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ABSTRACT

RNA assembly facilitated by long-range interactions and implications

for RNA nanotechnology

by

Paul J. Zakrevsky

RNA nanotechnology is a growing field of research that aims to harness the functional

potential of RNA for specific applications.  The function of an RNA can be directly

related to the native structure of the molecule, defined by combinations of recurrent

structural building blocks termed motifs.  Long-range assembly motifs are of critical

importance during RNA folding and assembly. These long-range modules are often

required for a molecule to find and stabilize its native fold, and can provide a means

for intermolecular recognition and assembly. In the research presented here, we work

to characterize specific long-range interactions derived from various natural RNAs,

with a goal to understand their roles in RNA assembly and function.  Characterization

of assembly modules was performed primarily through biophysical techniques utilizing

rationally designed RNA scaffolds. By improving our understanding of natural RNA

assembly modules, we hope to garner insights concerning molecular design and

regulation which could be of use for future endeavors in RNA nanotechnology.
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Chapter 1: An introduction to RNA

1.1 Introduction

1.1.1 What is RNA

Ribonucleic acid (RNA) is a biopolymer that is central to cellular function.

RNA is a directional molecule, running 5’ to 3’, composed of polymerized nucleotide

building blocks, with each nucleotide itself composed of three distinct units: a

phosphate, a ribose sugar, and a nucleobase.   Guanine (G), cytosine (C), adenine (A)

and uracil (U) comprise the standard repertoire of bases within an RNA molecule.   The

chemical structure of each nucleobase defines a unique pattern of hydrogen bond

donors and acceptors, allowing RNA to store information at the level of its primary

sequence.  This information is accessed by complementary recognition between

nucleobases, where hydrogen bonding between complementary bases (A with U, G

with C) results in formation of classic, cis Watson-Crick base pairs (cisWC bps).  The

storage of information can occur at a genetic level, as it the case for genomic RNA,

messenger RNA (mRNA) and various small regulatory RNAs.  However, the primary

sequence also encodes the structural information that defines the native fold of a given

RNA molecule, and determines the function associated to the primary RNA sequence.

1.1.2 Hierarchy of RNA structure

RNA can be thought of as a single stranded polymer that folds back on itself to

form helices and additional structural elements. The folding process of RNA is
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hierarchical, requiring initial conditions to be met before additional structural elements

can be formed (Figure 1.1) (1). Formation of cisWC bps between complementary

stretches of nucleotides defines the skeletal structure of an RNA molecule.  Formation

of helices equates to generation of the molecule’s secondary structure interactions, and

is the first tier in the hierarchy of RNA folding. The molecule’s remaining single

stranded regions define junctions, bulges and loops, providing flexible regions around

which helices can be oriented in 3-dimensional (3D) space. The presence of metal ions

induces structural collapse to a condensed structure (2), at which point most “single

stranded” regions become structured through formation of tertiary interactions (3-5).

Figure 1.1: Description of the RNA folding process. (a) The primary
nucleotide sequence of an RNA adopts a secondary (2D) structure through
formation of classic cis Watson-Crick base pairs, defining helical elements.
Tertiary (3D) structure is established through formation of additional, non-
canonical contacts. (b) The addition of metal ions induces a structural collapse
by screening the negative charge of the RNA backbone.  The presence of ions
are required to established tertiary contact, which define and stabilize the final
native fold.  Figure adapted from ref. (36).
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Unlike DNA, RNA molecules commonly use the Hoogsteen (HG) and shallow

groove (SG) edges of the nucleobase, in addition to the WC edge, to established

hydrogen bond contacts between nucleotides (6).  The use of multiple base edges, as

well as cis or trans orientations of the glycosidic bond, greatly increases the number of

possible interactions between two nucleotides (7, 8). Formation of these non-canonical

base interactions define the molecule’s tertiary structure. Sequence signatures

identified to recurrently produce a specific structural fold within an RNA molecule are

termed “RNA structural motifs”, and serve as the building blocks of RNA structure (9).

The a-form helix is the simplest RNA motif, making use of only canonical, secondary

structure interactions. RNA tertiary motifs generally tend to make use of non-canonical

pairings.  Tertiary motifs can be described as either local or long-range interactions.

Local tertiary motifs can be thought of as groups of interactions, close in primary or

secondary structure, which define bends and geometries between adjacent helical

elements (10-15), while long-range tertiary interactions typically occur in an intra-

molecular fashion between regions distant in primary sequence and secondary

structure.

1.2 Importance of long-range interaction for RNA structure and
function

1.2.1 Long-range tertiary interactions dictate the function of a molecule

The search for an RNA’s native fold, as well as stabilization of the molecule’s

global structure, is largely facilitated by establishment of tertiary contacts (16, 17).

While local tertiary contacts help rigidify an individual region of the structure, long-

range tertiary interactions are necessary to pack adjacent helices and stabilize the
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overall fold. Long-range tertiary motifs can generally be divided into four classes of

interactions: helix-helix packing (18, 19), a-minor interactions (20, 21), non-canonical

loop-loop interactions (22, 23), and formation of long-range WC bps as kissing

complexes (24, 25) or pseudoknots (26, 27).

As there is a close relationship between RNA structure and RNA function,

formation of intramolecular tertiary contacts are often vital for the function of a

molecule. In some instances, formation of long-range interactions have been observed

to be a prerequisite for establishing the correct contacts within local tertiary structures

(22, 28, 29).  In the case of small RNA domains, loss of a single long-range assembly

module can severely reduce molecular function, even when that assembly module is

distant from the active site of the domain (30-32). However, tertiary contacts are can

also take on important roles in intermolecular recognition. For instance, while

hundreds of long-range assembly modules are required to generate the native fold of

the ribosome, specific intermolecular tertiary interactions are also required for tRNA

binding and decoding (33, 34).

1.2.2 Tertiary contacts as potential points for regulation of RNA function.

As has been mentioned above, the absence of peripheral assembly modules

within small RNAs can be extremely detrimental to the RNAs function (30-32).  These

examples clearly illustrate that assembly motifs can influence the activity of an RNA

molecule.  Modulation of tertiary assembly elements is likely to influence the stability

of the global molecular fold, and with that the extent of molecular function.  Building

upon this notion, these long-range modules present themselves as specific points from

which it may be possible to augment the degree of activity displayed by a functional
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RNA.  In general, small functional RNA domains tend to be well characterized in terms

of their active site, but the influence of peripheral tertiary elements are often less-well

understood. These regions away from the active sites of functional RNAs appear to be

an under-utilized point for optimization of a functional RNA.  Understanding the role

of individual long-range assembly motifs in dictating the function of a specific RNA

domain could provide a method to precisely tailor an RNA’s activity.

