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Chapter 1: Introduction to RNA crystallography and Fluorogenic aptamers

1.1 The importance of RNA structural biology

Structural biology’s explosive growth as a field has led to a transformation in how we think
about the complex chemical functions in living organisms. In pursuing answers about protein,
DNA and RNA function, investigators in the last century have discovered some of the most
complicated chemical systems, processes and pathways known to mankind, and have applied a
wide variety of powerful investigative tools to probe these questions. As proteins rose to dominate
the structural map of biology, the structures of RNA began to be elucidated and scrutinized.
Eventually, biologists realized that RNA contained a whole evolutionary history of chemically
complicated and diverse functions that were derived from tertiary and quaternary structure, rather
than primary sequence alone. It is now generally accepted that RNA may have been the first of the
three main biomolecules (DNA, RNA, and proteins) to have developed critical biochemical
processes for life billions of years ago such as self-replication, self-cleavage, and regulation of
sequences . Structural RNA biology has become an essential field in fundamental and applied
biology, with modern medicine becoming more reliant on understanding RNA structure and
function to fight auto-immune diseases and viral pathogens by targeting their structured RNA
features 2, including one particular reverse-RNA genome coronavirus called SARS-CoV-2, which

caused the Covid-19 pandemic 3.

RNA structures have been discovered and engineered that perform a wide variety of
interesting functions, from methyltransferase catalysis * to ribosomal frame-shifting for viral
replication °, and riboswitches that regulate gene translation ©. Naturally occurring riboswitches —
allosteric RNAs that bind specific metabolite ligands — use conformational changes upon substrate

binding to induce differentiation in biological pathways, including gene translation ’. Ribozymes
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are RNA structures that perform specific chemical reactions; mainly site-specific self-cleaving
reactions of the phosphodiester bond that makes up the RNA backbone. These cleavages
complement many post-translational protein driven processes in the transcriptome 8. Internal
ribosome entry sites (IRESs), are employed by viral 5’ untranslated regions (5’UTRs) to cause
translation to occur without the canonical translation signals such as eukaryotic initiation factor
(eIF) 5’-capping, and therefore bypassing steps that allow for anti-viral proof-reading by the
ribosomal machinery 2. 3°UTR-Cap-independent-translation enhancers (3’CITEs)® such as the
pea-enation-mosaic virus 3’CITE (PEMV2) 10 are structured RNAs that are able to perform long-
range interactions over thousands of nucleotides to assist viral translation via structurally
interfacing with the viral genome’s 5’UTR, demonstrating that RNA structures can function across
large stretches of genomic space and are not merely localized to short stretches of transcripts.
Naturally occurring structured RNAs are not limited to well-defined regions of translated RNA, as
long-non-coding RNAs (IncRNAs) have turned from being considered informational junk to an
unexplored frontier for the structureome *. Non-pathogenic ncRNAs in the “dark genome” are
continuously being identified to serve as modulators in fundamental processes such as the IncRNA
Braveheart (Bvht), with its expression tied to cariogenic differentiation in stem cells 1213, or the

IncRNA HOTAIR which is identified as a cancer biomarker 4.

Engineering attempts have been extremely fruitful at mimicking and developing the
potential of structured RNAs. Examples of synthetic ribozymes have been developed include an
aptazyme *° that uses the hammerhead ribozyme to cleave upon binding a tetracycline substrate °,
a riboswitch that uses the universal cofactor S-adenosylmethionine (SAM) as a methyl-group
donor to methylate a site-specific adenosine 4, and a ribozyme that specifically bind the Pb* cation

to induce RNA cleavage 7. These examples demonstrate the additional diverse capabilities of



ribozymes to function as context- and sequence-specific genomic switches in these hypothetical
biological scenarios. Another example of structured RNAs are fluorogenic RNA aptamers, which
are synthetically engineered allosteric RNAs that bind a ligand to form a fluorescent complex 18,
and have been widely applied to monitor cellular processes, particularly the RNA transcriptome

in vivo.

1.2 Methods to investigate RNA structure

Investigating structured RNA and their biology can be mainly broken down into four
components; sequencing and modification localization, computational structure prediction,
chemical and enzymatic probing, and empirical 3D-structure elucidation, (Figure 1.1). Through
revolutionary tools such as RNA-seq and bioinformatics, RNA sequences and their post-
translational modifications have been studied and localized in cells on a tremendous scale via
analysing differential gene expression °. Computational prediction of RNA structure is improving
quickly, with powerful tools that are able to make more accurate RNA models in development,
advancing beyond the aging but straight-forward minimum-free-energy (MFE) secondary
structure prediction tools such as unafold 2°. These methods are improving at a dramatic rate as
tools similar to the protein structure-predicting alphafold 2! are developed for RNA such as the
Atomic Rotationally Equivariant Scorer (ARES) deep-learning model 22, but these software still
need fundamental information on RNA structure from empirically derived structures and in-vitro

assays 2.

Methods to empirically derive 3D models of RNA structure are similar to those used to

study protein structure (Figure 1.1). The protein data bank (pdb; https://www.rcsb.org/) was



originally established to coalesce the models of proteins from researchers around the world, and
became the home of thousands of RNA structures as the structural biology field grew. X-ray
diffraction serves as the primary tool for detailed structural research, though this is now
supplemented by neutron diffraction and the increasingly popular cryo-electron microscopy (Cryo-
EM) 24, Nuclear magnetic resonance (NMR) in both solution 2 and solid 2° formats have been very
popular in the structural biology community to investigate protein and RNA structure and
dynamics. NMR has been particularly desirable for structures that do not form crystal lattices very
easily such as membrane proteins 27, which are notoriously difficult to express, solubilize and
crystallize. For similar reasons, dynamic and homogenous RNAs that are recalcitrant to
crystallography have also been studied via NMR. However, NMR datasets lack the level of

structural detail that an X-ray structure can provide 28, particularly for larger proteins and RNAs.

Although the appeal of diffraction techniques, NMR, and electron microscopy is very high
for their detail and accuracy, they can be very hard to use without prior empirical information
about the RNA structure, and are not usually the first methods of investigation. In vitro chemical
probing techniques such as SHAPE (Selective 2’-hydroxyl acylation analyzed by primer extension)
29 and in-line probing *° are vital for deducing secondary structures of RNA under various buffer
and ligand contexts by identifying nucleotides that are more dynamic or solvent-exposed.
Fluorescence resonance energy transfer (FRET) has become a valuable technique for assessing
proximity within an RNA structure, providing important clues about tertiary interactions and
dynamics 3. By taking advantage of the suite of naturally occurring and highly specific RNases
that are available, such as ribonuclease T1 which cleaves the 3’ side of unpaired guanosines %2, or
V1 which cleaves dsRNA 22, tertiary structure features can be assigned in vitro without a 3D-

structure. Finally, reverse transcription can be vital for checking and understanding how the RNA



is translated from DNA 33, particularly in cases where structured or catalytic RNAs may alter the

performance of polymerases such as T7 that are typically used for in vitro RNA synthesis 3%,

Direct Structure ; Indirect structure
Analysis analysis

y
“ma

FRET

Enzymatic
reactivity

Chemical
reactivity

Figure 1.1: Direct and indirect methods of analysing RNA structure. Direct structure analysis
gives insights into overall topology and tertiary structure and generating 3D models, potentially
down to almost atomic-detail. Indirect structure analysis can indicate what parts of a sequence are
reactive in various chemical or enzymatic contexts, the composition of the sequence, and relative
proximity within a structure. Created using Biorender™.



1.3 RNA crystallography

The first published X-ray diffraction RNA structure in 1978 was that of a transfer RNA
(tRNA); an examples of a fundamental structure that facilitates ribosomal protein synthesis
through the triplet anticodon %, followed by the first RNA helix structure published in 1989 %', By
the mid-1990s, RNA structure gained traction with the publication of the hammerhead ribozyme
structures, which gave a first detailed look at a naturally occurring catalytic RNA%3 after the
initial proof of existence in the early 1980s “°. From the beginning of the 2000s, RNA structures
have been deposited to the pdb at an accelerating rate #*, including examples of riboswitches 42,
more ribozymes *3, frame-shifting elements ** and many RNAs in functional complexes with

proteins *°.

Without the presence of other biomolecules, RNA has biophysical properties that make
forming a crystal lattice particularly difficult, often seen as much greater than issues that make
protein crystallography challenging #!. Whereas proteins have 20 amino acids, and therefore a
colossal range of potential sterics, charge interfaces and hydrophobic properties, RNA is composed
of 4 types ribonucleotides that all exhibit similar chemical interfaces. The negatively charged
phosphate backbone of all nucleic acids presents few opportunities for chemical discernment for
creating specific crystal contacts, making lattice formation unfavourable. In addition, RNA
lifetime in aqueous solutions is hampered by frequent cleavage when the 2’OH breaks the
phosphodiester bond via nucleophilic attack. This cleavage is exacerbated by Mg?* and other
divalent ions that can catalyse the reaction by acting as a Lewis acid to make nucleophilic attack
more favourable, and often cannot be excluded during structural studies as divalent ions can be
critical to functional RNA structures “6. RNA is also generally highly dynamic with many more

rotatable bonds than proteins #’ inhibiting crystallization and also making it difficult to ensure the



correct fold of the RNA is being crystallized. Even when high-resolution diffraction data is
collected for an RNA, the phase problem is a major obstacle to overcome “® without either a
substantial component of the dataset composed of previously solved structure (such as a distinct
loop or pseudoknot), heavy metal soaking®®, or heavy atom labelling, all of which can be very

detrimental to the RNA decrease the relevance of a derived 3D model.

When engineering an RNA construct for crystallography to circumvent these problems,
making changes to the sequence can assist lattice-formation but at a risk of losing key structural
details. Removing or replacing flexible domains and regions with well-structured RNA such as
UUCG hairpins, and double-stranded regions can sometimes mitigate these problems “°. For
example, the Varkud-Satellite ribozyme structure was solved by using a well-structured RNA
pentaloop for both structure and phasing assistance *°. Modifying the ends of RNA to have
overhanging bases or blunt ends can make a substantial difference in RNA crystallization. As a
general rule, smaller RNAs have been successfully crystallized more often than larger RNAs 2,

making minimal functional motifs a focal point for crystallization construct design.

1.4 Chaperone-assisted RNA Crystallography

Another way to overcome RNAs reluctance to crystallize is to use crystallography
chaperones that assist with lattice formation, restrict dynamics, and aid structure solving once a
diffraction dataset has been collected. An ideal crystallography chaperone binds to the RNA
specifically with high affinity, ensuring that the equilibrium of the complex does not favor
dissociation in solution and exists overwhelmingly as the complete complex. The chaperone

should also be highly crystallisable and able to form substantial lattice contacts with other



chaperones or with RNA, and also large enough to provide an easy solution to the phase problem
by giving the crystallographer a large target to identify in the initial dataset. An early example of
such a chaperone, or crystallization module, was the RNA-binding U1A domain, which was used
to characterize the 3D structure of the Hepatitis Delta Virus (HDV) ribozyme °2. However, the
U1A protein is relatively small (11 kDa), making it difficult to use for phase problems with all but
very small RNAs. One alternative that has turned up are antibody fragments (Fabs) with a beta-
sheet rich structure that bind tightly and specifically to a target via their complementarity
determining regions (CDRs) *3. Fabs can be easily expressed and purified, then complexed with
the RNA to set up crystal trials **. When solving collected datasets, crystals containing Fabs can
utilize their substantial mas (48 kDa) to make solving the phase problem much easier, as the Fab

can be identified in the dataset via molecular replacement.

To use a Fab as a chaperone for an RNA of interest, there are two main approaches that
can be considered (Figure 1.2). When an RNA is poorly characterized, de-novo phage display
selections can be performed to identify Fab binders from a library of Fab conjugated to the plll
protein of M13 phage. This is advantageous as the RNA can be mostly unmodified from its native
sequence for the selection *. When investigating RNAs with detailed pre-existing biochemical
characterization such as SHAPE or in-line probing data, grafting an RNA hairpin with a loop that
is already known to bind a Fab is a more straightforward option to apply to targets than phage
display. For example Fab BL3-6 was mutated from the selection-identified Fab BL3 >, and has
been successfully deployed across a variety of RNA targets to find there structures 4454558 |n all
of these cases, a previously identified hairpin proven to not be sequence specific for a particular
RNA’s function was changed to a BL3-6 binding AAACA loop closed by a GC pair to allow the

formation of the Fab-RNA complex. Other examples of this approach can be seen with Fab HAVx



which was used to elucidate the structure of the hepatitis A IRES domain *°, and the synthetic self-

alkylating ribozyme ©°.

