reasons for the differences in kinetics of Pb**
binding between the two constructs, we employed molecular
dynamic (MD) simulations. The structure of 2'0H WT Spinach
(PDB 4kzd) was used to generate a model of 2'Fpyr (see ESIT).*
The two construets were subjected to a 10 nanosecond simulation
using AMBER ff14 RNA force field in both Apo and Pb*'coordinated
states.*® When coordinated with Pb* both 2'OH WT and 2'Fpyr
showed similar conformational rigidity over the 10 ns simulation
(Fig. 4). However, in the Apo state 2'Fpyr showed drastic local
reduction in G-guadruplex compaction compared to its Fb*™ bound
state and the Apo state of the 2'OH WT (Fig. 4B, C and Fig. 83, ESI{).
MD results agree with CD analysis (Fig. 1D), thermal stability
(Fig. 2C), and the accelerated Pb*" binding kinetics (Fig. 3B
and C). Molecular breathing of the G-quadruplex residues could
facilitate faster association by reduced steric occlusion and altera-
tions in localized electrostatics.

The 2'OH groups of RNA contribute to both entropic and
enthalpic aspects of RNA stability. Electrostatic repulsion
between 2" and 3' oxygens shifts the ribose pucker equilibrium
in favor of 3'endo orientation, providing rigidity to intricate
RNA architectures DNA cannot favorably maintain. The 2'0H
is additionally capable of donating one and accepting two
H-bonds, interacting with nucleobases and backbone phosphates
in long range interactions promoting favorable non-Watson-Crick
interactions not observed in DNA. Electronegativity of the hydrosxyl
contributes to the highly negative charge of RNA, enriching and
complicating electrostatic interactions involved in folding and
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Fig. 4 (&) G-guadruplex H-bonds: sehematie of 16 guanine H-bonds of
the two G-guadruplex planes. Red and blue correspond to bottom and top
planes, respectively. (B) Percent retention: H-bonds retained after 10 ns
simulation as percentage of starting count. H-bonds extended beyond 2.5 &
in the simulation are considered broken. Background structure H-bonds
calculated as the difference between total and G-guadruplex. (C) 3D
visualization of distances: left plots are 2'0OH WT, right are 2'Fpyr. Top
depict RMA simulations in coordination with Pb®* and bottom are Apo.
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ligand binding. 2'F ribose similarly favors 3'endo pucker confor-
mation enabling comparable entropic rgidity. Additionally,
organic fluorines are weak hydrogen bond acceptors and may
replace a 2’hyroxyl in limited capacity.*** Yet 2'fluorine moieties
cannot donate a hydrogen bond, and the increased electro-
negativity of fluorine may alter localized electrostatics in ways
incompatible with certain secondary or tertiary interactions.
Given these considerations, it is surprising a direct replacement
of 2" chemistry in Spinach retains secondary structure and
fluorescence without sequence optimization.

The Spinach tripartite complex presents an interesting paradigm,
bringing together concepts of folding, equilibrium dynamics,
affinity, and cooperativity. Our experimental data—CD, thermal
stability, kinetic association—and MD simulations suggest
cation association drives G-quadruplex stability and is the rate
limiting step of fluorescent complex formation. MD simulations
of 2"0H WT suggest G-quadruplex instability is independent of
cation presence, which is unexpected given our observations that
Spinach does not fluoresce without a coordinating cation. This
raises interesting questions about possible long-range inter-
actions between a coordinated cation and DFHBEI through the
G-quadruplex plane, independent of G-quadruplex structural
stability. While revealing, our data does not completely elucidate
the relationship between cation coordination and DFHBI
fluorescence and additional investigations are merited.

In this work 2'F is limited to pyrimidines, and not present
on the guanine nucleotides in the G-guadruplex, and the
retention of ~60% of 2'0OH chemistry in modified 2'Fpyr leaves
the construct vulnerable to spontaneous alkaline or Pb**
dependent hydrolysis at those positions. The dramatic increase
in chemical stability upon just pyrimidine fluorination suggests
complete modification of the construct with alternative 2
chemistry at every position may further increase chemical
stability of the structure. However, given differences in hydro-
gen bond capacity and electrostatic character of a completely
modified RNA structure, it seems unlikely that total modifica-
tion would be possible without sequence optimization.

Our data demonstrate residues proximal to G-gquadruplex
have significant influence on the properties of the final motif.
Hence, it may be possible to rationally tune G-guadruplex
properties and ligand binding by altering proximal residues with
modified chemistries, or in combination with sequence altera-
tions. This will be increasingly feasible with characterization of
novel G-guadruplex conformations in future SELEX experiments.
The exploitation of modified nucleotides opens up new avenues
for the investigations of G-quadruplex biology, and further
broadens the expansive toolbox of nucleic acid biosensors.™

To our knowledge, this work represents the first investigation of
2'F nucleotides in a synthetic fluorescent RNA structure. Since the
initial publication of Spinach, SELEX experiments have produced
additional fluorescent RNAs: optimized Spinach derivatives such
Spinach2, iSpinach, and Broceoli, and independent structures
Mango, and Corn.** ™" Interestingly, all of these have converged
on derivatives of this stacked G-quadruplex motif, highlighting its
importance as an ideal orentation for fluorophore docking. Our
studies suggest that G-quadruplex folding, fluorophore docking,
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altered kinetics, and affinity for cation association with modified
nucleotides is a promising approach for functional modification of
alternative RNA aptamers with stacked G-quadruplexes. Optimized
Spinach derivatives share conserved sequences in the G-quadruplex
core. Despite this, the constructs have varying ligand affinities,
thermal stabilities, and DFHBI fluorescent maxima. The compara-
tive properties of these related structures raise interesting questions
about the longrange influence of Watson—Crick duplexes,
G-quadruplex proximal residues, and altered electrostatics on the
tripartite complex formation and fluorescence. This growing class of
synthetic fluorescent aptamers remains underutilized as in vitro
tools, and although it remains to be seen whether fluorination of
these perturbs their folding, fluorescence, or dimerization, our
findings with Spinach necessitate exploration. Increasing the
chemical stability of these RNAs, while retaining their fluorescence
for use in vitro through modified nucleotide chemistry, is a valuable
expansion of their experimental utility.

‘While 2'Fpyr displays reduced thermal stability compared to
2'0H WT (Fig. 2C), fluorescent-based kinetic studies revealed
Pb** associates with 2'Fpyr seven fold faster than 2'OH WT (Fig. 3).
Increased chemical stability allows for sensor utlity over longer
time-scales despite the observation that faster association kinetics
enables Pb*" visualization on a shorter time frame, before RNA
hydrolysis can become an issue. Accelerated kinetics of 2'Fpyr result
in internally consistent fluorescent signal in 10 minutes, whereas
2'0H WT requires greater than 90 minutes before the kinetics are
within 50% error of saturation conditions (Fig. 52B, ESIf). MD
simulations suggest 2'F reduces compaction of the G-quadruplex in
the absence of Pb*" (Fig. 4C and Fig. 83, ESIt). Increased movement
of 2'Fpyr G-quadruplex Apo state explain experimentally observed
changes in CD and fluorescence spectra, reduction in thermal
stability, and accelerated binding kinetics with Ph™",

Accurate and rapid detection of heavy metal toxins is a public
health necessity, with soluble lead of particular importance.*
Classical approaches for lead quantification—Atomic Absorbance
Spectrophotometry (AAS) and Inductively Coupled Plasma Mass
Spectrometry (ICP-MS)—are associated with prohibitive costs. "
Fluorescence is a comparatively simpler approach.**" We present
a improvement of Spinach for Pb*" detection. 2'Fpyr displays a
dramatic increase in chemical stability in the presence of
ribonuclease and Ph**, both of which pose a significant liability
for RNA utility,. We propose pyrimidine fluorination is a
chemical improvement of Spinach for in vitro Pb*" detection,
with 2'Fpyr Spinach displaying increased chemical stability and
internally consistent fluorescent signal over shorter time scales.
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Supplemental 51: A) Sequence Identity: cDNA of Spinach constructs
were sequenced by Sanger sequencing validating integrity of the
transcripts generated by T7 RNA polymerase variants and modified
nucleotides (T7 promoter sequenced is underlined in red). B) LC-MS:
Spinach Constructs analysed by Liquid Chromatography—Mass
Spectrometry to validate sample identity. 2'0H WT sample composed
of two species differing by a single 5' terminal guanosine, likely due to
T7 RNA polymerase slipping. Mass shift between 270OH WT and 2'Fpyr
constructs corresponds to fluorination of pyrimidine residues.
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Supplemental 52: Cation Selectivity: Spinach constructs were folded in
the presence of DFHBI and various cations. Both constructs show
similar fluorescent yield with each cation, showing the strongest
preference for Pb* in the micromolar range. Inset: physiologically
relevant cations were also investigated in 100mM concentrations. Both
constructs show similar preferences. All cation solutions prepared from

CI salts for consistent background.
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Supplemental $3: A) Binding Kinetics of DFHBI: Fluorescent gain after
20pM DFHBI mixing with folded 0.5uM RNA pre-incubated with Pb?.
Colored lines are monoexponential fits. B) Percent error of fitted Ko vs.
Time. Ko values determined (Ko™) at specified time windows 5, 10, 20,
30, 40 (2'Fpyr and 2'0OH WT), 60, 90 120, 150, 180, 200 min (2'0H WT
only). Deviation from calculated Ko (Ko™ calculated at saturation for
2'Fpyr and 2'OH WT, 40 and 200min, respectively) at each time point is
presented as percent error of K;™*, and is calculated as [|Ko™ - Ko®<|/
Ko™*)*100. Lines are monoexponential fits.
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Supplemental 54: Detection Limit: Pb* was detectable by fluorescence
down to 10nM by both Spinach constructs. Inset: Linear regression of
Pb** detection by both constructs for Pb* concentrations between

50nM and 30puM.
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Supplemental S5: Structural Comparison of G-quadruplex at 0 and 10ns:
Images correspond to 2’0OH WT and 2'Fpyr both in coordination with Pb2*
and in Apo states. Green and purple correspond to Ons, and cyan and
magenta correspond to 10ns.