1.3 RNA Nanotechnology

1.3.1 Diversity of functional RNAs present a wide range of potential applications

The field of RNA nanotechnology is an ever-growing area of study, with a focus

on repurposing the functional diversity offered by RNA for novel applications (35, 36).

The structural diversity offered by combinations of motifs and additional tertiary

contacts gives rise to the wide array of observed functional RNAs in nature. A notable

exception to “structure-based” functional RNAs are the regulatory roles facilitated by

various classes of small RNAs (37-40).  These short RNAs act as molecular guides by

reading and recognizing specific genetic information through base pair

complementarity, rather than through adopting a specific functional fold.  However,

RNA has also evolved structure-based regulatory solutions, such as riboswitch domains

that control gene expression through conformational change upon metabolite

recognition (25, 41).

In addition to acting as molecular switches, highly structured RNAs can possess

additional functions.  Natural catalytic RNAs, termed “ribozymes”, can range in size

from several dozen nucleotides, as is the case for small self-cleaving domains (42, 43),

to the several thousand nucleotides which compose the ribosome (44).  Regardless of
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size, formation of specific long-range tertiary motifs plays a critical role in defining the

structure and function of these molecules (30, 45, 46).  The advent of in vitro selection

and evolution techniques has further expanded the bounds of RNA function. (47, 48).

These methods allow generation of molecules with specified functions, such as

unnatural ribozymes (49-51) and ligand binder aptamers (52, 53), among others.

With the functional diversity offered among both natural and artificially

selected/evolved RNAs, there is great potential in the use of RNA for various

applications.  More often than not, multiple potential strategies exist to tackle the same

problem. For instance, biosensors to detect a specific metabolite have been designed

using both electrochemical (54) and duel aptamer-ribozyme (“aptazyme”) (55) based

approaches.  The use of aptazymes has also been broadened from simply indicating the

presence of a metabolite, to turning on or off gene expression in presence of a specific

molecule (56, 57). However, maybe the greatest prospect for RNA nanotechnology

lies its potential to repurpose functional RNAs as therapeutic agents (58-61).

1.3.2 RNA Scaffolding and Nano-architecture

RNA presents itself as a terrific material for construction of nanoscale objects.

Because RNA can encompass a wide range of functional roles, all-RNA scaffolds

provide an attractive approach to consolidate and couple multiple functions to a single

particle (62-65).  In addition, artificial RNA structures can serve as a template to direct

assembly and positioning of non-RNA entities (66, 67), and novel scaffolds have

proved to be useful systems for biophysical characterization of RNA structural features

(11, 15, 68). While nucleic acid nano-architecture was first pioneered using DNA

polymers, the design of DNA nano-constructs focuses on the use of relatively few
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crossover and junction motifs (69-73).  RNA scaffolds can be designed using a similar

approach (74), however, the large variety of RNA structural motifs provides a large

toolbox from which novel structures can be designed (62, 75-80). Relative to DNA,

RNA duplexes display an increased persistence length and thermodynamic stability

(35, 81), as well as the ability to be easily produced in vivo (67), further illustrating its

superiority as a material for nano-construction and nanotechnology.

1.3.3 The architectonics approach to RNA design

The RNA architectonic approach of molecular design makes use of the large

toolbox of RNA motifs to rationally construct novel RNA molecules and supra-

molecular assemblies (Figure 1.2) (81).  The approach is a retro-style design strategy

where the desired structure is first modeled in 3D space, from which a corresponding

secondary structure can be generated, and ultimately a primary nucleotide sequence is

designed. 3D models are constructed using known tertiary structural motifs, spliced

out from previously solved RNA structures.

These motifs serve as building blocks that define the geometries and long-range

interactions within the RNA construct.  The building blocks are stitched together via

helical segments with the help of molecular modeling software (82, 83), rendering a

complete model of the desired construct.  This type of mosaic design strategy is

possible due to the modular and hierarchical nature of RNA structure (84, 85). The

primary sequence is designed using synthetic helical sequences, while maintaining

conserved nucleotide positions required for structural motifs.

Viability of designed primary sequences can be assessed using available web-

based thermodynamic folding algorithms (86-88).  While the architectonics approach
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can be used to design large supra-molecular assemblies as an end goal (62, 79, 80), the

approach is just as well suited for the construction of small assembly scaffold that can

be used for the biophysical characterization of specific RNA interactions.  Assembly

of the synthesized RNAs can be assessed through extensive PAGE characterization

(68, 76), atomic force microscopy (62, 77) and/or cryo-electron microscopy (74, 80).

1.3.4 Current challenges concerning the rational design of RNA scaffolds

The major challenge in designing an RNA molecule to adopt a predetermined

structure is the possibility of alternative pairings.  Nature often uses post-transcriptional

modification as a way to prevent undesired interactions and dictate the final molecular

structure (89). However, the incorporation of modified nucleotides at specific positions

Figure 1.2: The architectonics approach to RNA rational design. Structural
motifs from known RNA structures are used to construct a 3D model of the
desired RNA architecture.  From the 3D model, a secondary structure can be
projected from which the primary nucleotide sequence is designed.  The final
RNA assembly can be characterized through multiple methods such as native
PAGE and atomic force microscopy (AFM). Figure adapted from refs. (77, 79,
81).
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during in vitro transcription is not a feasible approach.  One approach to avoid multiple

competing structures is to design relatively small, simple constructs that make use of

few non-canonical interactions and single stranded regions.  This has proved to be a

useful approach to design assemblies composed of relatively small monomer units (63,

64, 77, 79, 80). Transcription and assembly of these constructs in vitro allows for

thermodynamically driven folding, and helical stem sequences can be designed to

largely favor the desired structure.

While this is a useful design strategy for small molecules, larger rationally

designed structures require longer RNA sequences, which is likely to increase the

chances of kinetically trapped states resulting for thermodynamically driven folding.

Recent achievements in rationally designed RNA structures appear to be moving in the

direction of larger structures, governed by kinetically driven folding during

transcription (90), and co-transcriptional assembled have been utilized as templates to

spatially organize endogenous cellular molecules in vivo (67). However, these

kinetically driven assemblies form 1-D and 2-D lattices which utilize few non-

canonical interactions and unpaired regions.