Approach 1: Target specific chaperone

Phage
Display
Selection

RNA target Specific Fab-RNA Crystallized
complex RNA-FAb complex

L

Fab-RNA
module

Epitope grafted Crystallized
to RNA target RNA-Fab complex

Figure 1.2: Approaches for using Fabs as crystallization chaperones. Using phage display, Fabs
can be identified that bind to an RNA tertiary structure specifically and therefore used as
chaperones with no further modifications to the RNA. The second approach involves replacing a
non-essential helix or stem with a hairpin containing a Fab-binding loop, and using a pre-
determined Fab as the crystallization chaperone. Created using Biorender™.



1.5 History of fluorescent visualization of RNA

For decades, visualizing RNA dynamics in vivo in real time had been a desire in many
fields, and did not start to become a reality until the late 1990s ®*. The intrinsic problem of
following RNAs in real time was that they were not specifically responsive to any radiation that
could be used for microscopy, requiring that the RNA had an additional substrate or protein to be
detected via fluorescence microscopy instead®?3, The RNA-phage derived MS2 coat protein had
long been known to bind a particular RNA secondary structure with a tight low nM affinity®+-,
and once genetically inserted adjacent to an RNA of interest, an MS2-GFP (Green Fluorescent
Protein) complex could bind to the RNA in real time for visualization via fluorescent microscopy,
the first example being to follow ASH1 mRNA in yeast cells 5. While this technique was a great
step forward in real-time RNA analysis, it has two major drawbacks. The first of these is that
multiple copies of MS2 need to be added to a transcript to be followed, which then needs to bind
multiple MS2 and GFP proteins, making the overall complex gigantic compared to the RNA
transcript it is visualizing. The second issue is that at least two extra proteins needed to be
substantially expressed by a cell to visualize an RNA using the MS2-GFP system, which can be
prohibitively demanding for certain cellular environments and organisms as a whole to synthesize
in addition to the natural biological processes. The method has been updated over the years with
ways to address these problems by using a split-GFP approach®’, or a brighter version of GFP
called enhanced GFP (eGFP)®, and to this day, the MS2-GFP systems are the benchmark against
which other options for in vivo in fluorescence microscopy are judged . However, more
streamlined methods for directly visualizing RNA transcripts that would be compatible with the

current fluorescence microscopes were in high demand from the mid-2000s onwards.
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To devise alternatives, scientists looked to the GFP structure itself for inspiration. The
crystal structures of GFP " allowed researchers to identify how the protein was able to stabilize
the 4-(p-hydroxybenzylidene)imidazolidin-5-one (HBI) component that is responsible for
fluorescence. The HBI motif is an organic structure that auto catalytically forms from three amino
acid residues (S65, F54, and G67) within the core of GFP, resulting in an aromatic ring system
that absorbs light in the visible spectrum™. As HBI is formed from amino acids in the peptide
chain, HBI is intrinsically covalently linked to the GFP protein. This is important, as the HBI motif
in aqueous solution does not emit absorbed light as, making the GFP structure key to HBI’s
fluorescent properties. GFP functions by excluding water from the HBI fluorophore’s pocket and
preventing the HBI from moving through covalent and steric interactions, and then preventing
wavelengths absorbed by the photo-active HBI motif from energetically relaxing via non-radiative
pathways 2. In other words, the HBI motif absorbs the wavelengths of light, then is unable to
release that energy through translation, rotation, chemical or quenching means easily, and so
fluorescent emission occurs as a substantial means of energetic relaxation — increasing the quantum
yield (¢) of the HBI in the protein relative to what it would be in aqueous solution. Mimicking this
effect with an allosteric RNA that bound a similarly-photo responsive ligand to activate

fluorescence was hypothesized to be possible (Figure 1.3).
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Figure 1.3. Fluorogenic aptamers emit light by binding a fluorogen that is not fluorescent in
solution due to energy loss through non-radiative pathways. Once the ligand is bound by the
aptamer, the radiative pathways become more favourable, quantum vyield increases, and the
absorbed light is now emitted as fluorescence. Figure adapted from Oullet. 2016,

The first fluorogenic aptamer with the potential to demonstrate this concept with an
allosteric RNA was engineered through Systematic evolution of ligands by exponential enrichment
(SELEX) " to bind the malachite green fluorogen (Figure 1.4) by Grate and Wilson "4, who
originally intended to use the RNA aptamer for laser-mediated site-specific inactivation of RNA
in cells. The pioneering malachite green aptamer (MGa) was hindered by the relatively high
cytotoxicity ’° of the malachite green fluorogen, which produces free radicals upon excitation, and
the fact that the RNA was liable to cleave upon radiation (as was the originally intended function).
To improve upon these problems with MGa, less cytotoxic dyes were engineered form the
fluorogenic cyanine dye thiazole-orange (TO) to produce dimethyl indole red (DIR) 6, which

bound to the complementary aptamer with a high affinity (Kq = 87 nM). Another attempt to
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improve upon MGa used the highly biorthogonal Hoechst derivatives (that were already well
known to bind to the minor groove of AT-rich dsDNA helices ’"), and engineered the Hoechst
ligand into an aptamer to detect transcription processes in vivo ’®. However, both of these new dye-
aptamer complexes struggled to gain traction as biotools due to low fluorescent signals (DIR) or a
lack of binding specificity (Hoechst), and neither rose to replace the RNA-binding-protein-GFP

complexes that were dominant at the time.

) L O L
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Figure 1.4. Pre-2019 fluorogens that have had RNA aptamers engineered to bind them. Derivates
of GFP-binding fluorophores are boxed in green, and thiazole-orange derivatives are boxed in
orange. Adapted from Truong et al.”

It was not until the Spinach fluorogenic aptamer was developed by Jaffrey and co-workers
that the potential to directly observe in-vivo RNAs began to be truly realized (Figure 1.4). Through
selecting RNA sequences to bind derivatives of the GFP active motif HBI, the Spinach aptamer

was developed. Experimentation with the HBI motif lead to the creation of new fluorogens,
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including (52)-5-[(3,5-Difluoro-4-hydroxyphenyl)methylene]-3,5-dihydro-2,3-dimethyl-4H-
imidazol-4-one (DFHBI) which exhibited enhanced properties to original HBI. With a great
affinity for the bio-orthogonal ligand DFHBI in particular, Spinach quickly became a reliable tool
for visualizing cellular dynamics without the need of a protein like the MS2-GFP system, as the
low cytotoxicity of the GFP-derivatives and the brightness of Spinach were finally able to perform
at the level the lumbering multimeric RNA-protein structures with simple and short RNAs that
bound to a small fluorogen directly. Cell stress was decreased using Spinach, as even though
multiple copies of spinach often needed to be cloned next to an RNA of interest, this would not
result in the huge protein-RNA complexes of the MS2-GFP systems. Even with this breakthrough,
Spinach still had two issues; poor folding in vivo, and a relatively poor affinity with its HBI-
derivative ligands (around 500 nM) &, the latter of which was in contrast to the tight binding of

MS2-GFP complexes (10s nM).

In the last ten years, many new aptamers have been selected and optimized to overcome
these initial problems and fulfil a wide range of needs (Table 1.1). The Jaffrey group engineered
Spinach2 to have better folding properties and thermal stability which had been problems for the
first iteration of Spinach 8!, alongside improvements to the DFHBI fluorogen by replacing the
methyl on the imidozolone ring with a tri-fluoroethyl moiety (DFHBI-1T: Figure 1.4) which when
bound to Spinach2 exhibited a higher quantum yield. The same group were also responsible for
the Broccoli aptamer, which was a substantial improvement over Spinach aptamers for in-vivo

applications &,

Many new aptamers have been developed that are fulfilling new needs, from stokes-
shifting to even more compact 3D topologies. iSpinach was optimized for in-vitro applications 2.

An aptamer with very high affinity for its fluorogen came in the form of the Mango aptamer.
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Presented by the Unrau group 8, Mango was selected to bind the from thiozole-orange family of
fluorogen (TO-1, TO-3; Figure 1.4)) and exhibited a combination of tight affinity (3.2 nM) and
brightness that Spinach aptamers had lacked (Table 1.1). These were further improved by
structure-guided engineering to make Mangoll-1V 84 and recently the Peach aptamer was
engineered from Mango that has orthogonal ligand preference to TO3 over TO1, making dual-
channel visualization with Mango (which preferentially binds the TO1 ligand) possible &. The
DIR system was eventually improved with the development of the DIR2 aptamer which
promiscuously bound two variants of cyanine dye, and allowed for dual-channel red/blue
visualization . Corn was an aptamer developed for even more precise quantitative reporting in
cells by binding the less photolabile 3,5-difluoro-4-hydroxybenzylidene imidazolinone-2-oxime
(DFHO) derivative of GFP ligands 8. An aptamer with a very large stokes shift called Chilli was
engineered from Spinach by Hobartner and co-workers, who also modified the GFP-derived ligand
DMHBO" ([4-[(42)-4-[(4-hydroxy-3,5-dimethoxyphenyl)methylidene]-2-[(E)-
hydroxyiminomethyl]-5-oxoimidazolidin-1-yl]phenyl]-trimethylazanium) to be positively
charged and have the tightest affinity to its HBI-fluorophore at the time (12 nM) 8. Although
virtually every feature that could be desired of an aptamer has been engineered, from brightness
to great folding in vivo to tight affinities, there are still challenges in engineering aptamers to have

more and more of these attributes simultaneously*®"°.

One of the newest and most promising aptamers developed is the Pepper aptamer, which
was evolved against an entirely new suite of ligands derived from HBC ((Z)-4-(1-cyano-2-(4-((2-
hydroxyethyl)(methyl)amino)phenyl)vinyl)benzonitrile ) 8. With a low Kd (3.5 nM) to ligand
HBC530 (Table 1.1) bright signal (3 times brighter than Broccoli), and a relatively long lifetime,

Pepper has many properties that are highly promising as a biosensing RNA aptamer. In addition,
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engineering of HBC ligands produced many different wavelength options for visualization,

making Peppers potential versatility unparalleled.

Table 1.1: Tabulated data of selected fluorogenic aptamers. Extinction coefficients () are for the
RNA-ligand complex in ideal buffer conditions.

Fluorogen Aptamer (;|:1 fﬁ) (;‘nf\;ll; éo(::f..) ¢ (3?;3;""1 (rr1<l\(/jl) References

Mg'fecehn'te MGA 630 650 150000 0.19 117 89

DFHBI Spinach 452 496 24271 0.72 537 57.90
TO1-Biotin Mango 510 535 77500 0.14 3.2 a
TO3-Biotin Mango 637 658 ND ND 6-8 91
OTB D'AsztS' 380 421 73000 0.51 662 92
DMHBO+ Chilli 456 592 22000 0.1 12 92
DMHBI+ Chilli 413 542 21000 0.4 63 92
DFHO Corn 505 545 29000 0.25 70 93

DFHO Squash 505 562 24600 0.25 54 33,39
HBC530 Pepper 485 530 65300 0.66 3.5 8

1.6 Structural findings of fluorogenic RNA aptamers

Since their inception, fluorogenic aptamers have attracted the attention of structural RNA
scientists because of their functionality and relatively static structures that make them highly
suitable for 3D structural investigations. As predicted from their intended designs and engineering,
fluorogenic aptamers have been shown in crystal structures to work by binding a fluorophores that
do not have significant fluorescence in solution and increasing the proportion of energetic

relaxation via/through fluorescent emission pathways.

The first fluorogenic aptamer MGa was successfully crystallized with the malachite green
ligand soon after its discovery &. The structure revealed that the malachite green ligand bound

within a stacked formation between a base-quadruple and a base-pair backed up with two base-
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triples on the other side of the malachite green ligand (Table 1.2). This first example showed many
general features that would be exhibited by later structures of fluorogenic aptamers, with the ligand
stabilized by a complex stacking arrangement within a bulge supported by an out of plane base
system that assists the formation of a complete binding pocket. Interestingly, the malachite green
ligand showed no specific hydrogen bonding to the RNA that was expected from the known
structures of riboswitches at the time. Instead MGa entirely relied upon planar aromatic stacking
between the similar profiles of aromatic structure in the ligand and the purine or pyrimidine rings
of the RNA. Although the crystal structure was solved with Sr?* atoms for solving the
crystallographic phase problem, MGa exhibited no strict requirements for divalent cations, and the

lack of Sr?* in the core of the MGa structure agreed with this finding.

When the structure of Spinach was discovered®”, it was similar to MGa but also exhibited
two new features for a fluorogenic aptamer (Table 1.2). Similar to MGa, Spinach binds DFHBI by
forming two sets of stacking nucleic acids that sandwich the ligand, with an out-of-plane gateway
nucleotide to complete the pocket. However, unlike MGa, Spinach’s bulge unexpectedly formed
a G-quadruplex; a structure that can form from G-rich strands of RNA that is reliant upon
monovalent cations %, particularly potassium. This explained Spinach’s observed reliance on
potassium cations for function, a feature that became a common feature in future fluorogenic
aptamer structures that also relied on G-quadruplexes’. In addition to the G-quadruplex, Spinach
was different to MGa because it bound DFHBI with a hydrogen-bond through a G nucleotide in

the same plane to the ligand.