Methods

In vitro Transcription: RNA transcripts were prepared using linear
dsDNA PCR templates, using the forward strand sequence (T7
promoter is underlined): 5 —GCGCGCGAATTCTAATACGACTCAC
TATAGGAGGACGCGACCGAAATGGTGAAGGACGGGTCCAGTGCGAAA
CACGCACTGTTGAGTAGAGTGTGAGCTCCGTAACTGGTCGCGTC—3'.
Reactions assembled at room temperature, in the following order,
to final concentrations of: water, 1X T7 RNAP transcription buffer
(NEB), 2.5-5% DMSO, 24mM MgCl;, 4mM each rNTP (2'OH purines
and 2°0OH pyrmidines from NEB, 2'F pyrimidines from Trilink
Biotechnologies), 15-25ng/ul dsDNA, 5mM DTT, 1U/ul murine
RMase inhibitor (NEB), 2.5mU/pul yeast inorganic pyrophosphatase
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(NEB), 5U/ul WT T7 RNA polymerase (NEB) or 1.25U/ul mutant T7
R&D polymerase (Lucigen, Inc). RNA was transcribed at 42°C for 24
hours, and observed on a 4% agarose TBE gel. Target transcript
band was purified by gel excision and electro-elution in dialysis
tubing, and dialyzed against 25,000X volume of 10mM Tris (pH 8.0)
for 22 hours at room temp. RNA was cleaned with three successive
mixes with acidified phenol:chloroform:isoamyl alcohol (Ambion),
then precipitated in 0.3M sodium acetate (pH 5.2) with either 250%
isopropancl or 275% ethanol at -20°C for 22 hours. RNA was
pelleted by centrifugation (16.1k x g for =30 minutes at 4°C),
washed with ice-cold 70% ethanol and centrifuged again (16.1k x g
for 210 minutes at 4°C). RNA pellets dried at 37°C and suspended in
RNase free 20mM Tris (pH 8.0), quantified by UV-absorbance at
260nm or fluorescence (Qubit, Invitrogen), and stored at -80°C.
Based on current reagent prices and our average recovery efficiency
at a low scale of transcription, we calculate 2'Fpyr modified RNA to
be ~2-4 fold more expensive per unit mass than 2'OH unmodified.
Unless otherwise stated, all RNA experimentation was performed in
a standard base buffer solution of 20mM Tris (pH 8.0), 5SmM MgCl;,
20uM DFHBI. Prior to experimental use of frozen samples, RNA was
folded following a basic protocol: Dilution in buffer then successive
thermocycler incubations at 85°C (20sec), 50°C (1min), addition of
DFHBI, 37°C (1min), 25°C (230min).

RT.PCR: RNA constructs were reverse transcribed and amplified
using NEB OneTaq OneStep RT.PCR kit following manufacturer
protocol. PCR cycling conditions as follows: 48°C (30min), 95°C
(1min), 25cyles at 95°C (20sec) 63°C (30sec) 68°C (30sec), 68°C
(10min), 4°C. RT.PCR amplicons were gel purified as described
above and ethanol precipitated, before ligation into a TOPO.pca2.1
TA sequencing vector (Invitrogen) and used for transformation of
DHSa E. coli. Sanger sequencing was performed commercially by
Eurofins Scientific.

Liquid Chromatography—Mass Spectrometry: LC-MS
experimentation and analysis performed commercially by Novatia,
LCC, using a Dionex UltiMate HPLC and Thermo Finnigan LTQ mass
spectrometer.

Circular Dichroism Spectroscopy: Measurements were performed
on an Aviv 202 CD Spectrometer at 20°C. RNA samples were folded
and prepared similarly to fluorescence based experiments. SpM
RNA samples were scanned in 1mm quartz CD cuvette from 320 to
185nm by 0.25nm steps, with a 2 second integrated read per step.
Data presented as average of three individual scans. Contral scans
of DFHBI in buffer subtracted from RNA spectra. Values plotted in
GraphPad Prism 5.

Chemical Stability Measurements: RNase-dependent: 0.5uM RNA
was folded as described in standard spinach buffer without lead.
RNA was incubated with purified RNase A (Qiagen) at a final
concentration of 1.25mU/pl at 25°C. 10ul samples were removed
from pooled incubation at designated time points quenched with
10mM EDTA, and 2X DNA loading dye (Thermo Scientific). Samples
were run on a 3% agarose TBE gel, stained with Sybr Gold nucleic
acid dye. Band intensities were quantified by densitometry with
Image Lab software and plotted in GraphPad Prism 5. Ph?-
dependent: 0.5uM RNA was folded as described in standard Spinach

buffer solutions, and incubated with or without 500uM Pb2* for 4
hours at 37°C. 10ul samples were removed from pooled incubation
at designated time points, quenched with 10mM EDTA, and frozen.
Samples were run on a 3% agarose TBE gel, stained with Sybr Gold
nucleic acid dye. Band intensities were quantified by densitometry
with Image Lab software, and plotted in Graph Pad 5.

Thermal Stability Measurements: Thermal melting was observed
using an ABI StepOne Real Time PCR Thermocycler. 0.5puM RNA was
folded as described in 20mM Tris (pH 8.0), 5mM MgCl;, 50puM
PbCl;, 20uM DFHBI, 1% DMSO, and loaded in 20pl volumes in
triplicate wells in an ABI brand 96 well QPCR plate. Fluorescence
was measured in the Sybr Green Ex/Em channel from 4°C to 70°C at
a 2% gradient. Control scans of DFHBI in buffer subtracted from
RNA spectra. Fluorescent values averaged and plotted in GraphPad
Prism 5.

Fluorescence Measurements: All fluorescent measurements were
performed on a Photon Technologies International QM-1 steady
state fluorescent spectrophotometer. Samples were prepared at
stated concentrations and excited at 468nm, at 20°C held constant
by a circulating water bath, in 2 2Zmm quartz fluorescence cuvette.
Kinetic experimentation was performed by rapid, in-cuvette mixing
of folded Apo-state RNA in buffer and 10% vol. of 10X PbCl; in
water. Emission at 501nm was read every 29.5 seconds with a 0.5
sec shutter exposure. Ko™" values were determined using ko and
ko# determined under steady state fluorescence conditions, at
200min and 40min for 2'0OH WT and 2’Fpyr, respectively. Kg™"
values were determined by excluding data beyond stated time
points, and refitting to generate new theoretical k.. at those time
points. Control scans of DFHBI in buffer subtracted from RNA
spectra. Fluorescence data was plotted and fit in GraphPad Prism 5.

Modelling and Molecular Dynamic Simulations: Spinach aptamer
(PDB 4kzd) without co-crystalized Fab was used as the template for
modelling and MD simulations. 2'Fpyr construct was modelled by
direct chemical replacement of the C2 hydroxyl group with fluorine
on every pyrimidine ribose using YASARA Structure modelling
software. A revised AMBER ff14 RNA force field was used for energy
minimizations, using an explicit solvent TIP3P water model.
Nucleotide bases were frozen and the backbone was subject to an
energy minimization, after which the backbone was frozen and the
bases were minimized. The structure was then subject to a final,
full-structure minimization with no constraints. Potassium was
replaced with a lead atom, in both constructs, and full-structure
energy minimizations were performed with no constraints. MD
simulations were run for 10ns, with snapshots taken every 100ps,
using the YASARA md_run macro with explicit solvent conditions at
298K with a physiological intracellular NaCl concentration.
Hydrogen bonding atoms present in the bases of the starting
aptamer structure were identified and the distances between them
were catalogued for every snapshot. A distance over 2.5A was
defined as a broken hydrogen bond. YASARA hydrogen bond
interpolation was then used to count the number of hydrogen
bonds present within the aptamer over time, within the G-
Quadruplex, duplex sections, and the transition between the duplex
and the G-Quadruplex core. These values were obtained for every
shapshot. Hydrogen bond values were plotted in Sigma Plot, and
structural images presented with Chimera.
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Though extensively utilized, the fluorescent RNA aptamer Broccoli
is poorly characterized with an unknown structure. Spectroscopic
and kinetic investigations of tripartite complex formation reveal
surprising differences between Broccoli and Spinach aptamers
despite extreme sequence conservation. Our studies highlight how
subtle sequence variations impart functional consequences of
G-quadruplex—cation interactions in RNA.