To ever achieve rationally designed RNAs with a functional potential

comparable to natural large RNAs, a move away from simple 1-D and 2-D lattices

towards more complex globular structures is likely necessary. Avoidance of

undesirable alternative pairings would be of critical concern in such globular structures,

as these structures are likely to require many more tertiary motifs and interactions to

define the global fold. Given all the possible combinations of base pairings and

backbone configurations theoretically possible for an RNA molecule, natural RNAs
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appear to use relatively few, recurrent long-range modules to assemble adjacent helical

elements (3, 91). Understanding how and why nature utilizes a small set of recurrent

tertiary assemble modules to pack helices and stabilize the fold of large RNAs could

provide new insights for the rational design of more complex RNA molecules and

scaffolds.

1.4 Furthering RNA nanotechnology through an understanding of
self-assembling modules.

As our understanding of natural RNA structure and function continues to grow,

so too does the potential to rationally design RNA molecules capable of novel functions

and application. The research presented in the following chapters focuses on the

characterization of long-range RNA assemble modules by means of biophysical

approaches and sequence comparative analysis. In chapter 2, we examine the role of

a peripheral loop-receptor assembly module that promotes catalytic active of the

Schistosoma mansoni (Sm) hammerhead ribozyme (92, 93).  This module is especially

interesting, as the receptor element appears to exist in a dynamic conformational

equilibrium between alternative folds. Through PAGE characterization of a novel

tectoRNA scaffold, as well as trans- and cis-cleaving ribozyme constructs, we examine

the degree to which ribozyme activity can be controlled by modulating the extent of

loop-receptor assembly. Chapter 3 provides an example of how natural assembly

modules can be repurposed for new applications.  In this chapter we focus on the

rational design and characterization of programmable, hexameric RNA nanorings

based on an intermolecular loop-loop kissing complex derived from ColE1 transcripts
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of Escherichia coli (94, 95).  The resulting nanoring assembles were assessed in vitro

for their potential to serve as therapeutic delivery agents.

Over the course of chapters 4 and 5 we conduct extensive characterization of

the GNRA-tetraloop/receptor assembly module. This module makes use of the a-minor

interaction, the most common class of long-range interaction within ribosomal RNA

(21). Interestingly, relatively few recurrent GNRA/receptor modules are observed in

nature (96-98), despite the knowledge that a greater diversity of these modules has

resulted from in vitro selection (68, 99). Through characterization of various

GNRA/receptor modules, we aimed to uncover possible selection pressures that would

favor use of the recurrent natural modules, and garner insight to natural approaches of

assembly module design. In chapter 4 we examine the possibility that natural

GNRA/receptor modules may have evolved an increased robustness to mutation, as

compared to artificially selected GNRA/receptor interactions. In chapter 5, we

construct a large genotype/ phenotype fitness landscape associated to GNRA receptors,

in an attempt to elute unique trends within the sequence space attributed to natural

receptor sequences.  Finally, chapter 6 concludes with a short discussion of future work

and potential application related to the assembly modules characterized within the

preceding chapters.
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Chapter 2: Modulation of self-assembly and catalytic
activity of a hammerhead ribozyme through loop-
receptor interactions

2.1 Abstract

Hammerhead ribozymes display great diversity in the stem-I/stem-II tertiary

interaction required for enhanced catalytic activity.  The hexaloop/internal loop

receptor (HL/ILR) assembly module identified within the hammerhead ribozyme of

Schistosoma mansoni appears to be a recurrent interaction found within additional

hammerhead domains.  We have evaluated the extent of self-assembly and cleavage

activity attributed to Schistosoma-like HL/ILR modules through the use of a novel

tetcoRNA system and multiple self-cleaving constructs.  Analysis of variant HL/ILR

interactions indicate that natural ribozymes containing the HL/ILR module display sub-

optimal activity, suggesting this module is used as a regulatory point to govern

ribozyme activity.  Specifically designed mutations to the Schistosoma-ILR are able to

augment module assembly and catalytic activity in a predictable fashion.  Our results

suggest the Schistosoma HL/ILR module can serve as a regulatory point to customize

ribozyme activity, as well as a potential new building block within RNA scaffolds.

2.2 Introduction

Since the discovery of the catalytic properties of self-splicing group I introns

(100), numerous other catalytic RNAs or ribozymes have been identified, some
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catalyzing essential cellular processes such as tRNA maturation by ribonuclease P

RNAs (101) and peptide bond formation by the 23S ribosomal RNA (33).  In addition,

several classes of small, self-cleaving ribozymes have been identified in various bio-

systems, including viruses, bacteria and eukaryotic cells (102).  Among them, the

hammerhead ribozyme family is one of the most widespread self-cleaving motifs,

composed in its minimal form by three helical stems flanking a central, catalytic three-

way junction (42, 103) (Figure 2.1a).  While initially discovered in plant viroid and

viruses, and within repetitive elements of satellite DNA (93, 104-107), recent research

has greatly increased the number of predicted hammerhead ribozymes and revealed its

present in all three domains of life (108).

Initial characterizations of hammerhead ribozymes were performed using a

minimal motif and revealed that these constructs were inactive without the use of high

divalent salt concentrations (typically [Mg2+] of 10mM or higher).  However, the

discovery of the existence of a peripheral long-range tertiary interaction between stem-

I and stem-II helices greatly reduced this magnesium dependency, resulting in these

full-length hammerhead motifs being active in biologically relevant, sub-millimolar

magnesium concentrations in vitro (30, 31, 92). Peripheral regions of native

hammerhead ribozymes are structurally much less conserved than their catalytic region

(108, 109).  Analysis of several hammerhead ribozymes with different peripheral loop-

loop interactions between terminal stem-I and stem-II loops have indicated that natural

sequence variations within these long-range interactions affect both the observed rate

constants and the size of active populations (110).  These changes in ribozyme activity

suggests that natural sequence variations within stem-I/stem-II peripheral interactions
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are evolutionary used as a mean to modulate and regulate the activity of the ribozyme

in different contexts (110).