Following Spinach, multiple more GFP-derivative binding aptamers have had their
structures solved including Corn %, iSpinach 82, Chilli ®2, and Squash . With the notable exception

of Squash, all of the aptamers bind their fluorophores using a G-quadruplex platform stack
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sandwiched with another non-G-quadruplex stack on the other side. Corn is a dimer, and thus is
the only aptamer to bind it’s fluorogen with two unconnected G-quadruplex stacks. Most of the
aptamers, except for Chilli, have bases out of plane with the ligand and stacking arrangement to

complete their respective binding pockets (Table 1.2).

Mango aptamers, and presumably Peach, also use a G-quadruplex motif to bind the TO1
and TO3 ligands with very tight affinity ®*. Mango has been structurally engineered through a
series of variants, in the form of Mango I1-1V, which have all had their crystal structures solved.
Mango-I - the original mango - binds the thiozole-orange ligands on top of a G-quadruplex and
supported by a series of “propeller-like” nucleotides, making Mango the only aptamer to bind it’s
ligand without two sets of parallel planar stacks on either side of the ligand ®® and - to great surprise
at the time - Mango | bound TO-ligands in multiple conformations. Mango-I1, which has an A22U
mutation from the original Mango | aptamer, and was found to discriminate better between the
ligands with a five-fold better affinity for TO1 than TO3 % partly by removing the potential for
multiple binding conformations that Mango-1 exhibited. Mango-I11 was engineered with a brighter
(18% increase) in signal and found to have an extra pseudoknot that supported the ligand binding
from a distance ®8. Mango IV demonstrated great performance in cells, mainly due to its relatively
flexible binding site which made it more resistant to perturbation in sometimes unpredictable
cellular contexts %, though lost some of the conformation specificity from earlier Mango

generations.
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Table 1.2: Descriptions of interactions around bound fluorogens for select aptamers with solved
3D structures.

pd | Apta | H-bonding/other | Stacking 1.3 | Stacking 1.2 Stacking Fluoro Stacking Stack | Stack Side
b mer 11 gen 21 ing ing (out of
2.2 2.3 plane)
1F | MG None Ul1-A22:A2  C10G23-A2 G8+C28 Malach ~ C7-G24.G2  C6°G  C5°G u25,
1T A 6 triple 7 triple pair ite 9 A3l 33 34 A30°A9
Green quadruple pair pair
4 | Spin | G28<H-bond keto C25+G63 G22+G26°G5  G23-G27- DFHBI  U29-U50A  C30+  C3le A58
K ach pair 7-G61 QPx G54+G59 53 triple G52 G49
z QPx pair pair
D
5V | Man None G8+G13:G18  G9+G14+G19  G10-Gl6° TO1- U15, A20, None  None U15,
3F go *G23 QPx G24-QPx G21-G26 Biotin A25 (also A20,
QPx side) A25
6D | DIR | G39+SO3 moiety G37, A13 Al14.U38<U4  A15°G39+ oTB A40 None  None None
B8 | 2s- H-bond stack 2 triple A41 triple stacking
Apt individually
7 | Chill In plane G15 H- G10+Al1.C4  G9+G12+G36  G13+G32¢ DMHB C16+G39, Gl17-  Cl18 None
(0] i bond (C40 pair) 4 triple *G42 QPx G37-G41 O+ G14+G31 u30 G29
A (and K+) QPx pair pair
X
6E | Cor Dimerizes, A11 Al10°U17-A2 Gl13+Gl16°G2  GI12Gl5+ DFHO Dimer* Dime  Dime All,
81 n H-bonds to imine 1:U27 QPx 3+G26 QPx G22+G25 r* r* A24
QPx
7 Squ | A69, A70 H-bond  G42+G46°G7  Al12+G41-G4  G13<A40+ DFHO U15-A69 Gl6s  Al7e G14,
K ash phenolate 1-G73 7C72 A70 triple A49 u68 A48
\Y quadruple quadruple pair pair (U39
\ pair)

Although researchers have made great efforts to acquire structural data on fluorogenic
aptamers, not all have been successfully crystallized. The structure of Broccoli is presumably very
similar to Spinach based on the mostly identical sequence, secondary fold, and metal
dependencies, which has decreased interest in a crystal structure °°. However, there have
undoubtedly been attempts to crystallize Broccoli, potentially indicating a more dynamic structure
that has difficulties forming crystal lattices. The very recent Peach remains uncrystallised with no
other 3D-structural data, and is interesting as it differentiates the binding of the TO1 and TO3
ligands like Mango-II but this time favouring TO3, indicating Peach has structural features that
the other Mango derivatives do not. Until very recently, the structure of a new fluorogenic aptamer
named Pepper was unknown 8191 with its novel ligand scope, tight affinity, and excellent

performance in vivo making it an interesting target to pursue.
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1.7 The aims of this thesis

In this thesis, the structure and function of the recently engineered Pepper aptamer are
presented and investigated. By using the Fab-BL3-6 chaperone, crystal structures of the Pepper
aptamer bound to the ligands HBC530 and HBC599 were solved to 2.3 A and 2.7 A resolution
respectively. Mutational analysis confirmed observations of the structure by demonstrating the
necessity of key interactions. By using the crystal structures to guide investigation, the unique
Mg?* occupancy and dependency have been more thoroughly understood, and the potential for
future work with the Pepper aptamer has expanded to include potentially improving small

molecule biosensors in vivo.
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Chapter 2: Crystal structures of Pepper aptamer in complex with HCB530 and HBC599

2.1 Introduction

Pepper is one of the latest additions to the existing suite of RNAs that can bind small
molecules to form fluorescent complexes (Figure 2.1). Developed by Chen et al. ! via SELEX,
Pepper was engineered to find a new aptamer that had fewer of the weaknesses of current GFP-
derivative binding aptamers. Before Pepper, there was a notable lack of aptamers that had the
combination of tight affinity (sub 100 nM), excellent brightness in vivo, and a range of excitation
and emission wavelengths to choose from to allow for visualization throughout cellular
environments 2. Each of these qualities had been previously engineered into allosteric RNAs, such
as Mango with tight affinity to TO1 3 (3 nM), or the high-brightness of DIR2 #, but these examples
were lacking in the other aforementioned properties 2. Instead of engineering from the HBI-
derivative or TO binding families of aptamers, Pepper was developed by Chen et al ! via SELEX,
to bind variants of the HBC fluorophore, chosen as the fluorogenic ligand for its capacity to
accommodate electron-withdrawing groups that can promote red-shifted spectral properties
(Figure 2.2). With extremely low Kq (3.5 nM for HBC530), and intense brightness both in vitro

and in vivo, Pepper showed great promise as a replacement for previous aptamers.
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Figure 2.1: The Pepper aptamer was engineered to bind HBC derivatives for visualizing cell
dynamics in real time. A) HBC (or HBC530) that is the core compound against which the Pepper
RNA was evolved. B) The minimal motif for the Pepper aptamer after initial engineering. The
predicted secondary structure contains two bulges and a hairpin. C,D) The Pepper aptamer binds
HBC to induce fluorescence of various absorbance and emission wavelengths. Controls show that
the Pepper RNA is specifically required to induce fluorescence. Adapted from Chen et al.t

In addition to better Kq and brightness measurements compared to previous aptamers,
Pepper appeared to have a potentially simple structure with no G-quadruplex. The predicted
secondary structure of Pepper’s minimal motif showed three helical regions (P1-P3) with an
asymmetric bulge (J1/2) separating P1 and P2 and a symmetric bulge (J2/3, J3/2) separating P2
and P3 (Figure 2.1). The bulges both lack the guanosine content to assemble a G-quadruplex °,
making this an unlikely feature of Pepper’s structure. In addition, the metal-dependency of Pepper

fluorescence activation has a requirement for Mg?* ions but not K* ions, further indicating the
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absence of a K*-dependent G-quadruplex in Pepper ®. Mutational analysis of the Pepper construct
indicated that the symmetric bulge in the secondary structure contributes an essential function to
fluorogenic activity . Additionally, mutations to the base of P2 abolished activity, whereas
exchange of the terminal loop of P3 with an MS2-binding module had no effect on fluorescence.
While the HBC was expected to bind in the symmetric bulge, how the asymmetric bulge J1/2

contributed to binding was a mystery.
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Figure 2.2: HBC derivatives with various excitation and emission wavelengths A) The initial suite
of HBC derivatives reported, with nomenclature referring to their respective emission
wavelengths. B) Excitation spectra of Pepper bound to the various HBC derivatives. C) Emission
spectra of Pepper bound to the various HBC derivatives. Adapted from Chen et al.?

To help understand this new member of the fluorogenic aptamer family, we deployed
chaperone assisted RNA crystallography using Fab BL3-6 to obtain two crystal structures of
Pepper in complex with Fab chaperone bound to the ligands HBC530 and HBC599 to 2.3 and 2.7
A resolution, respectively. These structures showed that Pepper binds its HBC ligands in a way
that is similar to previous aptamers, and agreed with the pre-existing data that indicated no

presence of G-quadruplexes. Key tertiary interactions are visible in the crystal between J1/2 and
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P2, J1/2 and J3/2, and the novel base-quadruple stack formed by J2/3 and J3/2. Pepper has a
relatively simple tertiary structure that utilizes a few critical tertiary interactions, and appears to
be dependent on divalent ions due to specific binding sites that we assigned as Mg?* in the crystal

structures.

2.2 Methods
Pepper RNA synthesis and purification

The dsDNA template (Table 2.1) used to transcribe the RNA was prepared via PCR of a
single-stranded DNA template purchased from integrated DNA technologies (IDT DNA). The first
nucleotide of the reverse primer was modified with 2’-OMe to reduce transcriptional heterogeneity
at the 3’ end /. RNA was prepared via in vitro transcription for 3.5 hours at 37°C in buffer
composed of 40 mM Tris-HCI pH 7.9, 10 mM NaCl, 25 mM MgClz, 2 mM Spermidine, 10 mM
DTT, 30 U/mL Rnase inhibitor, 2.5 U/mL TIPPase, 4 mM of each nucleotide tri-phosphate (NTP),
8 ng/uL of DNA template, and 40 pg/mL of in-house-prepared T7 RNA polymerase. To remove
DNA template from the reaction, 10 U/mL RNase-free DNase | (www.promega.com) was added
and the reaction incubated for a further 30 mins at 37°C. After the Phenol/Chloroform pH 4.3
extraction to remove proteins, the RNA was purified via denaturing polyacrylamide gel
electrophoresis. The RNA band of interest was quickly visualized via UV shadowing and excised
from the gel. Using the mash-and-soak method, the RNA was collected, aliquoted into small

fractions, and stored at —80 °C until further use.
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Crystallization of Pepper-BL3-6-Fab complex

The RNA (Table 2.1) sample was refolded in a buffer containing 10 mM Tris pH 7.5, 100
mM KCI, 5 mM MgCl: (supplied as 10x). For refolding, RNA was heated at 90 °C for 1 min in
deionized water and then cooled on ice for 2 min before folding buffer and dye was added. This
was then followed by incubation at room temperature for 30 min. The refolded RNA was then
introduced to 1.1 equivalents of the BL3-6 Fab (expressed as soluble protein in phagemid as an
expression vector and, purified by affinity and ion exchange chromatography using protein A, G,
and Heparin columns (GE Healthcare), respectively &) at room temperature for 30 min and
concentrated to 3 mg/mL using 10 kDa cut-off, Amicon Ultra-15 column. The formation of Fab—
RNA complex was confirmed by native poly-acrylamide gel electrophoresis. To prevent excess
nucleation events, RNA was then passed through the 0.2 um cut-off, Millipore centrifugal filter
units. A Mosquito liquid handling robot (STP Labtech) was used to set up high-throughput hanging
drop vapor diffusion crystallization screens at room temperature using commercially available
screening kits from Hampton Research, Sigma, and Jena Bioscience. After additive screening with
diffracting conditions, the best-diffracting crystals of the Pepper-BL3-6-Fab-HBC530 complex
were obtained in a condition from the Natrix screen: 0.02 M Magnesium sulfate hydrate, 0.002 M
Cobalt(ll) chloride hexahydrate, 0.05 M Sodium cacodylate trihydrate pH 6.0, 0.0005 M
Spermine, 4% v/v 2,5-Hexanediol. For the complex with the HBC599 fluorophore, the optimal
condition was from the Index screen: 0.2 M Ammonium Acetate, 0.1 M BIS-TRIS pH 6.5, and
45% v/v (+/-)-2-Methyl-2,4-pentanediol. Crystals appeared and grew to full size within 2 days in
100 nl + 100 nl hanging drops. The crystals were looped without cryo-protectant before being
flash-frozen in liquid nitrogen. Diffraction datasets were collected at 80 K at the Advanced Photon

Source NE-CAT section beamlines 24-1D-C and 24-I1D-E at Argonne National Lab.