The RNA aptamer “Spinach”, selected in vitro by SELEX,'™
docks to DFHBI (3,5-difluoro-4-hydroxybenzylidene imidazolinone)
and induces DFHBI's fluorescence through a unique, cation-
coordinated, two-planed G-quadruplex motif, that coalesces into a
tripartite complex of RNA + DFHBI + Potassium, or “RDK".>”7
Spinach has been minimized in successive selections producing a
family of smaller and generally more stable iterations including
Spinach 2, Spinach mini, baby Spinach, and iSpinach.”®*™**
“Broceoli”, one of the smallest DHFBI-binding RNAs, has been
extensively utilized in vitro and in vivo but its structure remains
unknown.'' ™ Here we investigate the relationship between
kinetics and structure of RDK formation in Broccoli and Spinach.
The two aptamers display notable differences in kinetics of
complex formation, yet they share extensive sequence identity
and secondary structure, as observed by sequence alignment, and
Circular Dichroism (CD) and fluorescence spectroscopies. To
understand our experimental observations we built a homology
model of Broccoli, analysed its structure, and subjected it to
molecular dynamic (MD) simulations. Our data suggest that both
aptamers adopt the same unique G-Quad motif, but with altered
stability imparted by subtle sequence differences, resulting in
differential RDK formation and altered complex stability.
Broceoli and Spinach RNAs display comparable fluorescence
under high concentrations of KCl and DFHBI (100 mM and

* Department of Ch [ Physiology & Biochemistry, Oregon Health & Science
University, 3181 SW Sam Jackson Park Rd, Portiand, OR 97239, USA
E-mail: shindew@ohsu.edu

¥ papé Pediatric Research Institute, Division of Pediatric Hematology/Oncology,
Department of Pediatrics, Oregon Health & Sciences University, Portland, OR, USA

1 Electronic supplementary information (ESI) available. See DOI: 10.1039) a7se
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Subtle sequence variations alter tripartite complex
kinetics and G-quadruplex dynamics in RNA
aptamer Broccolif
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Fig. 1 (A} Fluorescence spectrum: fluorescence of DFHBI induced by Spinach
and Broccoli show similar properties including Ex/Em wavelengths (468/501 rnm).
Constructs display =5% difference in intensity. (B) Thermal melting: RDK
flucrescence as a function of temperature. Broccoli displays increased therrmal
stability (T,,, = 45 °C) compared to Spinach (T,, = 40 “C). (C) K* titration: RNA
incubated with 20 uM DFHBI and varying [KCI, and allowed to reach equilibrium.
Fluorescent Em at 501 nm was recorded, and values fit for approximate affinity
for K. Broccoli shows a ~10-fold increase in affinity for K*. (D) Comparative
kinetics: Apo folded Spinach or Broccol was rapidly rmixed with concentrated KCL
and DFHBI in a cuvette and scanned for fluorescence upon RDK formation.
Colored lines are fit. Inset: ldentical approach performed with multiple concen-
trations of KCL with fixed concentrations of RNA and DFHBI. All scans norrmalized
and fit. (E) Cornparative kinetics continued: Koy, values for each KCl concentration
from fits of (B) inset were plotted agairst respective KC| concentrations. Slope of
the linear regression equals the K., for complex formation. Spinach and Brocaoli
Ko = 00025 M™* min ™ and 0.0059 M~ min ™, respectively.

20 uM, respectively), with both showing maximal excitation and
emission at 468 and 501 nm, respectively (Fig. 1A). The fluor-
escent complex of Broceoli has an increased thermal stability
over Spinach, as assayed by fluorescence (Fig. 1B), which may
be explained by the higher affinity for K' Broccoli displays over
Spinach (Fig. 1C). Interestingly, the kinetics of complex for-
mation upon rapid mixing of concentrated KCl and DHFBI with
RNA are notably different (Fig. 1D). Fig. 1E shows the linear
regression of K, values for RNA—RDK determined from the
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fit of five KCl concentrations with constant DFHBI (Fig. 1D;
inset). The slope of the regression provides K association
forming RDK, which is observed to be roughly 2.5-fold faster
for Broceoli than Spinach (Fig. 1E).

Researchers have treated Spinach and Broccoli as unrelated
constructs, as per their nomenclature and 2D structural repre-
sentations. However, the fact they induce fluorescence of the
same ligand with similar photophysical properties and cation
dependency necessitates deeper analyses of their sequence and
structure. Sequence alignments show the G-Quad motif within
iSpinach and Spinach share >92% sequence identity (Fig. 2A
and Fig. 51, ESIt). Only one residue differs in the G-Quad motif
(Uy7 and A, in iSpinach and Spinach, respectively). The super-
imposed X-ray structures of the two have a room mean square
deviation (RMSD) of 0.63 A within the G-Quad motif (Fig. 2B
and Fig. S2, S3, ESI{). Broccoli also shares 91% and 95%
sequence identity within the Spinach and iSpinach G-Quad
motifs, respectively, suggesting Broccoli also adopts the same
unique structure (Fig. 2A and Fig. 52, ESIt). To experimentally
compare Broccoli and Spinach, CD spectroscopy was utilized.""”
The CD spectra reveal the two RNAs adopt nearly identical
secondary structures, validating the similarity suggested by the
sequence alignment (Fig. 2A, C and Fig. S1, ESIf). Furthermore,
the ensemble of peaks at 295, 260, and 240 nm provide experi-
mental evidence of a G-Quad motif, independent of Spinach
as a crystallized reference.>®*'” Together, the alignment and

GrArlGEEA B B ICCRRY - -
(R

- 282

{4TE2) AR
apd; 148D
ispinach {Som3)

z
]
=
=
]
= — Spinach
% = Broccaoli

*

Gcuasnpies Mot RS0 0,634

0 M X0 =0 300
‘Wavelangth inm}

Fig. 2 (A Sequence alignment: comparison of Spinach farily members and
Broccoli. Color coding: red letters/grey background are G-Quad motif and
transition residues; white letters/black background are G-Quad guanine residues;
black lettering/grey background are conserved residues; arrows indicated com-
plermentary regions. Bottorn four bold sequences correspond to crystalized
Spinach seguences and Broccoli. Red asterisks denote positions of difference
in the G-Quad and transition motifs between Spinach and Broccoll. (B) Spinach
vs. iSpinach: the crystal structures of Spinach (4KZD) and iSpinach (50B3) are
aligned. RMSD of the alignment at the G-Quad motif show considerable
structural similarity, suggesting iSpinach to be a satisfactory template for homol-
ogy modeling Broccoli. G-Quad guanine bases are purple, DFHBIs are cyan, and
K* ions are yellow. (C) Cireular dichroism: Spinach and Broceoli show sirvilar
spectral signature by CD, suggesting Broccoli contains the G-Quad maotif shared
by all other Spinach derivatives. Signal intensities at wavelengths 295, 260, and
240 nm suggest a G-Quad independent of Spinach as reference structure.
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spectroscopic analysis strongly suggest Broccoli contains a
G-Quad, in an orientation likely identical to Spinach.

Given the similarities based on sequence alignments and spec-
troscopic analyses, it is surprising that the kinetics observed in RDK
complex formation between Broceoli and Spinach are different
(Fig. 1D and E). In pursuit of a mechanistic explanation of these
differences a homology model of Broccoli was generated (see
Methods). The template, iSpinach, was chosen for four reasons:
(1) Broceoli is more similar to iSpinach than Spinach in sequence
length and identity (Fig. 2A and Fig. S1, ESIt); (2) a crystal structure
of iSpinach exists, which (3) is nearly identical to Spinach (Fig. 53,
ESIt); yet, (4) the reported thermal stability and K~ affnity of iSpinach
are more similar to values of Broceoli than Spinach (Fig. 1).”