The long-range interaction within the Schistosoma mansoni (Sm) hammerhead

occurs between an internal loop receptor (Sm-ILR) in stem-I, and a six nucleotide

terminal hexaloop (Sm-HL) in stem-II (92).  This specific long-range interaction,

abbreviated Sm-HL/ILR, is particularly interesting for several reasons. It is shared by

numerous other hammerhead ribozymes identified in multiple eukaryotic genes,

including within the human genome (108, 111-114). It also belongs to a ribozyme that

has been extensively characterized both in terms of cleavage and ligation activity (115,

116) and for which detailed X-ray atomic structures are presently available (22, 117,

118) (Figure 2.1). Note however that the Sm hammerhead sequence used for

crystallization differs from the “wild type” sequence by few base pair changes within

“non-essential regions” (22), some of them immediately adjacent to the internal loop

receptor IRL.  While these base pair changes do not abolish ribozyme activity, they do

slightly alter the activity of the crystallization ribozyme compared to the wild type Sm

sequence (22). Interestingly, the Sm-IRL can potentially adopt alternative secondary

structures, suggesting that its unbound state could be in dynamic equilibrium between

alternative folds in solution. Overall, these observations suggest that sequence

variations in Sm-like peripheral interactions might contribute to the modulation of the

hammerhead ribozyme activity and as such, to the regulation of gene expression.

Herein, we have studied the effects of point mutations and deletions within the

Sm-HL/ILR interaction in multiple structural contexts.  These mutations were designed

to modulate the receptors conformational equilibrium, influence the extent of loop-
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Figure 2.1: Hammerhead ribozyme and Sm-HL/ILR tectoRNA structure.
(a) The previously solved crystal structure displays the extent of the Sm-HL/ILR
interaction between stem-I and stem-II (PDB_ID: 3ZP8). Stem-I ILR nucleotides
are in blue. The stem-II HL is in pink.  Core catalytic nucleotides are colored
green, while the scissile phosphate bond is shown in red. (b) A tectoRNA dimer
system utilizing the Sm-HL/ILR interaction of the S. mansoni hammerhead was
modeled from the crystal structure and designed to assemble as a homodimeric
complex through the formation of two loop-receptor interactions.
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receptor self-assembly, and regulate ribozyme self-cleaving activity. First, we

repurposed a tectoRNA self-assembly system, originally devised to self-assemble

through formation of GNRA/receptor interactions (68, 75, 76), to assemble through

formation of the Sm-HL/ILR interaction.  This allowed characterization of the self-

assembly property of multiple Sm-like HL/ILR variants independent from ribozyme

activity (Figure 2.1b and Figure 2.2a). Following, we investigated the effect of these

loop-receptor variants on the catalytic activity of trans-cleaving and cis-cleaving

hammerhead constructs (Figure 2.2b,c).  Results indicate that rationally designed

mutations within the loop/receptor can modulate the affinity of the Sm-HL/ILR

interaction in a predictable fashion and largely translates to predictable changes in

relative ribozyme activity.  The tunable nature of the internal loop receptor (ILR) may

provide a means to design hammerhead ribozymes that display various degrees of

activity for specific in vitro or in vivo applications.  Additionally, our re-designed

tectoRNA hairpins incorporating the Sm long-range interaction presents the first

indication that the tectoRNA approach is a truly versatile self-assembly system, and

provides a new assembly module for the purpose of synthetic biology and RNA

nanotechnology (35, 36, 85).

2.3 Results

2.3.1 Design and characterization of a tectoRNA self-assembling system with

hammerhead loop/receptors

To study the Sm-HL/ILR interaction in a context that is uncoupled from

ribozyme cleavage, we redesigned a previous tectoRNA dimer system by substituting
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its GNRA-tetraloop/receptor modules (68, 75, 76) with the hexaloop/receptor

interaction from the S. mansoni hammerhead ribozyme. A precise three-dimensional

(3D) atomic model of this new tectoRNA homodimer was constructed as described in

the materials and methods section 7.1.1 (Figure 2.1b and Figure 2.2a). To

accommodate the Sm-HL/ILR interaction within the new tectoRNA dimer, the helical

element separating the internal loop receptor from its interacting terminal loop (“stem

b” in figure 2.2a) was adjusted to six base pairs (bps).  This is in contrast to the ten bp

helical spacing found to facilitate assembly of tectoRNAs through GNRA/receptor

interactions (68).  The difference in helical spacing results from the two distinct

modalities of loop recognition displayed by GNRA/receptor and Sm-HL/ILR

interactions. In the case of GNRA/receptor interactions, GNRA tetraloops interact with

the minor groove side of their corresponding receptor.  However, for the Sm-HL/ILR

interaction, the hexaloop interacts with the major groove side of its cognate receptor,

consequently requiring a different helical spacing for its respective tectoRNA.

The new Sm-HL/ILR tectoRNAs contain sequence variations mainly localized

within the region of the loop-receptor interaction. Self-assembly of Sm-HL/ILR

tectoRNAs was monitored by native poly acrylamide electrophoresis (PAGE) assays

at 10°C, in presence of 25 mM Mg2+ (See material and methods section 7.1.3). We first

tested the Sm-HL/ILR tectoRNA system using the interaction present in the Sm

hammerhead crystallographic structure (22). This interaction involves the wild type Sm

hexaloop, 5’-CAAAUA-3’, but slightly differs from the wild type at the level of the

ILR receptor (Figure 2.3a). This receptor was termed “XRS” (for X-Ray Structure).

Surprisingly, the XRS tectoRNA did not self-dimerize at RNA concentrations up to 64
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µM in our experimental conditions (Figure 2.3a). While the crystal structure suggests

that the “bound-state” receptor adopts an asymmetrical, four nucleotide internal loop

conformation, the XRS receptor may also fold as a symmetrical, eight nucleotide

internal loop (Figure 2.3b).

Therefore, to prevent the ability of the receptor to adopt possible alternative

local conformation(s), four nucleotides were deleted from receptor XRS, resulting in

Figure 2.2: 2D design of Sm-HL/ILR characterization constructs. (a) The
secondary structure of the Sm-HL/ILR tectoRNA system containing the S.
mansoni wild-type ILR sequence. (b) A bi-molecular, trans-cleaving hammerhead
system was designed to form through pairing of a ribozyme and substrate strand.
The substrate strand is shadowed grey. (c) A cis-acting cleavage construct was
derived from the sequence of the wild-type S. mansoni sm1 clone (ref. (93)) to
which a 5bp sequence (brown) was added to promote transcription in vitro by T7
RNA polymerase.  The coloring of additional sequence regions are as reported in
Figure 2.1.  Numbering of the stem-I receptor nucleotides correspond to the
distance from nucleotides 1.1 and 2.1 of the catalytic core within the wild-type
sequence.  Loop nucleotides in stem-II are numbered from 5’ to 3’.  Significant
non-canonical base pairs of the HL/ILR interaction and catalytic core are shown.
Red boxes indicate the ILR regions subjected to mutation in each construct.
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receptor XRS-1. As shown in Figure 2.3a, XRS-1 tectoRNAs self-assembled with an

apparent equilibrium dissociation constant (Kd) of 25 µM in presence of 25 mM Mg2+,

at 10°C. To determine the optimal length of the central helical stem separating the ILR

from the terminal HL (“stem b”), XRS-1 tectoRNAs with 5 bps (-1bp variant) or 7 bp

(+1bp variant) helical regions were also tested (Figure 2.3a). While the -1bp variant

tectoRNA was shown to self-assemble, the XRS-1 tectoRNA construct with a 6 bp

central stem proved to be optimal for dimer assembly, in good agreement with the

prediction of the tectoRNA 3D model. Accordingly, all subsequent tectoRNAs were

with central helical region consisting of 6 bps.