39



Fluorescence assay experiments

Florescence measurements were conducted using a Neo2 Synergy BioTek plate reader.
RNA heated to 95°C for 1 minute in water, cooled on ice for 2 minutes, before buffer (1x; HEPES
40 mM (pH 7.5), 100 mM KCI, 5 mM MgCl>) and dye (1 uM) were added were incubated for 30
minutes at 25 °C before measurements were taken (Ex/Em 485/530 for HBC530, 515/599 for
HBC599, gain 100, £20) at 25°C, and the reported results were the average of three measurements.
Measurements under variable pH were made with separately prepared HEPES buffers (1x; HEPES

40 mM (pH variable), 100 mM KCI, and 5 mM MgCl..
Synthesis of HBC derivatives

HBC530 and HBC599 were prepared by Nan-Sheng Li according to the reported
procedure as shown in Schemes 1-2.1 HBC530 was prepared according to the procedure reported
as shown in Figure 2.3. To a stirring solution of N-methyl-N-(2-hydroxyethyl)-4-
aminobenzaldehyde (180 mg, 1.0 mmol) and 4-cyano-benzeneacetonitrile (310 mg, 2.2 mmol) in
dry methanol (20 mL), 2 drops of pyrrolidine were added. After stirring at rt overnight, the solvent
was removed, the residue was isolated by silica gel chromatography, eluting with 50% ethyl
acetate in hexane to give HBC530 as an orange solid: 233 mg, 77% vyield. *H NMR (400 MHz,
CDCls) 6 7.89 (d, J = 8.8 Hz, 2H), 7.73 (d, J = 8.4 Hz, 2H), 7.68 (d, J = 8.8 Hz, 2H), 7.49 (s, 1H),
6.80 (d, J = 9.2 Hz, 2H), 3.89 (m, 2H), 3.63 (t, J = 5.6 Hz, 2H), 3.13 (s, 3H); *C NMR (101 MHz,
DMSO-de) 6 151.83, 145.67, 139.86, 133.15, 132.20, 125.65, 120.20, 119.15, 111.69, 109.80,

99.91, 58.41, 53.95, 38.88.
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Figure 2.3: Scheme 1: Synthesis of HBC530 (HBC), by Nan-Sheng Li

HBC599 was synthesized according to the procedure reported as shown in Figure 2.4. We
obtained the correct product 5 as a minor product. The details for the step from 4 to 5 and the

NMRs of the product and intermediates are shown as follows.

Compound 4: 'H NMR (400 MHz, CDCl3) § 7.67 (dd, J = 8.9, 1.2 Hz, 1H), 7.22 — 7.17 (m, 2H),
7.14 (dd, J = 5.5, 1.0 Hz, 1H), 6.93 (ddd, J = 8.9, 2.6, 1.1 Hz, 1H), 4.31 (td, J = 6.1, 0.9 Hz, 2H),
3.68 (t, J = 6.1 Hz, 2H), 3.06 (s, 3H), 2.03 (d, J = 1.0 Hz, 3H); *C NMR (101 MHz, CDCls)
171.03, 146.89, 142.04, 130.95, 123.84, 123.30, 121.76, 112.13, 104.46, 61.59, 51.80, 39.05,

20.90.

Compounds 5 and 5a: Phosphorous oxychloride (0.11 mL, 1.16 mmol) was added dropwise to a

stirred 0 °C solution of compound 4 (240 g, 0.96 mmol) in dry CH,CI,(10 mL) and dry DMF (1
mL) under the protection of Ar. The resulting mixture was warmed to room temperature and stirred
for an additional 5 hr. The mixture was quenched with a saturated solution of sodium carbonate
and extracted with CH,Cl,. The organic layer was dried over Na,SO,, then the solvent was
removed under reduced pressure to give the crude product which was purified by silica gel column

chromatography, eluting with 15-25% ethyl acetate in hexane to yield compound 5a (0.171 g,
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64%) (top spot on TLC) and compound 5 (19 mg, 7.1%) (low spot on TLC). Compound 5 is more

visible on TLC with long wave UV than with short wave UV.

Compound 5: *H NMR (400 MHz, CDCls) § 9.88 (s, 1H), 7.78 (s, 1H), 7.67 (d, J = 9.0 Hz, 1H),
7.19 (s, 1H), 6.98 (d, J = 2.4 Hz, 1H), 6.87 (dd, J = 9.0, 2.4 Hz, 1H), 4.23 (t, J = 6.0 Hz, 2H), 3.64

(t, J = 6.0 Hz, 2H), 3.03 (s, 3H), 1.94 (s, 3H).

Compound 5a: 'H NMR (400 MHz, CDCls) § 10.50 (s, 1H), 7.83 (d, J = 8.6 Hz, 1H), 7.35 (d, J =
5.5 Hz, 1H), 7.17 (d, J = 5.5 Hz, 1H), 7.14 (d, J = 8.6 Hz, 1H), 4.15 (t, J = 5.7 Hz, 2H), 3.37 (t, J
= 5.7 Hz, 2H), 2.90 (s, 3H), 1.85 (s, 3H); 13C NMR (101 MHz, CDCls) 5 190.25, 170.77, 155.36,

139.06, 136.28, 129.89, 128.69, 123.05, 122.45, 117.68, 61.44, 57.58, 43.70, 20.79.

Compound 6: *H NMR (400 MHz, CDCls) § 9.82 (s, 1H), 7.73 (d, J = 1.4 Hz, 1H), 7.63 (dd, J =
9.0, 1.4 Hz, 1H), 6.98 (d, J = 2.2 Hz, 1H), 6.88 (d, J = 9.0 Hz, 1H), 3.87 — 3.74 (m, 2H), 3.60 —
3.49 (M, 2H), 3.02 (s, 3H); 13C NMR (101 MHz, CDCls) 5 183.91, 150.25, 146.30, 138.51, 135.45,

129.38, 126.97, 113.13, 103.40, 60.22, 54.99, 39.24.

HBC599: 'H NMR (400 MHz, DMSO) § 8.45 (s, 1H), 7.98 — 7.91 (m, 2H), 7.88 (d, J = 8.6 Hz,
3H), 7.76 (d, J = 9.2 Hz, 1H), 7.23 (d, J = 2.2 Hz, 1H), 6.99 (dd, J = 9.0, 2.4 Hz, 1H), 4.82 (t, J =

5.4 Hz, 1H), 3.06 (s, 3H). 129.89, 128.69, 123.05, 122.45, 117.68, 61.44, 57.58, 43.70, 20.79.
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Scheme 2
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Figure 2.4: Scheme 2: Synthesis of HBC599, by Nan-Sheng L.i
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Table 2.1: Pepper-BL3-6 and Pepper WT sequences

ID TZp Sequence 5'-3" Description
GCG TAATAC GACTCA CTA
Pepper- | DN TA GGTA CCT ACC AAT CGT dsDNA template with T7 promoter.
WT A AGC GTG TCG ACC TGC TTC Purchased from IDT (see methods)
GGC AGG CAC TGG CGC TGT
AGG TAC

GGU ACC UAC CAA UCG UAG | RNA sequence used for Pepper-WT
Pepper- | RN | CGU GUC GAC CUG CUU CGG | (T1 construct from original authors)

WT A CAG GCA CUG GCG CUG UAG | generated using T7 RNA
GUAC polymerase (see methods).
GCG TAATAC GACTCACTA

TA GGTA CCT ACC AAT CGT dsDNA template with T7 promoter

Pepper- | DN AGC GTG TCG ACC AGC TGC and sequence encodes DNA for

BL3-6 A GAAACAC GCA GCT GG CAC BL3-6 binding loop. Purchased
from IDT (see methods)

TGG CGC TGT AGG TAC
GGU ACC UAC CAAUCG UAG | RNA sequence generated using T7
Pepper- | RN | CGU GUC GAC CAG CUG CGA | RNA polymerase (see methods).
BL3-6 A AAC ACG CAG CUG GCA CUG | Contains BL3-6 binding loop.
GCG CUG UAG GUAC Construct used for crystallization

Figures, Schemes and Crystallography

Figures were created using Biorender™. Images of 3D models were generated using
pymol, and organic structures were drawn using Chemdraw. All crystallography was performed

using Phenix and WinCoot software packages, with feedback from the pdb during deposition.

2.3 Results
Construct and Crystallization

The Pepper crystallization construct design started from the minimal T1 motif * (Figure
2.5) and modifications were made that would assist crystallization without significantly changing
Pepper’s fluorogenic activity. We replaced the original stem-loop of P3 with a cognate pentaloop
hairpin (GAAACAC) to make a binding site for the Fab BL3-6 crystallization chaperone 8. The

44



other main changes included extension of P1, addition of two G residues to the 5’ end to assist

transcription, and extension of P3 to increase the distance between the Fab and the aptamer core.

Fab binding to this construct was confirmed via electrophoretic-mobility-shift assays (EMSA,;

Figure 2.6). To ensure the resultant crystal structure would have relevance for the mechanism of

fluorescence activation, we confirmed via fluorescence spectroscopy that the construct activates

the fluorescence of HBC ligands in the presence of Fab (Figure 2.6).
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Figure 2.5: Generation of the Pepper-BL3-6 crystallization construct from original T1 motif’.
RNA secondary structure predictions and images were generated using unafold®. The original T1
motif was designed by Chen et al’, and used as a starting point for designing a crystallization
construct. The first iteration of constructs involved grafting the BL3-6 binding loop into the
structure by replacing the UUCG hairpin, and adding a 5°G overhang to assist with transcription.

The final construct that crystallized had an extension to P3.
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RNA + + dye - +
Fab - + RNA + +

Figure 2.6: Evidence for Fab-RNA complex and Pepper-BL3-6 binding to HBC ligands. Left)
10% nPAGE Electromobility-shift-assay (EMSA) of Pepper-BL3-6 RNA with and without Fab-
BL3-6. Upon binding the Fab, the RNA (visualized with Ethidium bromide staining) becomes
much less mobile, and appears higher up on the gel. Right) To confirm that the RNA still bound
the dye, a RNA was exposed to UV-light with and without the dye. The RNA was folded
identically in each case.

Overall, four constructs were designed that had variable P1 and P3 lengths; they were able
to bind Fab BL3-6 and activate HBC to produce a strong fluorescent signal, and one construct,
referred to hereafter as Pepper-BL3-6 (Figure 2.5), formed diffracting crystals (Figure 2.7) when
in complex with ligand (Table 2.2). The Pepper-BL3-6-HBC530 crystals were solved to 2.3 A
resolution via molecular replacement with Fab BL3-6 variable and constant regions (4kzd)®
followed by rounds of building and refinement of the RNA using the Phenix and Wincoot software
packages. Due to the high quality of the data, the ligand density became unambiguous as the RNA
was built. Ligand orientations were decided by best fit with the electron density difference maps.

Metal ions were assigned by density, coordination, occupancy, and temperature factor relative to
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adjacent RNA. The Pepper-BL3-6-HBC599 crystals were solved to 2.7 A resolution via molecular
replacement to place the RNA and Fab, then inserting the HBC599 ligand into the revealed density

(Table 2.2).

y

Pepper-BL3-6 RNA in Pepper-BL3-6 RNA in
complex with HBC530 complex with HBC599
and BL3-6 Fab and BL3-6 Fab

Figure 2.7: Photographs of crystals grown from Pepper-BL3-6 RNA in complex with HBC
ligands and Fab BL3-6. The colour of the complexes are clearly visible with the naked eye. These
crystals are taken from similar well-conditions that later diffracted, but are not necessarily the
crystals that produced the structure datasets.
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Table 2.2: Refinement statistics of the Pepper-aptamer structures bound to HBC530 and HBC599
respectively. Generated using Phenix.