Considering their sequence conservation, it is unsurprising the
Broceoli model is superimposable upon the crystal structures of
Spinach and iSpinach with RMSDs of their aligned G-Quad muotifs
<1.0 A (Fig. 2B and Fig. 82, 83, ESIt). The G-Quad motif of Spinach
and Broccoli is flanked by two A-form Watson-Crick (WC) duplex
helices, one ending in both 5’ and 3’ termini and the other ending
in a hairpin loop (Fig. 3A). Structural analysis of Broceoli and
Spinach reveal three base pair interactions located in the termini
duplex that may, in part, explain the observed difference in thermal

Hairpin
Duplex

Termini
Duplex

0 L L 1 1
0 10 20 30 40 50
Time (ns)

Fig. 3 (A} Broccoli and Spinach comparison: Broccoli and Spinach (4KZD)
structures are aligned, in blue and green, respectively. G-Quad guanines in
purple, DFHEBI in cyan, K* ions in yellow, non-conserved residues in red.
*1is C7—Gsq in Broccoli and Az —Aga in Spinach; *2 is As—Usz in Broccoli;
*3 is Uyg—Usgz in Spinach. (C) Time course of MD simulation: Spinach and
Broceoli subjected to 50 ns simulations. Broccoli displays increased
conformational rigidity over the simulation window. Light and dark hues
are Apo and potassium bound, respectively.
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stability and cation affinity presented in Fig. 1. The 3 differing
residues around the G-Quad in Broceoli result in two canonical WC
duplex base pairs with increased hydrogen bonding compared with
Spinach (A4, C;, Gsq and Uy, Az, Agq, in Broceoli and Spinach,
respectively; Fig. 3A). This suggests that, while substantially shorter
than Spinach, the termini duplex of Broccoli is likely more stable.
The effect of alternate base interactions may be the most dramatic
at the first base-pairing downstream of the G-Quad motif in the
termini duplex (Az;-Asq in Spinach and C;-Gs, in Broceoli). C—Gs,
in Broceoli compresses the transition region between G-Quad and
termini duplex in Broccoli, zipping up the duplex immediately
adjacent to the G-Quad motif with a CG WC pair, increasing
its stability with a minimum predicted enthalpic contribution of
—5.8 keal mol ™! at that position.™®

To generate hypotheses and rationalize observed differences in
kineties of K" association between Broceoli and Spinach, 50 ns MD
simulations were performed in YASARA using a modified Amber14£f
RNA force field" (Fig. 3B). Broadly, MD simulations with KCI show
Broceoli is more stable than Spinach (Fig. 3B). Yet both display an
increase in the conformational flexibility of their G-Quad motifs in
an Apo state without K', Broceoli more so than Spinach (Fig. 4A).
Interestingly, movement is predominately just two H-Bonds from
one guanine residue, Broceoli G49 and Spinach G59. The dynamics
of Gy in Broccoli are drastically increased over the movement
of equivalent Gss in Spinach, with Broccoli Gys flipping out of the
G-Quad plane at ~5 ns and remaining open for the duration of the
Apo simulation (Fig. 4A and B). Gy, flipping is particularly striking
when the absolute distance of its movement is compared to the
remaining G-Quad H-bonds of both structures (Fig. 4B and C). In the
Apo state, the total G-Quad motif of Spinach and Broceoli is rigid
(Fig. 4C; top). The 7 G-Quad guanines without Gy, of Broecoli display
subtly increased conformational rigidity (Fig. 4C; middle), and the
majority of the G-Quad movement observed for Broceoli in Fig. 4B
may be attributed to Gy (Fig. 4C; bottom). The remaining residues,
particularly Gi; and Gge, provide the site for DFHBI docking,
and the subtly increased stability of these residues in Broceoli
(Fig. 4C; middle) may explain its increased Apo fluorescence
(Fig. 4D). Together it appears G acts as a K ‘“‘gatekeeper”,
resulting in faster K association and increased DFHBI fluores-
cence in the Apo state (Fig. 1D and 4D).

Despite the differences between Broceoli and Spinach derivatives
suggested by their nomenclature and presented 2D structures, the
two aptamers share much in common. They both promote
the fluorescence of the same ligand with similar photophysics in a
K'-dependent manner, in the same concentration range. Sequence
analysis reveals the two share >90% sequence in the G-Quad motif
suggesting structural similarity, which is experimentally corrobo-
rated by CD. Despite these similarities the two display differences in
stability and kinetics of RDK formation.

Our model allows for investigations into the relationship between
sequence, structure, and function in Broceoli and Spinach, and
provides the means for in silico rationale of experimental observa-
tions (Fig. 1). Two phenomena have been uncovered that may work
synergistically. The first is canonical WC base pairing in the termini
duplex stem of Broccoli that cinches the strands closer to the
G-Quad motif through G-C hydrogen bonding, which may restrict

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (A) Specific G-Quad H-bond dynamics in simulations: the 16 H-bonds
from the B guanine residues of the stacked G-Quad guanines are plotted as a
function of stretch distance and time, in Spinach and Broccoli with and without
K* ("Apo"). Broccoli shows more base movement than Spinach in the Apo
state, however the majority of the movermnent is restricted to Gae. The Gas
"gatekeeper” can explain the accelerated K' association kinetics observed in
Fig. 1 by providing an opening for K* docking. (B) Visualization of Apo state MD
simulations: the G-Quad guanine residues of Spinach (left; green) and Broccoli
{right; blue) are presented. T =0 and T = 50 ns of each are aligned (dark shades
are Tp, light shades are Tsp). The most drastic movement for both structures
corresponds to the same guanine (Gsq of Spinach and Gas of Broccol), with
Gag in Broccoli the most pronounced. (C) Cumulative RMSD of G-Quad
guanines: stability of the G-Quad guanines without potassium was looked at
via RMSD over the MD simulation. Both RNAs display rigid G-Quad structures
throughout the simulation (top). Broccoli appears to have a subtle increase in
G-Quad stability when Gag is removed, ie. remaining 7 guanines (middle),
whereas Ggag alone in Broccoli accounts for most or all of the net G-Quad
dynarnics. This contrasts with Gsg in Spinach which is static (bottom). (D) DFHEI
association with Apo RNA: DFHBI was spiked into Apo RNA and fluorescence
was observed. Although low fluorescence was observed for both, Broccoli
displayed 5-fold higher signal than Spinach.

the conformational flexibility of the motif, increasing the RDK
melting temperature as observed (Fig. 1B). The second is the
movement of K" gatekeeper G, to an open state seen in the Apo
MD simulations, which could explain the accelerated K" associa-
tion kinetics (Fig. 1D and E) by increased accessibility to
the inside of the G-Quad motif. This hypothesis is consistent
with our recent work on lead association with 2'F pyrimidine
modified Spinach aptamer.”™ Subtle perturbations in local
environment—either due to nucleotide modification or minor
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change of primary sequence—produce conserved G-Quad motifs
with altered dynamics and kinetic stabilities resulting in changes in
cation association rates. These data posit further questions on the
capacity for rationally tuning of cation selectivity into related RNA
structures for modified function which is yet to be explored.
Broadly, our work is further complemented by another recent
publication,* wherein a single pyrimidine residue in Broccoli tunes
the fluorescent emission of fluorophore DFHO by up to 20 nm.
Together these demonstrate how subtle differences in chemistry
and sequence can produce changes in biophysical properties of
RNA, independent of structure. These observations are likely to
have broad implications for a wade array of G-quad structures.

G-Quads are critical in gene regulation, metabolite sensing, and
disease ranging from viral infection to Alzheimer's to cancer, and
are attractive modalities in synthetic biology and the development
of chemical tools.* Despite their importance in RNA biology, the
majority of in vitro characterizations of G-Quads rely on telomeric
DNA; G-Quads are inherently weak in their absorbance and
fluorescence,®* but telomere sequences are almost exclusively
composed of G-Quad stacks, magnifying their signal strength
with increasing sequence length. While this makes telomeres a
spectroscopically convenient G-Quad model, telomeric DNA does
not provide comparable insight into equivalent RNA sequence.®
Spinach family RNAs are predominately used for subcellular
visualization of larger complexes,'** yet their utility as models for
G-Quad and RNA-cation investigations are heretofore unrealized.
This RNA family shares a unique combination of model features:
(i) structure-dependent fluorescence by a small ligand with high
affinity and specificity; (ii) two distinct cation cofactors of differing
valences and hydration states (K~ and Mg*"); and (ii) three distinct
structural motifs (Watson-Crick duplex, hairpin, and G-Quad).
These features provide a system for RNA investigations from various
functional and chemical perspectives within a constant background
for direct experimental comparisons.