Figure 2.3: Optimization of the tectoRNA scaffold. (a) Initial optimization
was performed using tectoRNA hairpins with receptors derived from the x-ray
crystal structure of the S. mansoni hammerhead.  1+ and 1- base pair stem lengths
of the helical region between the terminal loop and receptor were tested to
determine optimal length/orientation for dimer formation.Assays were
performed in 1x TB pH 8.2, 25 mM Mg(OAc)2 and analyzed by native PAGE
under identical buffer conditions. (b) Possible alternative secondary structures of
the “XRS” receptor. Red nucleotides within the “XRS” receptor indicates
positions that differ from the wild type Sm-ILR sequence.
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The sM-WT and sM-1 tectoRNAs, derived from the wild type Sm HL/ILR

sequence (93), are similar to the XRS and XRS-1 tectoRNAs, respectively. These

tectoRNAs have similar self-assembly trends as their XRS counterparts (Figure 2.4a):

sM-WT does not assemble, whereas the sM-1 variant self-assembles with a Kd of 4

µM. sM-1 and XRS-1 receptors were both designed to favor formation of a 4 nt

asymmetrical ILR.  However, the XRS-1 tectoRNA differs from sM-1 in two ways,

likely to account for its five-fold decrease in binding affinity relative to sM-1. The

wild type U:A closing bp localized in “stem b” (positions U1.6:A2.6 in Figure 2.2), is

reversed in XRS-1 (and XRS) (Figure 2.4a). Additionally, the helical “stem a” of the

XRS-1 tectoRNA is one base pair shorter than “stem a” of sM-1 (Figure 2.4a).

Shortening “stem a” of sM-1 by one base pair resulted in tectoRNA sM-2, which

assembles with a Kd identical to that of sM-1. This suggests that the reversal of the U:A

closing base pair in “stem b” is responsible for the five-fold decrease in binding affinity

observed for XRS-1 relative to sM-1. This base pair at position 1.6:2.6 of the ILR is

involved with the HL hexaloop in formation of a long-range type-I UA_handle-like

motif (119), where the adenine in position L.6 of HL would be stacked over the adenine

in position 2.6 of the wild type Sm-ILR (Figure 2.5a). The preference for the formation

of a purine-purine stack under the long-range trans U(1.7):A(L.6) WC:HG bp is

consistent with the sequence signature of canonical, type-I UA_handle motifs that are

typically found adjacent to small bulges or three way junctions (119).

Additional evidence on the formation of Sm HL/ILR tectoRNA dimers through

loop-receptor tertiary interactions (68, 120) was provided by lead-induced cleavage

experiments (Figure 2.4b, and see materials and methods section 7.1.4). The sM-2
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tectoRNA was chosen for these lead-cleavage assays, as initial assembly experiments

indicated that this hairpin exclusively forms dimers at high RNA concentrations (~ 50

µM RNA). At the RNA concentration at which no dimerization was observed for the

Figure 2.4: TectoRNA characterization of the Sm-HL/ILR and Sm-like
interactions. Caption continued on the following page.
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sM-2 tectoRNA (3nM), lead induced cleavage occurred at both HL and ILR regions of

the tectoRNA (Figure 2.4b). By contrast, at the RNA concentration at which the sM-

2 tectoRNA is fully assembled into dimers (50 µM), significant protections toward lead

cleavage were observed within the HL and ILR regions.  This difference in cleavage

patterns observed at different RNA concentrations corroborates that Sm-HL/ILR

tectoRNAs are in two distinct structural states, and that self-assembly is mediated

through tertiary interactions. The dimeric state observed at high RNA concentration

does not result from the formation of long RNA duplexes between two partially self-

complementary sM-2 tectoRNA strands, as both HL and ILR regions would remain

unpaired and unprotected in the resulting duplex. As HL and ILR regions are both

Figure 2.4 (continued): TectoRNA characterization of the Sm-HL/ILR and
Sm-like interactions. (a) Initial validation of the tectoRNA system assessed by
native PAGE (25 mM Mg2+, 1x TB pH 8.2).  Initial experiments were performed
using Sm wild type, or WT-like receptors, and receptors which lack the ability to
adopt alternative conformations. Nucleotides in red represent deviations from
the Sm-WT sequence. (b) Lead-induced cleavage assays were performed on
assemblies composed of the sM-2 containing tectoRNA, at two concentrations of
RNA and various concentrations of Pb2+.  The relative occurrence of cleaved
fragments is shown as a function of the two RNA concentrations examined.  Posi-
tions preferentially cleaved at low (blue) and high (pink) concentrations of RNA
are indicated by triangles on the 2-D structure, where their size represents relative
differences in cleavage frequency. The lane denoted OH- contains the sM-2
tectoRNA subjected to base hydrolysis. (c) Additional combinations of HL and
ILR variants derived from naturally occurring Sm-like hammerheads were
assayed for their ability to produce tectoRNA dimers.  “n.d.”  indicates Kd values
were not determined for these combinations. Nucleotides in red represent
deviations from the Sm-WT sequence. A yellow star indicates loop-receptor
combinations identified in naturally occurring hammerheads. (d) Receptor
variants of the Sm-ILR designed to influence the conformational equilibrium
between the multiple alternative ILR folds. Kd values shown are with respect to
the Sm WT 5’-CAAAUA-3’ HL loop.



2 3

protected at high RNA concentration, this rather suggests that assembly occurs

according to the modality of interactions specified by the tectoRNA 3D model (Figure

2.1b).