Pepper-BL3-6-HBC530

Pepper-BL3-6-HBC599

Wavelength (A) 0.9792 0.9792
Resolution range (A) 58.9 -2.24(2.32 -2.24) 58.67 -2.66 (2.755 - 2.66)
Space group P212121 P212121
Unit cell 61.609 96.992 148.255 90 90 90 | 61.247 96.071 148.165 90 90 90
Total reflections 297064 (29908) 83083 (5232)
Unique reflections 43547 (4280) 25100 (2083)
Multiplicity 6.8 (7.0) 3.3(2.5)
Completeness (%0) 99.86 (99.58) 96.79 (83.02)
Mean I/sigma(l) 18.17 (1.22) 15.61 (1.27)
Wilson B-factor 62.32 84.72
R-merge 0.06286 (1.283) 0.04627 (0.5635)
R-meas 0.06827 (1.385) 0.05491 (0.6941)
R-pim 0.02627 (0.5184) 0.02909 (0.3967)
CC1/2 0.998 (0.56) 0.997 (0.723)
cc* 0.999 (0.847) 0.999 (0.916)
Reflections used in refinement 43498 (4281) 24995 (2083)
Reflections used for R-free 1997 (197) 1996 (166)
R-work 0.2198 (0.3446) 0.2182 (0.3895)
R-free 0.2634 (0.4234) 0.2548 (0.4200)
CC(work) 0.869 (0.716) 0.906 (0.736)
CC(free) 0.903 (0.653) 0.941 (0.551)
RMS(bonds) 0.002 0.005
RMS(angles) 0.58 0.83
Ramachandran favored (%) 96.77 935
Ramachandran allowed (%0) 2.77 5.34
Ramachandran outliers (%0) 0.46 1.16
Rotamer outliers (%) 0.8 3.49
Clashscore 3.79 7.37
Average B-factor 70.29 81.8
macromolecules 67.39 83.05
ligands 87.28 97.19
solvent 76.45 78.57
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Overall Structure

The Pepper-BL3-6 structures with bound ligand HBC derivatives (Figure 2.8.) mostly
conform to secondary structure predictions from programs such as mfold®, containing three A-
form helical stems and two bulges. P1 and P2 stack directly with each other; a joining region (J1/2)
connects them on the 5’-side, but they share a continuous 3’ strand. The symmetric bulge between
P2 and P3 harbours the ligand binding pocket and causes P3 to tilt into the ligand pocket and sit at
a roughly 30° angle from the orientation of P1 and P2. Both structures contain site-bound Mg?*
cations, one located in J1/2 distal to the ligand binding site referred to herein as Ma and one located
in J3/2 proximal to the ligand binding site referred to herein as Mg. The HBC530 structure contains
a third site-bound Mg?* also distal to the ligand binding site located in J2/3, referred to herein as

Mc (Figure 2.8).
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HBC530 O
HO\/\T O \|N|

HBC599

HO
/ N

\Figure 2.8: Overall structure of the Pepper-BL3-6 aptamer. A) Chemical structures of the HBC
ligands, HBC530 and HBC599 activated by Pepper RNA. B) Secondary structure of the Pepper
aptamer bound to HBC530, with color coded regions, and the three Mg?* cations that are visible
in both structures C) Fab BL3-6 bound the Pepper with the HBC530 ligand.

J1/2 contains seven nucleotides, C10 to U16; this loop, which would be predicted to be
structurally flexible based on MFE calculations (Figure 2.9), adopts a well-defined structure in the
crystal, with J1/2 calculated to have average temperature-factors similar to the paired regions of
the aptamer after structure solving (Figure 2.10). The J1/2 bulge adopts a conformation that is
similar to the letter “Q” in cursive writing, with the backbone forming a tight turn at C14 and U16,
with A17 re-joining the P2 helical stack above C9. This elaborate fold allows J1/2 the bulge to
reach the ligand binding site and cooperatively interact with J3/2 to form essential interactions for
ligand binding. In the crystal lattice, the first nucleotide of J1/2 C10 forms an intermolecular crystal
contact with the 5’-most nucleotide, G1 — an unintentional but beneficial interaction that assists

crystallization (Figure 2.11), though is unlikely to occur in solution. J1/2 is organized by Ma that
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is present in both structures, which forms an inner sphere interaction with the 5’PO of All, and
outer sphere interactions with the 5’PO of C10 and the Hoogsteen edges of A11 and A12 (Figure
2.8). At the apex of J1/2, C14 forms a tertiary interaction with G54 adjacent to the ligand binding
pocket, and its amino group (C14-N4) lies within range to form a tertiary interaction with U21’s
keto group (U21-0O4) (Figure 2.12). In addition, J1/2 forms tertiary interactions with the minor

groove of P2 through G15 and U16 without structurally perturbing the P2 A-form helix (Figure

2.12).
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Figure 2.9: Secondary and tertiary structures of the Pepper-BL3-6-HBC complexes. A) Pepper-
BL3-6 RNA secondary structure prediction forms P1, P2 and P3 helices, but the junctions are
modelled as ssSRNA. B) The full tertiary structure of Pepper-BL3-6 bound to HBC530 with the
three Mg?* ions assigned. C) The full tertiary structure of Pepper-BL3-6 bound to HBC599 with
the three Mg?* ions assigned.
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Figure 2.10: Pymol-generated temperature putty cartoons of the Pepper-BL3-6 structures.
Thickness and color both correspond to B-factors. Assigned Mg?* and Ligands shown in light and
dark gray respectively.
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Figure 2.11: Crystal packing of Pepper-BL3-6 structures. A) The intermolecular base pair (G1,
C10 shown in red) facilitates the formation of “sheets” of Pepper-BL3-6-Fab complexes that can
stack together (B, C, D). The Fab relieves the necessity of RNA-RNA contacts in the structure,
and Fab-RNA contacts dominate the lattice formation. Per RNA-Fab complex with 19021 A? of
available surface area for crystal lattice formation, RNA-RNA interactions accounted for 269 A2
(1.4 %), Fab-Fab interactions accounted for 36 A? (0.1%), and Fab-RNA contacts accounted for
1020 A2? (5.4%), with the rest contacting solvent (93.1%)

J1/2 leads into P2, a helix composed of four canonical Watson-Crick-Franklin (WCF) base
pairs followed by a U21+G55 wobble pair. This pair is the base of the asymmetric bulge that forms
the ligand binding site. On the 5’ side of this J2/3 bulge starting with G22, the backbone of the
next two nucleotides U23 and C24 runs perpendicular to the helical stack to allow G22, U23 and
C24 to all lie in the same plane and form a quadruple-base interaction that includes U53 on the 3°-
side of the bulge (Figure 2.12). In this quadruple layer, G22, U23, and U53 interact with each
other, but the position of the fourth base, C24, differs slightly between the two structures. In the
HBC599 complex structure, the exocyclic amine of C24 resides within hydrogen bonding distance

of U23’s 02 keto group, but the two groups are 4A away in the Pepper-HBC530 complex (Figure
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2.13)). The Mg** (Mc) present in the HBC530 structure but not in the HBC599 structure may

contribute to this difference.

-
HBC530

Figure 2.12: Tertiary structures in the Pepper-BL3-6 structure. A) Above the binding site, a base
quadruple and base triple stacking arrangement is formed. In HBC599, G25-N7 forms a hydrogen
bond to the 2°OH of the U53 ribose ring. B) The ligand stacks on the U21G55 wobble pair, and is
adjacent to an out-of-plane tertiary interaction between C14 and G54. C) J1/2 forms tertiary
interactions with the P2 helix minor groove.

54



N

»
TR

.

NNy

1

Figure 2.13: Effect of Mg?* (Mc) seen in Pepper-HBC530 on the C24 orientation. A, B) Density
map overlay to show the presence of the Mg?" in Pepper-HBC530 and its absence in Pepper-
HBC599. C, D) Density comparison of C24 to U25 in Pepper-530 and Pepper-599 respectively,
with average temperature factors (red) derived from the crystal structures. The distance from C24
to the U25-02 is higher in the Pepper-530 structure. The temperature factors show that C24 is
more dynamic than neighbouring nucleotide U23 in the crystal lattice.

The base quadruple layer sits on top of the HBC ligand, sandwiching it with the UG wobble
pair below (Figure 2.14). With the U21-G22 backbone forming one side of the binding pocket, the
aforementioned C14-G54 tertiary interaction closes the other side via a WCF/sugar-edge (SE) base

pair. In this tertiary interaction, the sugar-edge of C14 from J1/2 interacts with the WCF face of

G54, which adopts a C2’-endo pucker that facilitates its orientation towards C14.
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Figure 2.14: Stacking schematic of the Pepper HBC binding site. A) Schematic of the J2/3 and
J3/2 stacking arrangement B) 3D cartoon view of stacking with 5’ (blue) and 3’(red) backbones
traced

Stacked upon the quadruple base layer is a base triple involving nucleotides G25, A51, and
C52 (Figure 2.14). G25 and C52 form a WCF base pair, and A51 completes the triple using its
N3 endocyclic nitrogen to accept a hydrogen bond from the N4 exocyclic amino group of C52.
The ribose of A51 adopts a C2’-endo pucker, which allows A51 and C52 to remain in the same
plane. In the HBC530 structure, G25 uses its N7 nitrogen to coordinate directly to Mc, whereas,
in the HBC599 structure, which lacks Mc, N7 accepts a hydrogen bond from the U23-2’OH below
(Figure 2.13). Above the base triple, an A26-C50 wobble base pair closes the symmetric bulge
with a distance of 2.8 A between A26-N1 and C50-02. This distance implies that that A26-N1 is
protonated, consistent with the crystal growth occurring at pH 6.5 or lower. P3 follows this
asymmetric bulge and contains the AAACA BL3-6 pentaloop, which binds Fab BL3-6 in a similar

way to previous Fab-BL3-6-RNA complexes!®13,
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Ligand binding pocket

The HBC ligands sit in the stacking pocket (Figure 2.14) formed by the symmetric bulge
between P2 and P3. Both ligands stack with one ring sandwiched between U21 below and G22
above (Figure 2.15), with the G22 ribose adopting a C2’-endo pucker, possibly to accommodate
the increased phosphate linker distance from U21. The other ring of the ligand stacks between G55
below and the U23/U53 of the quadruple-base layer. The pi-pi distances between the bases and
ligand are around 3.4 A, which is within the expected range for such stacking interactions. Finally,
both HBC ligands orient the o3 unsaturated nitrile in the middle of the molecule away from the

C14-G54 pair, probably due to steric reasons.

A HBC530 HBC599

Figure 2.15: HBC ligand stacking from above and below. A) View from above shows that one
ring sits sandwiched between U21 and G22 — possibly allowing the tail of the HBC ligands to form
a H-bond with G22-N7. The tetrad (C24 not shown) has U23 and U53 making a wobble pair over
the other ring of HBC. B) U21-G55 wobble pair below the ligand.

57



Like other fluorogenic RNA aptamers, Pepper binds its ligand via a platform generated by
a co-planar arrangement of multiple bases, though not using G-quadraplexes as observed in several
other aptamers before®1417. Chen et al. reported that changing the U21+G55 wobble pair on the
underside of the ligand to a GC pair results in weaker fluorescence!; possibly a more stable G-C
pair attenuates dynamics needed for ligand binding or alters the base pair geometry in a way that

affects the structure or stacking preferences of the binding pocket.

Although the electron density clearly defines the location of the HBC ligands within our
structures, there is ambiguity with respect to ligand orientation. We modeled the ligand in the
orientation that allows the N-hydroxyethyl tail to form a H-bond to G22-N7 (Figure 2.16);
nevertheless, the density for HBC599 in particular does not exhibit crystallographic evidence that

this interaction is static.

HBC530 HBC599

Figure 2.16: Distances between G22-N7 and the tail of the HBC ligands, with ligand density
shown
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Metal binding pockets

Pepper’s fluorogenic activity exhibits a strict dependence on divalent cations, consistent
with the site-bound Mg?* cations observed in our structures. The Ma in J1/2 has an inner-sphere
contact to the pro-Re oxygen of All, supported by three outer-sphere contacts that coordinate to
N7 of All, N7 of A12 and N6 of A12 (Figure 2.17). A second metal ion, Mg can be assigned in
both structures due to substantial electron densities above G54 and adjacent to the binding pocket.
G54 forms an inner-sphere interaction with this Mg?* through N7, in addition to forming the
tertiary interaction to C14 (Figure 2.17). This Mg forms two additional inner-sphere interactions
with the phosphates of A51 and C52 and may make the A51 C2’-endo pucker more favourable.
Only in the structure of Pepper bound to HBC530 is a third metal ion visible, Mc, which causes
C24 to shift relative to the HBC structure (Figure 2.13, 2.17). Compared to previous studies of
Mg?* interactions with RNA structures in the pdb, the contacts made by the Mg?* cations in Pepper
are not unusual, with the inner sphere pro-Rp oxygen being the most likely atom in RNA to form
inner sphere interactions with Mg?*. Previous work has also shown that the most likely nucleobase
atom to make inner-sphere contacts with cations are purine N7s 8, in agreement with findings

here. The only uncommon interaction is the outer sphere N6 of A12 °.
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Figure 2.17: Mg?* sites identified in the crystallized Pepper-BL3-6 aptamers. A) Tertiary structure
diagram of Pepper bound to HBC530, with the Magnesium ions labeled. B) Diagram and cartoon
of the J1/2 Mg?* (Ma) with one inner sphere contact to A11-PO. C) Diagram and cartoon of the
binding site Mg?* (Mg) with three inner sphere contacts to G54-N7 and the C52 and U53
phosphates. The G54-C14 interaction is also highlighted D) Diagram and cartoon of the triple base
Mg?* (Mc) that is present only in the HBC530 structure, with one inner-sphere contact to G25-N7,
with a distance in-between inner and outer sphere to C24-PO. This Mg?* induces a change in the
position of C24 of the base quadruple.

2.4 Discussion

Through Fab-chaperone assisted crystallography, the 3D structures of Pepper RNA in
complex with ligands HBC530 and HBC599 were successfully derived. The structures show that
Pepper adopts a base-quadruple stack fold between J2/3 and J3/2 that sandwiches the ligand

against the GeU wobble pair at the top of P2, complemented by a tertiary interaction between C14
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and G54 that completes the binding pocket. The structures identified binding sites for Mg?* that
appear to be specific and essential to the folding of Pepper, explaining the previously identified
divalent dependence of the aptamer. HBC appears to bind overwhelmingly through pi-pi aromatic
stacking, but there remains the possibility that a hydrogen bond between G22-N7 and the tail of

the HBC ligands is a key stabilizer for binding.