Our results provide mechanistic explanations for the increased
thermal stability and accelerated rate of tripartite complex formation
of Broceoli compared to Spinach. These investigations reveal how
subtle sequence differences result in canonical WC base pairings,
which stabilize the G-Quad motif and increase dynamics of gate-
keeper Gy, promoting cation association. This work utilizes DFHBI
fluorescence to investigate RDK tripartite complex formation; how-
ever, these investigations posit new questions about component
interactions which require alternative, fluorescence-independent
biophysical approaches for direct detection of cation hydration,
order of association, cooperativity, or folding on sub-second
timescales. Such investigations will provide proof-of-principle
for biochemical investigations of RNA using this model system,
a more complete picture of Broceoli-cation complex biophysics,
and strengthen our understanding of the relationship between
sequence, structure, and function in RNA.
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Supplemental 1: Full sequence alignment: Comparison of Spinach derivative family members and Broccoli. Color coding: Red letters/grey
background are G-Quad core motif residues; White letters/Black background are G-Quad guanine residues; Black Lettering/Grey background are
conserved non-G-Quad residues; arrows indicated complementary regions that point towards the hairpin. Bottom and bold sequences
correspond to crystalized sequences [or in the case of Broccoli, modelled here).
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Supplemental 2: (A) Broccoli model: Cartoon representation
of the homology model of Broccoli; DFHBI, G-Quad guanine
bases, and K* ions are colored cyan, cyan, and yellow,
respectively (B) Spinach v Broccoli comparison: The crystal
Structure of Spinach (4KZD) and model Broccoli are aligned.
The two show significant structural similarity, as would be
expected based on the similarity between Spinach and

grey neutral background for visual clarity.

iSpinach. G-Quad bases are purple, DFHBIs are cyan, and K* Methods

ions are yellow. (C) Residue interaction map: The G-Quad core In vitro Transcription and purification: RNA transcripts were

residues are presented in a 2D flattened projection, with prepared using linear dsDNA PCR templates. Sequences of the

corresponding nucleotide interactions. forward DNA strand are as follows (T7 promoter is underlined,
construct in bold font): Spinach 5'—

GCGCGCGAATTCTAATACGACTCACTATAGGAGGACGCGACCGAAATG
GTGAAGGACGGGTCCAGTGCGAAACACGCACTGTTGAGTAGAGTGTG
AGCTCCGTAACTGGTCGCGTC—3'; and Broccoli 5—
GCGCGCGAATTCTAATACGACTCACTATAGGGAGACGGTCGGGTCCAG
GCACACAAAAATGTTGCCTGTTGAGTAGAGTGTGGGCTCC—3'.  Prior
to  transcription, PCR  templates were gel purified,
phenol:chloroform cleaned, and desalted, similar to RNA clean up (
described below). Transcription reactions were assembled at room
temperature in the following order, to final concentrations of:
water, 1X T7 RNAP transcription buffer (NEB), 24mM MgCl;, 4mM

Supplemental 3: G-Quadruplex Structural Alignment: Comparison of G-
quadruplex planes of Spinach (4KZD), iSpinach (50B3), and Broccoli model,
colored green, orange, and blue, respectively. DFHBI colored in cyan, and
K* ions in yellow. Top and bottom planes are individually colored against a
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each rNTP (NEB), 15-25ng/ul dsDNA, 5mM DTT, 1U/ul murine
RMase inhibitor (NEB), 2.5mU/ul Yeast Inorganic Pyrophosphatase
(NEB), 5U/pl T7 RNA polymerase (NEB). RNA was transcribed at
42°C for 4-10 hours. Transcriptions were quenched with DNase |
treatment, and observed on a 4% agarose sodium borate gel,
stained with Sybr Gold nucleic acid dye. Target transcript bands
were purified by gel excision and electro-eluted into 3.5kDa MWCO
dialysis tubing. RNA was concentrated with a 3.5KDa MWCO
concentrating spin column (Millipore) and cleaned with acidified
phenol:chloroform:isoamyl alcohol (Ambion). RNA was then
desalted into S5mM Tris (pH 8.0) using a Zeba 7kDa MWCO desalting
spin column (Thermo), and quantified by UV-absorbance at 260nm
and fluorescence (Qubit HS RNA kit; Invitrogen), and stored at -
80°C. Prior to experimental use of frozen samples, RNA was folded
following a basic protocol: Dilution into desired buffer, then
successive thermocycler incubations at 85°C (20sec), 50°C (10sec),
37°C (10sec), addition of DFHBI, 4°C (230min).

Fluorescence: All fluorescent measurements were performed
on a Photon Technologies International QM-1 steady state
fluorescent spectrophotometer. All samples were read under
the following solution conditions unless otherwise stated:
0.5uM RNA, 20mM Tris (pH 8.0), 100mM KCl, 5SmM MgCl2,
10uM DFHBI. Samples were 20°C held constant by a circulating
water bath, excited at 468nm in a 2mm quartz fluorescence
cuvette. Kinetic experimentation was performed by rapid, in-
cuvette mixing of folded Apo-state RNA in buffer and a 10%
volume of 1M KCI in water. Emission was then read at 501nm
every 29.75 seconds with a 0.25 second shutter exposure. KCI
titrations were performed by folding RNA in the presence of
various KCl concentrations in individual reaction tubes.
Samples were then incubated on ice for 2hr to ensure
equilibrium was reached. Fluorescent of each sample was
individually scanned (468/501nm). Fluorescence data was
plotted and fit in GraphPad Prism 5.

Circular Dichroism: Measurements were collected on an Aviv
202 CD Spectrometer at 20°C. RNA samples were assayed in
10mM Cacodylate (pH 7.4), 100mM KCI, 5mM MgCl,. RNA was
folded as described abowve. 135ng/ul RNA samples were
scanned in 1mm gquartz CD cuvette from 320 to 190nm by a
0.2nm step, with a 3 second integrated read per step. Data
presented as average of three individual scans. Control scans
of buffer were subtracted from spectra. Values plotted in
GraphPad Prism 5.

Thermal Stability: Thermal melting was observed using an ABI
StepOne Real Time PCR Thermocycler. 0.5uM RNA was folded
as described in 20mM Tris (pH 8.0), 5mM MgCl;, 100mM KCI,
20uM DFHBI. 20pl sample volumes were scanned in triplicate
wells in an ABI brand 96 well white opaque QPCR plate.
Fluorescence was measured in the Sybr Green Ex/Em channel
from 4°C to 70°C at a 2% gradient. Control scans of DFHBI in
buffer were subtracted from RNA spectra. Fluorescent values
averaged and plotted in GraphPad Prism 5.

Homology modelling: Initial homology models for Broccoli
were produced using automated 3D RNA structural prediction
servers, RNA Composer!, ModeRNAZ, and SimRNAZ. While
these servers provided 3D predictions consistent with their
structural templates, a complete and fully automated
predictive model for Broccoli was only partially generated.
Hence, a local multiple sequence alignment (MSA) of the
target RNA, Broccoli, with derivatives of Spinach, and multiple
structural templates 4T52°, 4KZDS, and 50B3® was obtained

using Clustalw, and edited to ensure optimal base
complementarity indicated by arrows pointing towards the
hairpin (Fig.2A). The G-Quad motif for Broccoli was generated
from 50B3 based on the MSA that established this region of
the target RNA is almost identical within all available structural
templates. An extensive fragment library search identified a
loop of 16-nucleotides from a zinc finger RNA (1UNG, residues
13-28) as an optimal fragment to bridge the G-quad motif in
Broccoli from residues 20-35°. The model was energy
minimized using a modified Amberl14ff RNA force field'® in
YASARA modelling suite, and the quality of the model was
assessed using RMNAssess®, a computational server that
discriminates between potentially correct and incorrect
conformations by comparing RNA 3D models with the
reference structures.

MD simulation: Generated Broccoli model and Spinach (4KZD)
without co-crystalized Fab were used in MD simulations. A
revised AMBER ff14 RNA force field”® was used for energy
minimizations, using an explicit solvent TIP3P water model.
MD simulations were run for 50ns, with snapshots taken every
100ps, using the YASARA md_run macro with explicit solvent
conditions at 298K with a physiological intracellular Nacl
concentration. Hydrogen bonding atoms present in the bases
of the starting aptamer structure were identified and the
distances between them were catalogued for every snapshot.
Hydrogen bond values were plotted in Sigma Plot, and
structural images presented with Chimera.
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The RNA aptamer Broccoli accepts 2'fluorinated (2'F) pyrimidine
nucleotide incorporation without perturbation of structure or
fluorescence in the presence of potassium and DFHEI. However,
the modification decreases Broccoli's apparent affinity for K* > 30-fold.
A chimera of Broccoli RNAs with mixed chemistries displays linear
fluorescent gain spanning physiological K* concentrations, yielding an
effective RNA-based fluorescent K* sensor.