2.3.2 Characterization of “S. mansoni-like” interactions from other organisms

Recent genome analysis allowed identification of numerous new hammerhead

ribozyme sequences present within all domains of life (108, 111-114). Local alignment

of sequences corresponding to the interacting regions of stem-I and stem-II led to the

finding that Sm-like HL/ILR interactions are present in a number of hammerhead

ribozyme found within the genomes of diverse organisms.  All of these Sm-like HL/ILR

interactions present a characteristic six nucleotide terminal loop (HL) and 4 nt

asymmetrical internal loop receptor (IRL) (111, 112).

Figure 2.5: Zoom-in stereo images of the Sm-like HL-ILR module. Two
different angles, (a) and (b), are shown of the HL-ILR module from the
crystallization ribozyme “XRS”. Note, the XRS-ILR sequence differs slightly
form the wild type Sm sequence.  Numbering of nucleotide positions corresponds
to the numbering in figure 2.2.  Images are derived from PDB_ID: 3ZP8.
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The first identified mammalian hammerhead ribozyme was found within the

CLEC2 gene of mice (M. musculus) and utilizes a Sm-like HL/ILR interaction (111,

121). The CLEC2 ILR lacks the additional nucleotides present at the level of the Sm-

ILR that allows for the Sm-ILR to adopt alternative folds. The lack of alternative ILR

folds is consistent with many, but not all, of the additional Sm-like ILRs identified

(Figure 2.6).  While the Sm-ILR is defined by a 5’-(X1)UAC(X2)-3’/5’-(X2’)U(X1’)-

3’ sequence, Sm-like ILRs from additional organisms define a 5’-(X1)YRC(X2)-3’/5’-

(X2’)U(X1’)-3’ sequence signature. The X/X’ pairings within the sequence signature

were observed to always be WC base pairs.  However, the identity of these closing base

pairs vary between Sm-like ILRs from different organisms.  Significant variation was

also observed among the corresponding HL loop sequences.  None of the Sm-like

HL/ILR interactions examined from organisms other than Schistosoma utilize the 5’-

CAAAUA-3’ loop of the Sm-HL. Only the first and last positions (L.1 and L.6) are

conserved among the eleven different HL sequences identified, defining a 5’-

CMRNNA-3’ sequence signature (where M = C or A, R = purine, N = any base).

Sm-HL/ILR tectoRNAs were used to characterize some of the sequence

variations observed within the Sm-like HL/ILR interactions (Figure 2.4c). HL

sequences derived from the mouse CLEC2 (5’-CAAAAA-3’) (111) and human HH10

(5’-CAGUAA-3’) (112) hammerheads were incorporated into tectoRNAs that

contained the sM-1 ILR.   The HL/ILR interaction utilizing the 5’-CAAAAA-3’ HL

sequence resulted in minimal fractions of tectoRNAs observed to assemble as dimers

(<5%) at the highest RNA concentration tested (64 M).  The HL U to A mutation at

position L.5 removes a contact formed between the 2’OH of ILR nucleotide 1.7, with
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the uracil at position L.5 of the Sm-HL sequence (Figure 2.5a).  The resulting adenine

at L.5 may still make weak contact with the receptor 2’OH if the L.5 adenine is oriented

in syn.

Figure 2.6: Naturally occurring Sm-like HL-ILR interactions. Caption
continued on the following page.
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The HL/ILR pairing between HL 5’-CAGUAA-3’ and ILR sM-1 displayed no

assembly in the tectoRNA context at 64 M [RNA].  The adenine at position L.3 of the

wild type Sm-HL loop is involved in formation of a second long-range UA_handle with

U2.9 of the ILR (Figure 2.5b).  Mutation from A to G at position L.3, in addition to

the mutation at L.5, is likely responsible for the lack of any interaction by the human

HH10 derived HL sequence with ILR sM-1. The nucleotide variation at position L.4 is

unlikely to influence assembly, as L.4 appears to be flipped out away from the HL/ILR

interface (Figure 2.5a).  TectoRNAs containing the CLEC2 and HH10 HL loops with

their natural cognate ILRs did not result in any increase in assembly (Figure 2.4c).  A

third natural HL/ILR pair derived from the HH09 hammerhead of E. telfairi (112) also

displayed no assembly in the tectoRNA context. These results indicates that reductions

in HL/ILR affinity resulting from natural sequence variation in the HL loop are not

rectified by compensatory mutations in these loops’ natural cognate ILRs.

Sequence variations present in natural Sm-like ILRs were examined for their

interaction with the Sm-HL loop (5’-CAAAUA-3’) in the context of tectoRNA

assembly.  Characterization of ILR sM-8 revealed that a commonly observed G to A

mutation at position 2.8 (Figure 2.6) has no effect on HL/ILR assembly (Figure 2.4c).

Figure 2.6 (continued): Naturally occurring Sm-like HL-ILR interactions.
Previously identified hammerhead ribozyme sequences were examined for the
ability to form a tertiary interaction between stem-I and stem-II similar to the
interaction found in the S. mansoni hammerhead. Various colored boxes
indicate differences in ILR sequence signature. Interactions with the same ILR
sequence signature are then group by stem-II HL sequence. Alternative stem-
I secondary structure are shown for sequence which we feel present plausible,
dual structures. Superscripts indicate the reference from which the HHRz
sequence was obtained ( 1 ref. (111), 2 ref. (112), 3 ref. (113), 4 ref. (114)).
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The adenine that is present at 2.8 in the Sm-ILR sequence interacts through N-6 with a

nearby phosphate of the HL loop (Figure 2.5b).  However slight rotation of a guanine

in position 2.8 could likely maintain contact through positions N-1 and N-2. ILRs sM-

9 and sM-10 each contained a different combination of base pairs that close the ILR

(Figure 2.4c).  Each of these base pair combinations were derived from natural Sm-like

ILRs (Figure 2.6).  sM-9 and sM-10 tectoRNAs displayed Kd values of 34M and

78M respectively, further verifying that the ILR’s closing pairs play a significant role

in determining the affinity of HL/ILR assembly.  An added sequence element to sM-10

resulted in ILR sM-11 (Figure 2.4c).  This added sequence element, present in the

mouse CLEC2 ILR, resulted in a 3-fold increase in affinity of sM-11 relative to sM-10.

2.3.3 Modulating the Sm-ILR conformational equilibrium within the tectoRNA

context

The difference in the fraction of assembled tectoRNAs facilitated by the sM-

WT and sM-1 ILRs suggests that the wild type Sm-ILR exists in a dynamic equilibrium

between alternative folds.  The four nucleotide, asymmetric bound-state ILR

conformation, which is observed in available crystallographic structures (Figure 2.1),

is not predicted by the secondary structure prediction algorithm MFOLD (86).