Pepper can be compared to the other non-G-quadruplex aptamers, namely Squash?,
DIR2% and MGa?2. All four of these aptamers utilize a quadruple and triple base system, which is
most likely the key stabilizer of the stacking interactions with the aromatic faces of the ligands. Of
the non G-quadruplex aptamers, Pepper exhibits the tightest affinity to its respective ligand, and
the lowest affinity aptamers (MGa, DIR2) lack a hydrogen-bond between the ligand and RNA and
out-of-plane supporting bases respectively, indicating that these features could be essential to
forming a tight affinity binding pocket. Pepper is comparable to Squash in affinity, and both
aptamers appear to have specific Mg?* binding in their crystal structures, indicating that this
support could be contributing to thermodynamic stability. Even compared to G-quadruplex
aptamers, Pepper’s conditions for binding are not usual, with K* dependence seemingly substituted

with Mg?" dependence.

The crystal chaperone was critical for lattice formation and structure solving (Figure 2.18).
By using the Fab for molecular replacement, the density for the RNA and the ligand became clear
quickly without the need for heavy metals. The Fab facilitated crystal contacts primarily by
contacting the RNA, rather than other Fabs (77% of all crystal contacts). The RNA-RNA
intermolecular base-pairing interaction was serendipitous, particularly as it did not appear to affect
the structure in a way that distorts its ligand binding. Previous examples of Fabs as crystallization

chaperones have also exhibited this sort of assistance, with Fabs dominating the crystal contacts
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for both Spinach (99%)° and DIRs (87%)?!, making Pepper consistent in how the Fab facilitates

crystallization.

Figure 2.18: Pepper-BL3-6 RNA in complex with Fab and HBC530 crystal contacts. The structure
turned 90° anti-clockwise from left to right. RNA-RNA contacting residues (green) dominate the
RNA-only crystal lattice. Fab-RNA contacts (magenta) dominate the Fab-RNA crystal lattice, and
there are minimal Fab-Fab (cyan) contacts.

Overall, the crystal structures of Pepper were key for identifying three features of HBC
binding that were not previously known. Firstly the stacking that was suspected to be formed by
the symmetric bulge to hold the ligand is now known to be a unique base-quadruple, though the
contribution of C24 of could be minimal, and a base-triple supports the formation. Secondly, the
tertiary interactions of J1/2 have been found to be mainly interacting with P2 and J3/2 through the
keystone C14-G54 interaction. Finally, the Pepper’s Mg?* dependence appears to be derived from
specific, consistent binding sites that stabilize the structure and allow HBC to bind. Validating the
crystal structure to identify just how important these features are will require mutational analysis

and variants that can test the metal sites in great detail.
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Chapter 3: Structure quided investigation of Pepper-BL 3-6 structures

3.1 Introduction

In the previous chapter, structures of the Pepper aptamer have shown that the ligand is
bound between two helical stacks supplemented by out-of-plane bases that close up the binding
pocket. Supporting this formation are approximately two key divalent binding sites that appear to
support the structure and could potentially explain Pepper’s dependence on divalent cations.
However, there are three main questions that remain to be answered. Firstly is understanding how
the crystal structure relates to the functional structure in solution. Although precautions were made
to ensure that the crystal would produce a relevant crystal dataset to aqueous conditions, mutational
and salt dependence assays can be used to confirm that the crystal structure is providing a model
that is realistic for solution based understanding of the aptamer when it is fluorescing in cells.
Secondly, although the crystal structures identified two consistent Mg?* binding sites, these cations
in the crystal lattice may not be the same sites that are adopted in solution when Pepper binds
HBC. Thirdly, the HBC tail is almost certainly forming a hydrogen bond with G22-N7 in the
crystal lattice (see chapter 2), but how much this contributes to specificity and HBC binding

remains unknown.

Salt dependencies of fluorogenic aptamers are important as this determines the range of
environments in which an aptamer can be expected to function. For example, average Mg?*
concentrations across eukaryotic cells are approximately 0.5 mM !, but mitochondrial
environments tend to be much higher (above 10 mM) 2. Pepper’s reliance on Mg?* is not unique
among fluorogenic RNAs; Squash has exhibited Mg?* dependency?, and even solely K* reliant G-
quadruplex-containing aptamers perform significantly better with divalent ions present, though

often this effect can be also achieved by very high monovalent concentrations (1-2M) to create the
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atmospheric charge saturation that RNA folding requires *. This ionic atmosphere saturation at
high monovalent concentrations can be exploited to identify divalent specific effects, as Na* and
K™ generally cannot substitute divalents that chelate with RNA structures specifically (Figure
3.1)°. By understanding in greater detail how metals are stabilizing and supporting functional
aspects of RNA structures, engineering them for improved performance or for bi-functional

synthetic RNA aptazymes ° becomes substantially more likely to succeed.

Figure 3.1: lonic atmosphere saturation using monovalents can be used to ensure that divalents
are occupying binding sites and minimally partaking in the atmospheric charge neutralization that
RNA folding requires. This allows divalent dependence to be studied more precisely as divalents
will be more likely to fulfil structural roles than atmospheric saturation. The HBC only fluoresces
(right) when the Mg?* ions bind, making stoichiometric measurement of Mg?* via fluorescence
possible °.

Even though metals can often be assigned in crystal structures, establishing if they correlate
to function when the RNA is in solution can be challenging for a variety of reasons. RNA crystals
are by nature extremely dense in negative charge, and metal ions are highly attracted to crystal
lattice sites that are not electron rich enough to bind them when in solution . From crystal structure
data of the four non-G-quadruplex aptamers, the Malachite Green and DIR2 aptamers are able to

function without divalent ions in solution &°, which correlates with these datasets lacking divalents
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in sites close to the aptamer core, though they both accommodate metal ions in their crystal
structures. For Pepper, conducting tests to assess how important the crystal-assigned Mg?* are for
function is important for describing the specific nature of Pepper’s divalent cation dependence.
One way of assessing the metal binding in solution is to use a-thio phosphates, where a non-
bridging oxygen on a phosphate is substituted to a sulfur and potentially perturbing interactions
that involved the oxygen (Figure 3.2). This type of technique has been widely applied to study the

kinetics of ribozymes 1°.

O IO

RO g

Figure 3.2: Thio-effect for testing Mg?*-oxygen inner sphere chelation in RNA. Mg?* and oxygen
have a strong interaction on which RNA structures can depend for function. Mg?* and sulfur have
a much weaker interaction, which can seriously perturb RNA functions which depended on that
particular Mg?*-oxygen interaction.

Structures of fluorogenic aptamers in complex with their ligands have shown that
hydrogen-bonding can be a very common feature of aptamer-ligand affinity and specificity,
particularly for HBI-derived aptamers 1. In the case of Spinach, DFHBI was found to form several
hydrogen-bonds to its respective aptamer, and perturbation of these sites using mutational analysis
and modifications showed that they did contribute to Spinach’s Kg (537 nM) /, as the Ky was
increased by 100s nM. Squash 2, Corn 1, and Chilli 3 have all also exhibited hydrogen-bonding
between RNA and ligand in their crystal structures, though the investigations into how much these

contribute to binding affinity have varied in depth. As Pepper has only one visible hydrogen-bond
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between the ligand and RNA, it is an opportunity to see how much it contributes to Pepper binding
though atomic perturbations, and gauge how much the HBC relies on this interaction in

comparison to hydrophobic stacking.

To understand how the Pepper structure is able to bind HBC so tightly, we probed the
structure through mutational assays, metal dependence studies, and other modification that tested
the contributions of other structural features. Through this work we deduced that Pepper only
appears to need around two divalent ions per RNA to function thermodynamically, and began to
probe specifically where these ions bind. We also confirmed that the crystal structure is in strong
agreement with the most likely structure in solution through mutational assays that had impacts
that were understandable from the crystal structure, and that the hydrogen-bond between HBC and
the Pepper RNA is not decisive component of HBC binding. We also opened the door to future

engineering of Pepper, by making sure its requirements are precisely understood.

3.2 Methods

Pepper RNA synthesis and purification

Pepper-BL3-6 RNA was prepared from dsDNA and T7 RNA polymerase as described in

earlier (see chapter 2).

For the split-Pepper assays, RNA oligos (Table 3.1) were synthesized in-house by Nan-
Sheng Li using solid-phase synthesis on a 1-pumol scale using an Expedite Nucleic Acid Synthesis
System (8900) by following standard RNA synthesis protocols. The oligonucleotides were
released from solid support with 3:1 NH4OH/EtOH at 55 °C for 8 h, desilylated with 300 pL 6:3:4
N-methylpyrrolidinone/triethylamine/triethylamine-3HF at 65 °C for 2 h and precipitated by n-
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BuOH. The oligomers were further purified by dPAGE, collected in pure water and stored at —80

°C until further use.
HBC syntheses

HBC530 and HBC599 were synthesized as described earlier (see chapter 2) by Nan-Sheng

Li.
Fluorescence assay experiments

Florescence measurements were conducted in the same manner as previously described

(see chapter 2), with HBC at 1 uM unless otherwise stated.
Dissociation constant identification

To measure the Kg of HBC ligands with Pepper constructs, constant 1 nM RNA over
varying HBC concentration were measured via fluorescence assay, and the measurements fitted to
a Hill equation with one binding site (n=1, Figure 3.3) using OriginPro. To ensure that the values
obtained were accurate for the binding constant (Kg), several data points must be made with both
components below the dissociation constant concentration, a measurement is made with the

variable not present (0 nM), and several measurements made at the saturation point (plateau).
Hill Mg?* binding isotherm

To assess Mg?* stoichiometry in the Pepper aptamer, high monovalent background
concentrations were used °. Florescence measurements were conducted using a Neo2 Synergy
BioTek plate reader. RNA heated to 95°C for 1 minute in water, cooled on ice for 2 minutes, before
buffer (1x; HEPES 40 mM (pH 7.5), 2M NaCl, supplied as 2x) and dye (1 uM) were added. MgCl>

was then added as a variable to the appropriate concentration. The solutions were incubated for 30
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minutes at 25 °C before measurements were taken (Ex/Em 485/530 for HBC530, 515/599 for

HBC599, gain 100, £20) at 25°C, and the reported results were the average of three measurements.

Date was then fit to a hill equation (Figure 3.3).

n

Figure 3.3: Equation used for fitting fluorescence data over changing Mg?* concentrations with a
2M NaCl background. Using Originpro, the following 4 parameters were returned; the unfolded
Pepper fluorescence A, the maximal change in fluorescence B, the midpoint [M?*]12, and the
apparent hill coefficient n. 3 independent measurements were taken for the input to yield the final

values.

Table 3.1: Split-Pepper RNA sequences

ID Type Sequence 5'-3" Description
gght-er- RNA | CCUAC CAAUCG UAG | RNA sequence synthesized using solid-
PP CGU GUC GACCAGC phase synthesis (see methods)
Strandl
gg“t_er- RNA G CUG GCA CUG GCG RNA sequence synthesized using solid-
StrPaFil 42 CUG UAG G phase synthesis (see methods)

Figures and Schemes

Figures were generated in Biorender™. 3D models were generated using pymol. Organic

structures were drawn using Chemdraw.
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3.3 Results

Mutational Analysis
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Figure 3.4: Assessment of base contributions to Peppers fluorogenic activity via mutational
analysis with HBC530 (blue) and HBC599 (orange). Pepper-BL3-6 was incubated with a HBC
ligand for 30 minutes at 25 °C. Measurements were made with 100 nM RNA, 1 uM HBC, 40 mM

HEPES pH 7.5, 100 mM KCI, and 5 mM MgCl..
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To probe the functional relevance of our Pepper structures for fluorogenic activity,
mutational analysis was conducted (Figure 3.4). First, we tested mutations in several layers stacked
above or below the ligand. The quadruple base layer was probed by separate mutations at G22 and
U23. A G22A mutation reduced fluorescence to barely above background with both HBC530 and
HBC599, consistent with the importance of the hydrogen-bonds mediated by the G22-exocyclic
amine. U23 has proximity to all other members of the tetrad and may serve as the keystone
nucleotide. Mutating U23C reduced fluorescence to almost background levels, potentially also due
to disrupting the quadruple base platform for ligand binding. A C24U mutation mostly retained
fluorescence, consistent with the structures implicating C24 to be more dynamic than the rest of
the tetrad (see chapter 2). In G25-A51-C52 base triple above the tetrad, a C52U mutation, which
breaks the canonical G25-C52 base pair at the heart of the triplex, abolishes fluorescence,
supporting the importance of WCF base pair in this triplex. A51G, which loses fluorescence
indicates that the interaction between A51 and C52 is also critical. The non-canonical A-C base
pair at the transition between the bulge and P3 tolerates conversion to a canonical base pair through
an A26G mutation with no change in signal. In the layer below the ligand, U21C causes a serious
drop in signal. Presumably this mutation converts the U21-G5 wobble pair to a C*G WCF base

pair, which could disrupt the hydrogen bond between the C14-2’-OH and U21-04.