The RNA aptamer “Broccoli” was identified by SELEX to be an
improved version of the aptamer “Spinach”, the first fluorescent
RNA equivalent of green fluorescent protein.’” Fluorescent emis-
sion is contingent upon the association of three individual compo-
nents, forming a “tripartite complex”. This complex is composed of
(1) a unique RNA G-quadruplex fold stabilized by (2) selective cation
coordination, which promotes (3) the docking of fluorophore
DFHBI (3,5-difluoro-4-hydroxybenzylidene imidazolinone) or select
derivatives (Fig. 1A).* Fluorescence of Broccoli or Spinach is
absolutely contingent upon the proper association of all tripartite
complex components. Though the structure of Broccoli has not
been solved crystallographically, sequence alignment, spectroscopic
studies, and computational modelling suggest Broccoli shares
significant structural similarity with Spinach aptamers.’*5#
While biological systems required billions of years to select
riboswitch aptamers capable of sensing ions and metabolites,
in vitro evolution experiments by SELEX allow for rapid identification
of a wider range of aptamer structures and functions.* ** Incorpora-
tion of synthetic nucleotide derivatives further expand the chemo-
structural space RNA can adopt outside the constraints of biological
compatibility. Most published aptamers do not contain modified
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nucleotides as intracellular application is constrained. Because of
this, use of modified nucleotides to functionally retune characterized
aptamer structures for in vitro utility remains unexplored.
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Fig.1 Broccoli accepts fluorinated pyrimidine nucleotides: (A) a 2D projection
with sequence, and a 3D structural model of Broccoli RNA In both representa-
tions, G-quadruplex guanines are purple, coordinaing K' ions are yellow,
and DFHBI is cyan. Broccoli structure adapted from Savage et al, 2020°
(B) 2'hydroxylated and 2'fluorinated pyrimidines differ only by the functional
group present at the ribose C2 position. (C) Fluorescence comparison between
2'OHpyyp and 2'Fy, Broccoli RNA with 20 pM DFHBI and 100 mM KCL (C; inset]
Circular dichroism (CD) spectra of 2'OHp,yp, and 2'Fp, Broccoli show the two
constructs share nearly identical secondary structures. (D) Flucrescence-based KCl
titrations with RNAs provides an approximate Kp for K™ at the G-quadruplex.
Despite the structural similarity between Spinach and Broccoli, the two RNAs
display dramatic differences in K* association when 2'F,, nucleotides are
incorporated, with a <2-fold difference between Spinach constructs, but
=30-fold between Broccoli constructs. (inset) Apparent Kp values for
K* determined from fits.
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Previous work has demonstrated Spinach can be transcribed
with 2'fluorinated (2'F) pyrimidine nucleotides without perturbing
fluorescence or structure.® Though numerous modified nucleotide
chemistries are available, 2'F is commonly used as it is inexpensive,
accepted by certain RNA polymerases without loss of fidelity, increases
nuclease resistance, and is well published."*™ Despite sequence
similarities at the G-quadruplex with Spinach, Broccoli is smaller
overall with increased thermal stability, making it more attractive for
invitro application (Fig. 1A)."” Hence, we explored the use of modified
chemistry in Broceoli aptamer and uncovered distinet biophysical
properties open new avenues for in vitro biosensor applications.

Akin to Spinach, Broecoli transcribed with 2'F pyrimidines—
without any change in primary nucleobase sequence—folds cor-
rectly, binds DFHBI and K', and displays dramatically increased
chemical stability in the presence of RNase A (Fig. 1 and Fig. §1,
ESIf). RNAs transcribed i vitro with 2'hydroxylated (2'OHpy.) or
2'fluorinated pyrimidines (2'Fy,) (Fig. 1B) were purified and com-
pared by fluorescence and circular dichroism (CD) spectroscopies
(Fig. 1C and Methods). Fluorescence with KCl yielded spectra of
2'Fp, that display no change in excitation and emission wavelengths,
albeit with a 25% reduction in fluorescent intensity compared to
2"OHpy/pu (Fig. 1C). CD reveals both Broccoli constructs share similar
secondary structures (Fig. 1C, inset), which are nearly superimpo-
sable on the spectrum of Spinach.*'*

Despite initial similarities, obvious differences between Broccoli
and Spinach emerge at sub-saturating K~ concentrations (Fig. 1D).
Broccoli 2'OHp,p, displays a higher affinity for K™ than Spinach
2"OHpyp,.* However, Broccoli 2'F,, displays a lower affinity for K
than Spinach 2'F,, (Fig. 1D). The resulting apparent affinities
between Spinach constructs differ <2-fold, but Broccoli constructs
differ = 30-fold. The subtle sequence variation between Broccoli and
Spinach imparts significant biophysical differences in cation asso-
ciation and tripartite complex stability, which is exaggerated with 2'F
pyrimidine incorporation.

To examine changes in affinity in finer detail, K™ association
kinetics were assayed as described (Fig. 2; Methods).™>* Kinetics
were performed with each RNA construct in isolation (Fig. 2A). Fits
of these data provide apparent association constants (K), each
containing discrete component binding (k,,) and unbinding (k)
rates within it. To determine those components, K, values are
plotted against corresponding KCl concentrations. Linear regression
provides k,, (slope) and & (y-intercept) (Fig. 2B). The results show
pyrimidine 2'fluorination in Spinach increases k. with little effect
on k,,,, whereas the same modification in Broceoli both increases k.q
and reduces kyn. Individual kinetic values, and calculated dissocia-
tion constant Ky, roughly coneur with K” affinities approximated in
Fig. 1D (Fig. 2B inset).

To rationalize the kinetic observations, a structure of 2'Fpy,
Broceoli was modeled and molecular dynamic (MD) simulations
were performed to directly compare RNA constructs, 2'-chemistries,
and K'coordination states (Methods).*'* Root mean square devia-
tion (RMSD) analysis provides insightful structural information, but
it does not allow for analysis of structural convergences that may
oceur during a simulation. To capture this information we performed
a principal component analysis (PCA) of G-quad motifs from all
time-points of each simulation (Fig. S2, ESIt). Projection plots of the
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Fig. 2 Kinetics of fluorescent fripartite complex formation in Spinach and
Broceoli: (A) individual kinetic traces and colored fits of K™ association, assayed
by fluorescence. Each trace represents a single KCl concentration. All traces
performed with constant RMA and DFHEI concentrations (see Methods). (B) Fits
of each kinetic trace in (A) yield a K., apparent rate constant. When each Kgg, is
plotted against its respective KCl concentration and fit, individual kinetic com-
ponents can be extrapolated; k.. and k. determined from the slope and
y-intercept, respectively. Despite their sequence and structural similarities, 2'F
incorporation of Spinach reduces k.« with negligible effect of k.., whereas the
same modification in Broccoli both reduces k., and increases k.. explaining
affinity differences observed in Fig. 1D. (inset) Explicit values determined from fits
in (B} with the same color coordination. Red asterisk denotes high Ki value for
Broccoli 2'F,, which may be urreliable with this particular technique. KCL
additions too close to an apparent K, yield non-linear K values

Spinach and Broccoli structures onto the subspace spanned by their
respective first two principal components indicate the presence of
several distinct conformational populations dependent upon the
construct, chemistty, and coordination state. 2'OH,,, Broccoli sam-
ples a reduced set of distinct populations than 2'OH,,,, Spinach, in
both K'-coordinated and Apo states, and is consistent with our
experimental data that 2'OH Broccoli is more stable than 2'OH.
Spinach. 2F,, Spinach and Broccoli display the same population
distribution when K"-bound, yet 2'F,,, Broccoli samples more distinct
structural populations in its Apo state. We interpret this as evidence
that 2'Fp, Broceoli is less stable than 2'F,, Spinach, which is consistent
with our experimental data (Fig. 1D and 2). This work corroborates to
the Broccoli structural model and provides an additional approach for
future in silico characterization of sequence-optimized constructs.

The results hitherto establish the same chemical modification in
two similar RNAs does not yield effects proportional to their
structural relatedness. While fluorescent and CD spectroscopies
show Spinach and Broceoli retain their structural identity, binding
kinetics and apparent affinities of K™ are altered (Fig. 1C, D, 2 and
Fig. 82, ESIT). We therefore explored how modified Broceoli could be
exploited in a way Spinach cannot.

The combined detection limits of the two individual Broccoli
constructs span physiological K" concentrations of ~0.15 to 100 mM,
more than 20fold the concentration Spinach constructs cover
(Fig. 1D). We postulated a mixture of 2'OHpypu and 2'Fp, Broccoli
would produce a signal with a broad range of linear gain, equivalent
to the combined upper and lower detection limits of the individuals.
Such results could open avenues for development of RNA-based
fluorescent K™ sensors, tools with diagnostic potential in dysregulation
of potassium-dependent homeostatic functions including blood
pressure, muscular contraction, circadian rhythm, and others.**

Three ratios of Broccoli constructs were mixed—2:1, 1:1,
1:2—and KCl titrations were performed (Fig. 3A). The widest
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detection range with a linear regression fit of B > 0.90 was
attributed to the 1:1 mixture (Fig. 3A inset). To engineer the mixture
into a single construct which can be maintained under non-
equilibrium conditions, complementary 3' extensions with unfavor-
able self-annealing were designed and added to each Broccoli RNA
(Fig. 3B, C, and Methods). The resulting construct contains two units
of identical nucleobase sequence but is a hybrid of the two
individual's chemistries, a chimera. The Chimera contains two
distinet G-quadruplex motifs, each forming a separate tripartite
complex with a respective K™ ion and DFHEBI pair. We postulated
the annealed overhangs would not alter the behavior of the indivi-
dual tripartite complexes, given the highly modular nature of RNA
structural elements. As hypothesized, chimera formation does not
change the K" titration profile or fluorescence intensity as compared
to an un-annealed mixture, suggesting an absence of cooperativity in
cation association after annealing (Fig. 3C(upper right) and D). The
Chimera displays KCl association kinetics that roughly split the
difference between 2'OHpypu and 2'Fyy monomers (Fig. $3, ESIT).
Similarly, as expected, the fluorescent properties of DFHBI in the
2'OHpyp, and 2'F,, Broceoli subunits of the chimera remain
unchanged with excitation and emission wavelengths at 468 and
501 nm, respectively. Thus both individual emissions coalesce into a
single readout signal (Fig. 3C upper right). The Chimera produces
maximal fluorescence at pH 8, and displays greater than 70%
fluorescent signal intensity in up to 50% cell culture serum for over
60 minutes (Fig. 54, ESIf). Linear regression of KCl titration shows
the Chimera to be suitable for visualizing K™ over a wide concen-
tration range, with signal changes observable as low as 70 pM
(Fig. 3D). Additionally, the Chimera displays sufficient selectivity
and K preference over alternate cations, confirming its potential as
a K" sensor (Fig. 3C).