MFOLD predicts an 8 nucleotide, symmetric ILR as the most stable conformation of

the wild-type Sm-ILR. We hypothesize that this structure is preferentially adopted by

ILRs sM-WT and XRS in solution, requiring conformational change to bind the HL

loop.

The alternative conformations adopted by the wild type Sm-ILR seem to be

defined by the presence of two nucleotides at positions 1.10 and 1.11 of the Sm
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hammerhead sequence (Figure 2.2). The bound state ILR conformation, as defined by

the Sm hammerhead crystal structure, results in nucleotides A1.10 and C1.11 forming

a two-nucleotide bulge within the wild type Sm sequence.  This bulge is positioned

away from the Sm-HL/ILR interface and separated from the four nucleotide asymmetric

ILR by the two WC bps formed of C1.8:G2.10 and C1.9:G2.11.  However, it appears

the two bulged nucleotides (A1.10, C1.11) compete with the formation of these internal

CG WC pairs that define the bound state ILR conformation.  The possibly to form a

WC bp between bulge nucleotide C1.11 and nucleotide G2.11 is likely to reduce the

ability of the wild type Sm-ILR to adopt the bound state conformation.

Mutations to the wild type Sm-ILR were designed to modulate the equilibrium

between bound and unbound conformations. Through modulation of the ILR’s

conformational equilibrium, it should be possible to control the equilibrium associated

to Sm-HL/ILR assembly.  Mutations were made to either the bulged nucleotides (1.10

and 1.11), nucleotides composing the internal WC bps (1.8, 1.9, 2.10 and 2.11), or both.

ILR sM-4 contains an adenine to cytosine mutation of the bulged nucleotide 1.11. In

ILR sM-5, the the two internal CG WC base pairs of the bound state were reversed to

GC pairs.  In both of these receptors, the mutations were design to eliminate competing

base pairs by removing the potential to form a C1.11:G2.11 pair (Figure 2.4d). ILR

sM-6 also contains the CG bp reversals, with an additional A to C mutation at position

1.10, resulting in a CC bulge.  Within the tectoRNA context all three receptors

increased the affinity of the Sm-HL/ILR interaction relative to the wild-type sequence

(Figure 2.4a, d).  A negative control was also designed. ILR sM-7 contains a single A

to C mutation of the bulge nucleotide at position 1.10.  This additional cytosine presents



2 9

the potential to form two CG bps (1.10:2.10 and 1.11:2.11) stacked on “stem a”,

increasing the competition with the internal CG WC pairs of the bound state structure.

As expected, ILR sM-7 displayed no assembly with the Sm-HL loop when incorporated

into tectoRNAs (Figure 2.4d).

2.3.4 Characterization of Sm-HL/ILR variants within the trans-cleaving ribozyme

context

A bi-molecular, trans-cleaving hammerhead was used to examine the influence

of the Sm-HL/ILR equilibrium on ribozyme activity (Figure 2.2b).  Our trans-cleaving

hammerhead construct (tHHRz) was derived from the sequence of a bi-molecular

hammerhead previously used by Canny et al. (92).  The tHHRz constructs were

composed of a “ribozyme” strand, which contained the majority of the catalytic core,

and a “substrate” strand that contained the scissile bond (Table 8.1). Our trans-

cleaving ribozymes contained a shortened, four base pair stem-III helix that prevents

occurrence of the reverse ligation reaction (116).  All tHHRzs contained the wildtype

Sm-HL sequence 5’-CAAAUA-3’, and each differed in the identity of the stem-I ILR.

Single-turnover time course experiments were performed at 25oC in 50mM Tris pH 7,

and either 0.1 mM or 1.0 mM Mg2+.  The reactions were monitored by denaturing

PAGE and the fraction of cleaved substrate was plotted as a function of time.

Observations of cleavage activity in presence of a low concentration of

magnesium (0.1 mM Mg2+) revealed two distinct groups of ribozymes (Figure 2.7a).

One group displayed single-phase kinetics and relativity small populations of active

ribozyme.  This group of tHHRz constructs included those that incorporated the wild

type Sm-ILR, as well as ILRs XRS, sM- 3, sM-4 and sM-7.  Generally, these ILRs
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Figure 2.7: Trans-cleavage assays of Sm-ILR variants.  Cleavage experiments
were performed in 50mM tris pH 7, at 25oC and in either (a) 0.1 mM or (b) 1.0
mM Mg2+.  Traces were fit to multiple sets of experimental data. The receptor
identity each different trans-cleaving construct is indicated in (a).  Secondary
structure of the cleavage construct and receptors can be found in figure 2.2 and
2.4, respectively. Kinetic values are reported in Table 2.1.
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displayed low HL loop affinity within the context of Sm-HL/ILR tectoRNAs.  The sM-

WT tHHRz displayed quite slow reaction kinetics compared to other ribozymes, as

indicated by an observed rate constant (kobs) of 0.0048 min-1 (Table 2.1).  However,

the Sm-WT tHHRz is predicted to have the largest cleavable fraction (Fc) among this

group of ribozymes as calculated by Eq. 2.1 (see materials and methods section 7.1.5).

The presence of the sM-4 tHHRz in this group of low activity ribozymes was

unexpected.  The sM-4 tectoRNA displayed a much higher affinity HL/ILR interaction

than any of the other ILRs present in this group of ribozymes (Figure 2.4a,d).

Table 2.1: Kinetic values of trans-cleaving ribozymes obtained at 25oC in
50mM Tris pH 7.0 and 0.1 mM or 1.0 mM Mg2+. Values of observed rate
constants (kobs) and maximal cleaved fractions (Fc) were obtained by a single
phase (Eq. 2.1) or bi-phasic (Eq. 2.2) exponential fit of data corresponding to the
fraction of cleaved substrate as a function of time. (see materials and methods
section 7.1.5).  Values indicating the total cleavable fraction (FcTOT) are the sum
of values Fcfast and Fcslow. * Indicates values correspond to a phase defined by
low sampling due to the limitations of manual pipetting at times immediately
following initiation of the reaction. As a result, these values are not expected to
have large associated uncertainty
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The second distinct group of tHHRzs observed, as distinguished by ribozyme

activity in 0.1 mM [Mg2+], displayed large total active fractions and two phase kinetics

(Figure 2.7a). These two phases have been observed previously for the S. mansoni

hammerhead and indicate the presence of at least two distinct conformations of the

ribozyme (115, 116). This group of high activity tHHRzs are characterized the by

presence of high affinity HL/ILR interactions facilitated by ILRs sM-1, sM-2, sM-6 and

XRS-1.  Incorporation of ILRs sM-1, sM2 and XRS-1 resulted in tHHRzs with nearly

identically values of kobs-fast and less than 2-fold variation in kobs-slow (Table 2.1).