Next we tested the key nucleotides that sit out of plane to the ligand and form the back of the
binding site — C14, and G54. G54 mutations (G54A, G54C, and G54U) all caused a complete loss
of fluorescent signal, presumably by disrupting the interactions with C14 or Mg, indicating that
this residue makes a vital contribution to Pepper’s fluorogenic activity. Although G54A should be
able to maintain the inner-sphere contact with the Mg through N7 and a favorable interaction with

C14’s 2’-OH via N6, the interactions with C14’s O2 keto group would be disrupted. Deletion of
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C14 (C14del) and transversion mutations (C14A, C14G) abolished signal. However, the transition
mutation, C14U maintained around 30% WT fluorescence from HBC530 but abolished signal
from HBC599. P2ext — where an extra base pair was inserted into P2 — increased the distance

helical turn between J1/2 and the binding pocket, also reduced signal to background.

Finally, we constructed mutations to probe the Mg?* binding site in J1/2. Ma forms one
inner sphere contact through the pro-Rp oxygen of A11 and several outer sphere interactions to the
Hoogsteen faces of A1l and A12. The first mutation — A11G — maintained fluorescence with HBC
but led to a 30% loss with HBC599. A12U also maintained high fluorescent signal, despite most
likely changing the outer-sphere arrangements of Ma significantly. A12G maintained a weaker

signal, indicating that the structure of J1/2 was affected but not completely abolished.
Metal Dependence analysis

The dependence of Pepper on Mg?* for folding and function can reflect contributions to
the folded RNA relative to the unfolded RNA from both site-bound metal ions and diffusely-
associated metal ions that form the ion atmosphere. To saturate the ion atmosphere and thereby
isolate the contribution of site-bound Mg?* to Pepper function, we conducted fluorescence
measurements of samples containing 100 nM M RNA and 5 uM ligand in a 2M NaCl background
15 (Figure 3.5.). Fits of fluorescence versus Mg?* yielded Hill coefficients (n) of 1.82 and 1.86 for
the HBC530 and HBC599 complexes respectively, suggesting that the aptamer requires two-site
bound metal ions, most likely Ma and Mg (see chapter 2) . Although both ligands exhibit an
apparent requirement for two Mg?* ions, the different apparent [Mg].2 values for HBC599
([Mg#*112 = 7.8 mM) compared to HBC530 ([Mg?*]x2 = 4.0 mM) suggests energetic coupling

between Mg?* and ligand binding.
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Figure 3.5: Hill binding isotherm showing fluorescence over varying concentrations of Mg?* with
Pepper-BL3-6 bound to HBC530 and HBC599. Three replicate fluorescence measurements were
averaged, with appropriate weighting and assuming normally distributed errors, to yield the final
values of [M?"]1, and n for each Pepper complex. 2M NaCl-background fluorescence isotherm
showing how fluorescence of Pepper-BL3-6 changes over [Mg?*], with nwin = 1.82 for binding
HBC530 and nwin = 1.86 for binding HBC599 respectively. With saturated ion-atmosphere from
2M NaCl, Mg?* binding is limited to non-monovalent binding sites on the aptamer.
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Figure 3.6: Split-Pepper construct designed from the crystal structure of Pepper-BL3-6. The RNA
was made using solid-phase syntheses to incorporate a-thio phosphates and 7-deaza-G in positions
to test the Pepper structure in solution. Synthesized by Nan-Sheng L.i

To precisely assess Mg?* binding visible in the Pepper crystal structures, a minimal-split-
Pepper motif was designed from the crystal structures, and was demonstrated to have similar
fluorescence to Pepper BL3-6 (Figure 3.6). Phosphates making inner-sphere interactions with Ma
and Mg in the crystal structures were substituted with a-thio-phosphates, to disrupt the strong Mg-
O bond. These thio-modifications changed R and S oxygens on the phosphate in a 1:1 ratio,
meaning that only 50% of each modification would be affected as they were not separated after
synthesis. This translates to a 50% signal decrease indicating that the RNA with this thio
modification completely loses fluorescence activity. Modifications that targeted Ma (A11-PS) had
only slightly reduced fluorescence, indicating that no cations need to interact with the All-
phosphate for fluorescence (Figure 3.7). A modification to nearby phosphates (A12-PS, U13-PS)
had a similar effect despite not being assigned to have an inner-sphere chelation to Mg?* in the

diffraction dataset. In contrast, substituting oxygens that coordinated with Mg with sulfurs had a
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stronger effect (A51-PS and C52-PS), which accumulated when both modifications were

introduced at the same time, serving as evidence that Mg is the key source of divalent dependency

in Pepper.
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Figure 3.7: Split-Pepper thio-modifications study to assess Mg?* binding sites. A minimal Pepper
construct was designed based on the crystal structure. R-a-thio-phosphate modifications were
introduced to key sites that showed inner sphere Mg?* coordination in the Pepper-BL3-6 structure
(yellow bars) to inhibit Mg?*-oxygen interaction and disrupt function. The 50% mark indicates
where activity is substantially low enough that Pepper function has been essentially wiped out by
that modification.

To complement the thio-substitutions, 7-deaza-guanasines (N7—>C-H) were introduced to
test the interactions seen with G54 and Mg, and G25 and Mc (HBC530 only) (Figure 3.8). In
agreement with the data, the 7-deaza-G54 showed a decreased signal, whereas the 7-deaza-G25
had a no significant decrease, reflecting the implied importance of the Mg and Mc to structure.
The decrease for the 7-deaza-G54 modification is surprisingly small, however, as this would

completely remove the ability for Mg?* to bridge J3/2. This indicates that the majority of the

78



structural contribution of Mg may be from the phosphate contacts instead, which is in agreement

with Mg?* generally forming tighter interactions with oxygen than nitrogen €.
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Figure 3.8: Split-Pepper modifications study to assess Mg?* binding sites and the ligand-RNA
hydrogen bond.

Hydrogen-bonding between HBC and Pepper RNA

In the previous chapter, the HBC ligand was shown to potentially form hydrogen-bond
with G22-N7 In the HBC530 structure density indicated that this is indeed where the ligand tail
(the ethyl alcohol motif on the tertiary amine) is positioned in the crystal lattice, but in HBC599
such density is not visible, indicating that the tail is dynamic in solution. This brings into question
how much the hydrogen-bond contributes energetically to the binding of HBC in solution. It is
also notable that during the SELEX procedure that generated Pepper, the HBC ligand was most
likely attached to a surface via this tail motif X, which would imply that the binding of HBC should

not be reliant on this H-bond.
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Figure 3.9: 7-deaza-G modification can test hydrogen-bond seen in Pepper crystals. Measurement
of Kq with Pepper RNAs with HBC530

Using a similar split-Pepper system described earlier, RNA with the 7-deaza-G22 was
synthesized, which would remove the ability for the HBC ligand to form a hydrogen-bond with
the N7 (Figure 3.9). When 7-deaza-G22 was tested with HBC530, the fluorescence of the split-
Pepper system dropped below half of the original signal (Figure 3.8). To further investigate this,
Kq of HBC530 was measured with this 7-deaza-G, and the Kq was shown to increase two-fold

between the split-Pepper and the atomically modified system. The 7-deaza-G modification
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approximately doubled the Kd, meaning a two-fold loss in binding affinity, though the affinity is

still very high for a fluorogenic aptamer overall (36.1 nM) 8,

3.4 Discussion

Mutational analysis of Pepper revealed that the crystal structure appears to be
representative of the Pepper structure in solution, as mutations had the expected effects on binding.
C14 and G54 are crucial to the binding of HBC, and the base-quadruple and base-triple also
sequence specific, losing function if mutated. A key exception to this is C24 of the base-quadruple
which, as the crystal structures alluded to, is more dynamic and less essential to binding, with a
mutation to a uracil only slightly affecting fluorescence. J1/2 appeared to tolerate some mutations

close to the Ma binding site, but overall appears to be in an optimized state.

The Mg?* stoichiometry, via hill analysis, revealed that around 2 divalent ions bind for
HBC activation to occur, though this does not mean two cations must be bound statically to the
RNA at once. Follow-up experiments showed that the Mg close to the binding site is critical to
Pepper’s function and most likely occupies that site during fluorescence, but Ma, though in both
crystal structures, is unlikely to be specifically bound to that phosphate during or after HBC
binding to the phosphate of A11. As we have no data on the kinetics of HBC binding, it’s likely
that divalents are involved in interactions that are not represented in the final static structure, as
the J1/2 loop may have Mg?* dynamics during binding or in solution that are not represented in
the crystal structure. The higher [M?*]12 of HBC599 to HBC530 correlates with HBC599’s higher
Ka, which may allude to a cooperative binding of the ligand and Mg, though without future testing

there are numerous possibilities.
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HBC binding appears to be not be heavily dependent on the hydrogen-bonding to G22,
HBC530 was shown to still bind tightly to a Pepper modified with 7-deaza-G22. In the case of
Spinach, which has several hydrogen bonds to DFHBI in the bound state, removing these hydrogen
bonds resulted in Kgq increases on the order of 100s nM *°, which demonstrates a more significant
thermodynamic reliance on these interactions. As the increase seen in Pepper is very small, this
does not provide evidence for the hydrogen-bond’s impact on binding. It is important to consider
that 7-deaza-G modifications do also affect the electronic pi-system profile of the guanosine
interfacing with HBC ligands, meaning that the observed changes in Kq are not necessarily due to
hydrogen bonds alone, though the data safely rules the hydrogen-bond out as the key stabilizer of

binding.

Overall, the investigations have shown that the crystal structures of Pepper represent the
solution structure fairly well, though also raises questions about the dynamics of HBC binding.
We currently don’t know if the binding pocket is pre-organized like it is in Spinach®®, and in what
temporal sequence HBC and Mg?* bind to the RNA. However, the RNA sequence of Pepper does
appear to be highly optimized, with the most effective sequence apparently identified for in vitro
testing. There are avenues for Pepper’s performance in vivo to be improved through lowering the
divalent dependence of the aptamer, which was a problem during initial engineering =, and if

dynamics of the binding are studied, potentially Pepper’s performance can be further enhanced.
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Chapter 4: Conclusions — Consolidation of Pepper structures

4.1 Introduction

In the previous chapter, the Pepper-BL3-6 structures were probed to confirm that the
crystal structure observations were consistent with Pepper binding HBC in solution. The
mutational data showed that the crystal-derived 3D-models appears to be an accurate
representation of how the RNA is positioned when Pepper binds HBC in solution, with mutations
that would by hypothesized to cause disruption in the crystal having deleterious effects in solution.
In addition, the metal assignments — namely Ma and Mg — appear to be in agreement with the
stoichiometric data, with approximately two Mg?* ions being essential to Pepper function.
Modifications targeting key phosphate oxygens and Guanosine-N7s showed that the Mg?* close
to the binding site, Mg, is the key contributor to divalent dependence in Pepper, with Ma having
no observable influence outside of the crystals. Finally, the hydrogen bond that HBC ligands can
form with the Pepper RNA appears to not be a critical component of binding thermodynamically,

though this is inconclusive and needs further investigation,

During writing of this thesis, and while a publication of thesis material was being written,
a publication was released which had also solved the structures of the Pepper RNA aptamer, using
heavy-metal soaking instead of chaperone assisted crystallography ®. Since the Fab-RNA
structures were solved before these RNA-only structures were released, they did not inform the
RNA structure and are therefore being treated as contemporary for the writing of this thesis. A

comparison is included for scholarship purposes.

In this chapter, the consolidated knowledge gleaned from the Pepper-BL3-6 structure will

now be compared to an RNA-only crystal structure of the Pepper aptamer that was published
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during the closing stages of this work. In this comparison we will see that the Pepper structures
appear to tell a consistent story of HBC binding, and that our structures are overall in great
agreement. Finally, future work for the Pepper aptamer will be proposed — specifically how Pepper

can be integrated into aptazymes, and the thesis conclusions will be drawn and summarized.

4.2 Comparison to a circularly permuted Pepper construct.

After we solved the structures of Pepper bound to ligands HBC530 and HBC599
respectively, Huang et al. reported the X-ray crystal structure of a circularly permuted (cp) Pepper
construct bound to HBC530 and several other ligands !, though not with HBC599. The overall
structure reported is highly similar to our structures (Figure 4.1) despite different space groups and
lattice packing interactions, supporting the functional relevance of the observed 3D architecture.
Overlapping of the comparable regions between the structures gave excellent convergence (Figure
4.1), with an rmsd (root mean squared deviation) value below 1 A2 showing that the structures

have bases in virtually identical positions relative to each other.
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Figure 4.1: RMSD comparison of Pepper structures. Partial overlay Fab-RNA Pepper from this
work (7SZU yellow, 7U0Y magenta) and the RNA-only crystal structure by Huang et. al. (TEOH,
cyan), with the structure turned 90° anti-clockwise from left to right. Tertiary structure diagram
with red outline showing the included nucleotides that best match between structures. RMSD
between 7SZU and 7U0Y; 0.274 A% 7SZU and 7EOH; 0.370 A% 7U0Y and 7EOH; 0.428 A2,
Rmsd calculations and 3D models generated in pymol. Created in Biorender ™.