The sensor was tested in an in vitro cell system to observe bulk K
flux upon hypotonie lysis of HEK293T cells (Fig. 4). Cultured cells at
various confluence were lysed in a K'-free hypotonic buffer contain-
ing DFHBI and Broccoli Chimera. Lysis-induced efflux of K™ was
observed (Fig. 4 upper inset) and interpolated from a standard curve
(Fig. 4, and Methods). Changes in calculated K concentrations are
directly proportional to the observed cell density prior to hypotonic
lysis, validating sensor applicability in an in vitro cell system (Fig. 4
upper inset).

In this work only select riboses were altered, not the nucleobase
sequence. 2'F pyrimidines result in retained structure and fluores-
cence but dramatically alter cation association. Numerous alternately
modified nucleotides are commercially available, and may prove
more appropriate for certain applications.** Additionally, chemical
synthesis—as opposed to transcription—allows for combining che-
mistries with site-specific incorporation.® The fluorescent property
and small size of Broccoli's G-quadruplex makes it possible to test
every combination of base and chemistry at each position. Based
on these results we posit two avenues of aptamer modification—
sequence and chemistry—can be used synergistically for finer
adjustment of functional tuning for new applications. There are
several examples of previously reported aptamer fusions*"*®
However, these fusions are the result of connecting the primary
sequences of two aptamers together to be transcribed as a single
unit. There are advantages of this approach, though it restricts the
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Fig. 3 Broccoli RNA chimera construction: (A} fluorescence-based HCl titration
of various ratios of monomeric Broccoli constructs, showing predictable curve
shifting based on relative 2'chemistry composition. (inset) Linear regression of
KCl concentrations was performed, containing the most points while retaining
an B2 > 0.90, of which the 1:1 ratio displays widest detection range. Inset axes
identical to outer graph. (B) 2D schematic of chimera design, showing WC
sterns, G-qguadruplex motif and complementary 3'extensions (see Methods for
sequences). Chimera contains two G-quadruplex domains farming two inde-
pendent tripartite complexes. Overhang sequences in ESLT (C) (upper left)
Agarose gel EMSA shows mass shift of chimera compared to the two monomeric
chemistries. (upper right] Comparative fluorescence spectra of chimera and
monomernic chemistries. Monomers at 0.5 uM and chimera at 0.25 pM, to
account for (2) G-guadruplex motifs per chimera. Gel lane colors in EMSA
correspond to fluorescence signal colors. (lower) Chimera fluorescence in the
presence of various mono- and divalent cations (all chloride salts) normalized to
KCl signal Each cation present at 50 mM in buffer (Methods). (lower; inset)
Chimera fluorescence in the presence of 50 mM K* is unchanged with or without
the presence of competing 50 mM Na*. (D) Fluorescence-based KCl titrations of
2'OHpyypn. 2'Fy 1: 1 mixture, and annealed chimera. Both the 1: 1 mixture and the
annealed chimera split the difference between two monomeric chemistries with
respect to apparent K, and broader detection range. Difference between 1:1
mixture and chimera is negligible, confirming 3'extension and annealing does not
alter K™ association and tripartite complex formation for individual chimeric
subunits. (inset) Linear regression shows the chimera to have a linear range of
detection from ~150 uM to ~100 mM. Inset axes identical to outset

fusion product to a single nucleotide chemistry. This work repre-
sents, to our knowledge, the first example of a mixed chemistry
chimera, generated in vitro via multiple synthesis reactions, expand-
ing the aptamer toolkit.

Functionally, the RNA chimera is a valuable addition to the
available methods for fluorescent K" sensing, which contains several
small molecule chelators, a single protein-based construct employ-
ing FRET or a split-eGFP, and three DNA constructs, which are the
most chemically similar (Table 51, EST{).””"* The DNA sensors PSO-
1,2 and TBA also employ G-quadruplex folds for K* docking, though,
unlike the chimera, the fluorescence of these DNA sensors is
based on termini-linked FRET pair interaction upon K'-induced
G-quadruplex folding.***” While this detection scheme has a lower
background signal than the chimera, the linear range of function K"
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Fig. 4 In vitro detection of K* flux by celular hypotonic lysis. HEK293T cells
were cultured to ~40, 75, 90% confluence and media replaced with KCl free
lysis buffer (see Methods). (upper inset) Raw fluorescence signal gain was
collected (red fits) next to KCl positive standards (grey fits) and negative controls
(purple fit). Unknown K* concentrations (red dots) were interpolated from a
standard curve (grey dots) generated from nonlinear regression of positive
controls. (lower inset) Approximate cell confluence and interpolated K* con-
centrations were directly proportional over the range tested.

detection of these tools is within a single order of magnitude, ~1-10
and ~100-200 mM.** The complementary molecular geometry of
G-quadruplexes and desolvated potassium is sufficiently favorable
and selective to suggest any nucleic acid sensor engineered for
detecting K” in the millimolar range will likely employ the motif.
Tuning such sensors will be heavily based on modulating the
number of G-quadruplex planes and optimizing proximal residues,
changing the number of bound potassium and their binding
affinity. In the case of this chimera, additional tuning can be
achieved by optimizing construct preference for alternate DFHBI
derivatives with differential affinity, excitation/emission, brightness,
and photo-bleaching,******

Nucleic acid aptamers have ligand affinity with selectivity that
rival antibodies. Using aptamers to detect or “sense” their mole-
cular targets in ways similar to antibodies has been commonplace
for some time. However nucleic acid sensors for the accurate
quantification of their ligands are less developed, for which
fluorescent aptamers are ideal. We have found the unaltered
sequence of Broccoli aptamer allows for quantification of K~ when
annealed to a modified 2'F,, construct of the same sequence. A
chimera of the two annealed RNAs produces a stoichiometric unit
that can be maintained in non-equilibrium conditions. While the
properties of the monomeric subunits are unaltered, their indivi-
dual signals coalesce into a single readout spanning a linear range
of K" detection of nearly three orders of magnitude. This platform
provides a promising foundation for future ion-selective optimiza-
tion, which could yield a flight of RNA sensors for the real-time
fluorescent quantification of cellular cation flux.
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Supplemental Material
Figures

Supplemental 1. RNase stability of 2’hydroxylated and 2’fluorinated pyrimidine
Broccoli RNAs. Each construct was incubated with purified RNase A for given time
before being quenched with EDTA and loading dye. Broccoli transcribed with
100% 2'OH rNTPs (2'OH,,ys,) was completely degraded within 1min of RNase A
exposure, whereas the incorporation of 2'F pyrimidine NTPs resulted in no visible
degradation for more than 30minutes.
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Black dots correspond to the structural average of each unique population.
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Supplemental 3. Chimera K* binding kinetics. Following the identical protocol
described for 2'OHy,,, and 2'Fy,, 0.25uM Chimera was incubated with various KCI
conc i and tripartite lex f was observed by fluorescence.
Fluorescent traces of individual KCl concentrations were fit to acquire K.y values.
These Kqss are plotted above against their respective KCI concentrations, overlaid
with identical data for 2’OH,,,, and 2'F,, monomers adapted from figure 2. The
Chimera behaves as a mixture of the two s, as d
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Supplemental 4. Assessment of Chimera stability. (A) pH-dependent fluorescence
of Chimera shows construct displays maximal complex fluorescence at pH 8. (B)
Chimera fluorescence was observed over time in the presences of increasing cell
culture serum concentrations, 10, 25, and 50% by volume. Buffer and KCI
concentrations held constant for each serum concentration. Serum was a 1:1
mixture of Bovine Growth Serum and Fetal Calf Serum.

Table 1. Comparative traits of published fluorescent K* sensors. Values as reported in
stated supplemental references.