The main differences include the angle subtended by P2 and P3, which is a few degrees
more acute in cp structure, and the number of metal ions visible. This different angle causes the
rmsd comparison to increase sharply as the Pepper structures deviate from each other, but does
imply that this angle between helices is not fixed and may be flexible in a functional Pepper-ligand
complex. The cp structure contains five Mg ions (M1-M5). In contrast, our HBC530 and HBC599
structures contain two metal ions, Ma and Mg that correspond directly to M1 and M3 in the cp

structure (Figure 4.2). A third metal ion unique to HBC530 does not correspond to any metal ion
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in the cp structure. M4 and M5 in the cp structure reside distal to the ligand binding site within the
P1 helix (P3 in our construct) and likely are unnecessary for function as shown by the hill
coefficients (see chapter 3). Our structures appear to lack these two metal ions but the
corresponding helix in our construct (P3) contains an entirely different sequence identical to the
original aptamer 2, and also potentially due to the extra charge stabilization requirements of RNA-

only crystal packing.

HBC530 HBC599
pdb 7SZU pdb 7UY

HBC530
pdb 7EOH

Figure 4.2: Mg?* assignment comparison of Pepper structures. Comparison of the Mg?* assigned
in this work (7SZU, 7UQY) to the currently existing Pepper HBC530 structure from Huang et. al.
(pdb 7EOH)!. The pre-existing Pepper structure has five assigned Mg?* (magenta), two of which
correlate to assigned Mg?* visible in the Pepper-BL3-6 with HBC599 structures (green). Mgl and
Mg3 in their previous work correlate to Mgl and Mg2 in this publication. The third Mg?* (cyan)
seen in Pepper-BL3-6-HBC530 is not equivalent to any of the Mg?* seen in the previous Pepper
structures. 3D models generated in pymol.

Most likely these modest differences between the structures reflect the distinct lattice

interactions (Figure 4.3). The cp RNA crystal lattice buries significantly more of the total RNA
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surface area compared to the Fab-RNA crystal lattice (8.6% vs 2.6%). Lattice contacts in the
cpRNA crystals (732.9 A?) involve exclusively interactions with other RNA molecules that can
strongly influence the electrostatic environment due to RNAs negative charge In contrast, among
the lattice contacts in the Fab-RNA crystals, only 18 % (286.6 A?) involve interactions with other

RNA molecules.

Figure 4.3: Crystal packing comparison of Pepper structures. Crystal packing contacts of Fab-
RNA Pepper from this thesis (top row, 7SZU) and the RNA-only crystal structure by Huang et.
al.! (bottom row, 7EOH), with the structure turned 90° anti-clockwise from left to right. RNA-
RNA contacting residues (green) dominate the RNA-only crystal lattice. Fab-RNA contacts
(magenta) dominate the Fab-RNA crystal lattice, and there are minimal Fab-Fab (cyan) contacts.
Models generated in pymol.

The Fab-RNA crystal is clearer on which parts of the RNA are flexible which may be more
useful for making comparisons to the solution structure. While the visible differences between the
RNA-only crystals and the Fab-RNA crystals do not appear to substantially impact the mode of
ligand binding, the differences in uncertainty and dynamics in the crystals is informative. The high-
resolution of the RNA-only crystals decisively answers questions of ligand orientation, which was
not absolute in the RNA-Fab structures. Looking at temperature-factor diagrams of the Fab-RNA
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crystals and RNA-only crystals also shows agreement in the dynamics of the RNA, with P1 in a
highly dynamic state compared to P3 even when it is not harbouring the ends of the RNA (Figure
4.4), and the relative dynamism of C24. This difference in flexibility could be due to the crystal
packing, where fewer RNA-RNA contacts, and the higher number of divalent ions needed for
RNA-RNA crystals, leading to a less restricted environment which better represented RNA

flexibility.

HBC530 HBC599 HBC530

pdb 7SZU pdb 7U0Y pdb 7EOH
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Figure 4.4: Temperature-factor comparison of Pepper structures. Pymol-generated B-factor putty
temperature cartoons of structures from this work compared to (7EOH)*. Thickness and color both
correspond to B-factors. Assigned Mg?* and Ligands shown in gray. Top: temperature scale
relative to the individual structure. Bottom: Temperature scale relative to all three structures.
Figure generated in Biorender™,
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4.3 Proposed utilization for Pepper in aptazymes frameworks

Because the fluorescence of Pepper appears to be coupled to the structuring of J1/2 aided
by Mg?* binding and the bulge caused by J2/3 and J3/2, we suggest that Pepper has potential to
serve as a framework for development of fluorogenic sensors for a variety of substrates. Pepper
has the potential to be coupled to allosteric RNAs through its P1 or P3 stems as communication
modules 3, similar to how the SAM riboswitch was engineered into the Corn aptamer to couple
DFHO fluorescence to SAM binding 4, or Spinach to detect thiamine 5’-pyrophosphate binding °,
along with many others %7, As Pepper is not reliant on a G-quadruplex and has tight Kgs, Pepper
could perform significantly better than Spinach and other HBI-derivative aptamers, with a compact
and simple tertiary structure that is more tolerated in cells than the G-quadruplexes 8. With the
wide variety of excitation wavelengths available to Pepper through its HBC ligands, multiple
reporting systems can be set up in close proximity that sense different RNAs, allowing for more

complex and detailed cell visualization.

As described in chapters 2 and 3, J1/2 is structured seemingly by one Mg?* ion and has a
unique contribution to the binding of HBC which opens up more difficult but interesting
engineering pathways for Pepper. Because J1/2’s purpose appears to be to be able to contribute a
cysteine to the HBC binding site, modifications to J1/2’s structure that still allow this tertiary
interaction to form could be tolerated. Engineering J1/2 to bind other metals or a small molecule
to become structured to could open up more complex aptazyme communication modules that don’t

rely on helix formation.

Finally, Pepper is able to bind a wide variety of derivatives with a tight Kd, and crystal
structures have demonstrated that this is predominantly through stacking with the aromatic ring

systems *. Ligand promiscuity has been seen in Mango® and DIR2 ° aptamers, but the structure of
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Pepper with HBC has shown opportunities at both ends of the HBC ligand to engineer linkers to
larger components such as proteins or larger organic molecules. Therefore there may be potential
in engineering Pepper to bind HBC derivatives with even tighter affinities — even at the cost of
photophysical properties — to design a biosensor that will bind and report an HBC tag that can be
connected to other moieties. While this has been potentially viable for previous fluorogenic
aptamers, HBC appears to be much more ideally suited now that the Pepper-HBC structure has

shown the tails to be sterically unhindered.

4.4 Conclusions and implications of the Pepper structure

In this thesis, the structure of the Pepper aptamer has been elucidated via chaperone assisted
crystallography. The Pepper structure is reliant on a base-quadruple and base-triple stack that
sandwiches the HBC ligand with another helical stack, with supporting out-of-plane tertiary
interactions forming a binding pocket, and a hydrogen bond between the ligand and RNA. It is
most likely that the structure is thermodynamically facilitated by specific divalent binding sites
that are essential to HBC binding, and may contribute to the tight affinity of the aptamer.
Chaperone-assisted crystallography has been a crucial tool for 3D RNA structure studies, and
continues to be so. The Pepper structure with Fab BL3-6 serves as a great example of how the Fabs
can stabilize a crystal lattice, and reduce the need for excessive cations for charge neutralization.
The structures of Pepper have shown how much improvement has been made to fluorogenic

aptamers over the years, and serve as a new benchmark for allosteric RNA engineers.

93



Table 4.1: Tabulated data of fluorogenic aptamers with pdb entries with descriptions of the
binding sites. Pepper does not utilize a G-quadruplex, and one of the stacks is a WCF helix topped
by a G+U wobble pair, which is simpler than other aptamers shown here.

p | Aptamer H- Stacking Stacking Stacking Fluorogen Stacking Stacking | Stacking | Side (out
d bonding/ 13 1.2 11 2.1 2.2 2.3 of plane)
b other
1 MGA None Ul1+A22¢ C10-G23 G8+C28 Malachite C7+G24-G2 C6+G33 C5-G34 U25,
F A26 triple *A27 pair Green 9 A3l pair pair A30°A9
1 triple quadruple
T
4| Spinach G28<H- C25+G63 G22-G26 G23G27- DFHBI U29+U50¢ C30-G52  C31-G49 A58
K bond pair *G57+G6 G54+G59 A53 triple pair pair
z keto 1 QPx QPx
D
5| Mango None G8*G13*G  G9+Gl4 G10-Gl6*  TO1-Biotin  U15, A20, None None U15,
\Y 18+G23 G19 G21-G26 A25 (also A20, A25
3 QPx G24-QPx QPx side)
F
6 | DIR2s- G39-S03 G37, A13  Al14-U38 A15-G39- oTB A40 None None None
D Apt moiety stack U42 A4l triple stacking
B H-bond individually triple
8
7 Chilli In plane G10°A11-C  G9+G12- G13G32- DMHBO+ C16°G39, G17°U30  C18-G29 None
(@) G15 H- 44 triple G36+G42 G37-G41 G14+G31 pair pair
A bond QPx QPx
X (C40
pair) (and
K+)
6 Corn Dimerize  A10-U17-  G13°G16  G12+Gl5e DFHO Dimer Dimer Dimer All, A24
E s, A1l H- A21-U27 *G23-G2 G22-G25
8 bonds to QPx 6 QPx QPx
1 imine
7 | Squash AB9, A70 G42+G46¢ Al12-G41 G13+A40- DFHO U15-A69 G16°A49  A17-U68 Gl4, A48
K H-bond G71-G73 *G47+C7  AT0 triple pair pair (U39
\Y phenolate  quadruple 2 pair)
\Y quadrupl
e
7 Pepper G22 H- A26+C50 G25-A51  G22-U23+C HBC530 U21-G55 G20-C56  C19:G57  Cl14-G54
S bond pair *C52 24+U53 pair pair pair
z ethyl triple quadruple
U alcohol

Pepper is unusual amongst fluorogenic aptamers not only for its unique ligand scope, but
also its stacking arrangement and specific Mg?* binding. All known fluorogenic aptamers function
by folding to create a binding pocket for organic chromophores bearing planar aromatic pi-
systems. The binding pockets consist of planar nucleobase layers that sandwich the ligand through
stacking interactions and in most cases, one or more out-of-plane nucleobases that wall off one
side of the binding pocket (Table 4.1). The out-of-plane system can involve up to three

nucleotides, as seen in the malachite green aptamer*! and Spinach?*®. Various combinations of
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nucleobases comprise the two stacking layers and fluorogenic aptamers fall broadly into two
categories. Those that use a G-quadruplex fold to form one of the stacking layers, including
Spinach?13 Mango®4° Chili®, and Corn'®, and those that do not, including the Malachite Green
aptamer!!, DIR2!!, Squash®!, and Pepper!!. The latter category of aptamers contain a base triple or
base quadruple. The crystal structures of the G-quadruplex class all contain bound K* to support
the quadruplex fold. Within the other aptamer class, the crystal structures of Squash and Pepper
contain site-bound Mg?*. This leaves DIR2 and Malachite Green as the only aptamers with crystal

structures to not exhibit a visible metal that could be critical for binding.

Pepper’s unique set of properties is in agreement with its unique structure and requirements, and
its simple tertiary fold in comparison to other aptamers is an advantage for in vivo utilization of
the aptamer. Pepper is distinct in its lack of a G-quadruplex and is reliant on Mg?*, making it only
comparable to Squash 1’. Squash was evolved from an adenosine riboswitch to access an In vivo
compatible fold, but at the cost of a lower Kg (54 nM for DFHO-Squash vs 3.5 nM HBC-Pepper)
and a much lower brightness (see chapter 1, Table 1.1). Pepper’s structural features contribute to
the aptamer with the most desirable set of parameters seen so far, and Engineering future aptamers
to favor structural features seen in Pepper, such as the out-of-plane nucleotides, would be ideal for
those seeking to make new ligand-RNA complexes for biosensing. For future aptamers, evolution
in low K* and Mg?* could select for aptamers with similar properties to Pepper without the salt
dependence. The main downside of Pepper is that it still has a high Mg?* requirement for function
— indeed this was a problem in the original selection ' — and finding aptamers with similar
performance with a lower reliance on divalents could lead to even better fluorogenic RNAs to be

engineered in the future.
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