Name Chemistry Ko (mM) | A Fle fi
Range (mM)  Emission (nm)
NK1 Small 200 10-50 572 1
Molecule
KS6 Small - 30-500 540 2
Molecule
TAC Small - - 540 3
Molecule
TAC-Red Small - 0-50 574 4
Molecule
TAC- Small - 20-60 600 5
Chrimson Molecule
PBFI Small 8 - 500 6
Molecule
€DC222 Small 1534 2565 445 7
Molecule
GEPIl Protein 0.1-20 0.01-1000 550 8
(family)
KIRIN1 Protein 167 0.1-10 530 9
GINKO Protein 04 3-100 514 9
PSO-1 DNA = = 581 10
PSO-2 DNA 73 0.5-10 480 1
TBA DNA - 100-200 583 1
Broccoli RNA 8-18 0.15-100 501 -
Chimera (Modified)
Methods

In vitro Transcription and purification: RNA transcripts were
prepared using linear dsDNA PCR templates. Sequences of the
forward DNA strand are as follows (T7 promoter is underlined,
construct in bold font): Spinach 5'—
GCGCGCGAATTCTAATACGACTCACTATAGGAGGACGCGACCGAA
ATGGTGAAGGACGGGTCCAGTGCGAAACACGCACTGTTGAGTAG
AGTGTGAGCTCCGTAACTGGTCGCGTC—3’; and Broccoli 5 —
GCGCGCGAATTCTAATACGACTCACTATAGGGAGACGGTCGGGTC
CAGGCACACAAAAATGTTGCCTGTTGAGTAGAGTGTGGGCTCC—
3’. Prior to transcription, PCR templates were gel purified,
phenol:chloroform cleaned, and desalted, similar to RNA clean
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up (described below). Transcription reactions were assembled
at room temperature in the following order, to final
concentrations of: water, 1X T7 RNAP transcription buffer
(NEB), 24mM MgCl;, 4mM each NTP (2°0OH purines from NEB,
2'F pyrimidines from Trilink Biotechnologies), 15-25ng/ul
dsDNA, S5mM DTT, 1U/pl murine RNase inhibitor (NEB),
2.5mU/pl Yeast Inorganic Pyrophosphatase (NEB), SU/ul WT T7
RNA polymerase (NEB) or 1.25U/ul mutant T7 R&D polymerase
(Lucigen, Inc). RNA was transcribed at 42°C for 2-5 hours.
Transcriptions were quenched with DMNase | treatment, and
observed on a 4% agarose sodium borate gel, stained with Sybr
Gold nucleic acid dye. Target transcript bands were purified by
gel excision and electro-eluted into 3.5kDa MWCO dialysis
tubing. RNA was concentrated with a 3.5KkDa MWCO
concentrating spin column (Millipore) or Speed Vac, and
cleaned with acidified phenol:chloroform:isoamyl alcohol
{Ambion). RNA was then desalted into SmM Tris (pH 8.0) using
a 7kDa MWCO desalting spin column (Zeba, Thermo Scientific),
and quantified by UV-absorbance at 260nm and fluorescence
{Qubit HS RNA kit; Invitrogen), and stored at -80°C. Prior to
experimental use of frozen stocks, RNA was folded following a
basic protocol: dilution into reaction buffer, then successive
thermocycler incubations at 95°C (20sec), 50°C (10sec), 37°C
(10sec), addition of DFHBI, 4°C (230min).

Fluorescence: Single sample fluorescent measurements were
performed on a Photon Technologies International QM-1
steady state fluorescent spectrophotometer. All fluorescent
measurements were performed with the following solution
with various cation additions: 0.5uM RNA, 20mM Tris (pH 8.0),
5mM MgCl;, 20uM DFHBI. Samples were read at 20°C, held
constant by a circulating water bath, and excited at 468nm in a
2mm quartz fluorescence cuvette. KCl titrations were
performed by folding RNA in the presence of various KCI
concentrations in individual reaction tubes. Samples were then
incubated on ice for 2hr to ensure equilibrium was reached.
RNaseA-dependent stability: 0.5uM RNA was incubated with
1.25mU/pl purified RNase A (Qiagen). At stated time points, 5pl
of reaction was removed, quenched with 10mMm EDTA in 2X gel
loading dye, and frozen at -20°C. Samples were analyzed via 4%
agarose gel stained with Sybr Gold nucleic acid dye.
pH-dependent stability: 0.5uM Chimera was assayed for
fluorescent yield at 9 pH points in a universal buffer composed
of 20mM acetate, 20mM HEPES, 20mM Borate, 100mM KClI,
5mM MgClz, 20mM DFHBI. Samples were incubated at stated
pH for 30minutes, then analyzed simultaneously in a
SpectroMax M2® Microplate reader (Molecular Devices), Ex/Em
at 468/501nm, respectively.

Serum-dependent Stability: 0.5uM Chimera was assayed for
fluorescence over time in increasing concentrations of cell
culture serum, 0, 10, 25, and 50%. Serum was composed of a
1:1 mixture of Bovine Growth Serum and Fatal Calf Serum
(Atlanta Biologicals). Fluorescence was measured in a
SpectroMax M2= Microplate reader (Molecular Devices).
Samples were Top-read at 25°C, every 60 seconds for 60min
with Ex/Em at 468/501nm. Data plotted in GraphPad Prism 5.
Tripartite complex association kinetics: Kinetic fluorescence
was performed by rapid, in-cuvette mixing of folded Apo-state
0.25uM RNA in buffer with a 10% volume of 10X KCl in water.
Emission was read at 501nm every 29.75 seconds with a 0.25
second shutter exposure. Association curves of individual KCI
concentrations were fit in GraphPad Prism 5 using the following
built in equation for specific binding:

Y = [(Bmax) (X))/(Ko+X) (1)

This fit assumes any non-specific binding does not contribute to
fluorescence. Individual kinetic fits provided K observed (Kous)
rate values. To determine the individual kinetic parameters of
the Kobs (binding and unbinding, or Kon and Ko, respectively),
Kabs values for each KCl concentration were plotted against their
respective KCl concentration. Linear regression of the resulting
plot provides K., and K. via the slope and y-intercept,
respectively.

Circular Dichroism: Measurements were collected with an Aviv
215 CD Spectrophotometer at 20°C. RNA samples were assayed
in 10mM Cacodylate (pH 7.4), 100mM KCI, 5mM MgCl,. RNA
was folded as described. 135ng/ul RNA samples were scanned
in Imm quartz CD cuvette from 320 to 190nm by a 0.2nm step,
with a 3 second integrated read per step. Data presented as
average of three individual scans. Control scans of buffer were
subtracted from spectra. Values plotted in GraphPad Prism 5.
Construct Design: Complementary 3’ extensions were
engineered into Broccoli construct by PCR. The two sequences
added to the 3’ terminus of dsDNA T7 Broccoli constructs: (1)
5'-AGACAGACAGT-3' and (2) 5'-ACTGTCTGTCT-3".

Cell Culture: HEK293T cells were cultured in DMEM with 10%
fetal bovine serum, penicillin and streptomycin, and
supplemented SmM glutamine, at 37°C with 5% CO2. Cells were
maintained between 40-80% confluent between passages.
Hypotonic Lysis: HEK293T cells were cultured to various
degrees of confluence in 96-well, clear-bottom, black-walled,
tissue culture plates. Cells were quickly and gently washed once
with 1X PBS then once with hypotonic buffer (20mM Tris pH 8.0,
5mM MgCl;, 0.01% Triton X-100), before 200ul of hypotonic
lysis solution containing 3uM DFHBI, 0.5uM Broccoli chimera
RNA, and 80mU/ul murine RNase Inhibitor was added to each
well. Plate immediately placed in SpectroMax M2® Microplate
reader (Molecular Devices). Samples were bottom-read at 25°C,
every 60 seconds for 60min with Ex/Em at 468/501nm. Positive
control wells of varying KCl concentrations with no cells were
simultaneously read, as were negative control wells containing
either no cells, no RNA, or neither of both. Positive control
samples used fit to a simple nonlinear regression model in
GraphPad Prism 5:

Y = Yintercept + X*Slope (2)

Unknown samples values were interpolated from the resulting
plot in GraphPad Prism 5.

Molecular Dynamic Simulations: Broccoli structural model
adapted from Savage et al, 2020.12 2'fluorinated Broccoli
structural model was created in the YASARA software package
as described.12.13 Simulations were performed for 50ns at 298K
with an improved Berendsen thermostat for temperature
control and a “densostat” for pressure control, with an
integration time step of 2.5fs. lonic concentration was 0.9% w/v
NaCl concentration; electrostatics were evaluated using Particle
Mesh Ewald with an 8A cut off for long range interactions.!* A
modified AMBER14 force field for RNA was employed.15

Model Analysis: G-Quadruplex bonding analysis: The distances
between hydrogen bond donors and acceptors for each
canonical hydrogen bond within the two-plane G-quadruplex
motif was analyzed for each snapshot and plotted as a time
trace. Distances within 2A were considered bound via hydrogen
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bonding, and interaction distances outside this range were
considered unbound.

Principle Component Analysis: The core residues of the G-
quadruplex and DHFBI binding pocket were extracted for every
simulation snapshot and aligned to the starting broccoli model,
to remove any translations and rotations that occurred over the
course of the simulation. The MD trajectories for the aptamer
with and without K* were combined to form a single trajectory
upon which a principal component analysis was conducted
using ProDy.¢ Cluster analysis was conducted on the
projections of all snapshots onto the first three principal
components using Wolfram Mathematica FindCluster. The
structures corresponding to cluster averages were then back-
calculated using the coordinates of individual elements within
the cluster in order to find potential intermediate states.
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