Increasing the magnesium concentration to 1.0 mM resulted in all tHHRzs

displaying two-phase kinetics (Figure 2.7b).  This was accompanied by a general

increase in observed rate constants and total cleavable fractions.  The most dramatic

enhancement of active population was observed for the sM-7 tHHRz.  The active

fraction of the sM-7 construct rose nearly ten-fold, from 0.056 to 0.55, in response to

the ten-fold increase in [Mg2+].  Values of kobs-slow tended to show only mild increases

in response to the increase in [Mg2+]. However, values of kobs-fast rose by an order of

magnitude in most cases.  When comparing values the observed rate constants between

the ribozyme variants, the increase in [Mg2+] reduced the observed range of values

pertaining to both kobs-fast and kobs-slow.  The essentially constant value of kobs-fast across

all tHHRz constructs suggests that this value is likely the rate constant attributed to

backbone cleavage, as all ribozyme constructs contain identical catalytic cores.  This

would be consistent with the notion that the peripheral tertiary interaction does change

the active fold of the catalytic junction (122).  However, there are substantial

fluctuations observed among values for kobs-slow and the size of active ribozyme
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populations.  This indicates that the long-range interaction dictates how many of, and

how fast, these ribozymes are able to adopt the active conformation.

The major outlier among the results obtained using the trans-cleaving construct

is the lack of a significant activity population attributed to the sM-4 tHHRz.  These

ribozymes displayed respectable values for observed rate constants in both magnesium

concentrations assayed, but very small fractions of active ribozymes.  We believe this

specific ILR, sM-4, may induce an unforeseen alternative fold that resulted in a

kinetically trapped state. Previous studies have indicated similar problems associated

poor hybridization of enzyme to substrate strands (115).  Increasing [Mg2+] resulted in

a smaller population of active sM-4 ribozymes and may be a result of the additional

Mg2+ further stabilizing the trapped state.  To assess this possibility miss-folded trans-

ribozymes, a more “native-like” hammerhead scaffold was used.

2.3.5 Characterization Sm-HL/ILR variants within a “native-like” cis-cleaving

hammerhead context

A cis-cleaving hammerhead molecule was designed to avoid the potential for

mis-pairing between ribozyme and substrate strands during the annealing step required

for trans-ribozyme assays.  The cis-cleaving hammerhead construct (cHHRz) was

designed from the sm1 clone sequence of the sm satellite DNA of Schistosoma

mansoni (93). An extended construct was used that included an added sequence

element, present in the sm repeat, beyond the stem-I ILR (Figure 2.2c). Four Sm-ILR

variants, sM-1, sM-4, sM-7, and sM-0, in addition to the wild type Sm-ILR, were

incorporated into a cis-ribozyme scaffold. Receptor sM-0 is a double nucleotide

deletion variant (C2.7, U2.9), which results in a largely helical stem-I receptor
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region and was used as a negative control. All cHHRz molecules incorporated the wild

type Sm-HL loop to facilitate the Sm-HL/ILR interaction.

Co-transcriptional cleavage assays were performed to avoid problems

associated with denaturing and refolding the full-length hammerhead RNAs (see

material and methods section 7.1.6).  After initiation of transcription, time points were

analyzed by denaturing PAGE (Figure 2.8a). Due to relatively slow reaction kinetics

displayed by the cHHRz molecules, ribozyme cleavage was largely incomplete over

the time frame during which the rate of transcription was observed to remain constant.

The lack of a consistent rate of transcription prevented quantitative measurement of

rate constants over the entire time course of the experiment (123).  However, initial rate

estimates were made using data acquired during the first 30 minutes of transcription

(Figure 2.8b).

The sM-1 cHHRz displayed an estimated initial cleavage rate of 0.0056 min-1.

This is the fastest initial rate of any cHHRzs assayed during transcription (Table 2.2).

cHHRz molecules containing the wild type Sm-ILR and ILR sM-4 are at least twice as

slow as the sM-1 cHHRz.  The sM-7 cHHRz displayed an initial rate of 0.0018 min-1,

the slowest of these four molecules.   Measurements of active cHHRz populations were

taken 10 hours after the initiation of transcription and revealed that all acitve

populations appear to approach a similar fraction of active molecules (Figure 2.8c,

Table 2.2). The sM-0 ribozyme displayed no cleavage. The 52% active fraction

associated to the sM-4 cHHRz molecules is a significant 2.5-fold increase in active

population size compared to the sM-4 tHHRz construct. The increase in sM-4 active

ribozyme population indicated that co-transcriptional reactions appear to alleviate
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problems associated to ribozyme folding. However, quantitative rate constants could

not be obtained due to the slow kinetics displayed in the transcription mix.

Figure 2.8: Co-transcriptional cis-cleavage assays. Caption is continued on the
following page
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Figure 2.8 (continued): Co-transcriptional cis-cleavage assays. (a) The extent
of ribozyme cleavage was followed during in vitro transcription of DNA
templates by T7 RNA polymerase at 37oC (see materials and methods section
7.1.6 for complete reaction conditions). Time points were monitored by
denaturing PAGE. (b) The extent of cleaved ribozyme was plotted versus time
over the period during which the rate of transcription remained constant (up to
30 minutes). The receptor identity of each cis-cleaving construct is indicated by
color.  Estimates of initial velocity were made using a linear fit. (c) 10 hour time
course assays were performed to estimate the upper bound of the active ribozyme
populations. sM-0 is a stem-I receptor knockout used to serve as a negative
control. Values of initial velocities and fraction of cleaved molecules are reported
in Table 2.2.

Table 2.2: Estimated initial rates and cleavable fractions of cis-cleaving
ribozymes in co-transcriptional cleavage assays at 37oC. Values of initial
rates were estimated from the fraction of cleaved ribozyme as a function of time
by linear fit to the first 30 minutes of transcription. The fraction of cleaved
molecules 10 hours after the start of transcription (Fc10hr) were determined from
separate experiments than those from which initial rates were estimated. (see
materials and methods section 7.1.6 for reaction conditions).
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Further characterization of cHHRz molecules was performed using purified cis-

ribozymes (see materials and methods section 7.1.2), uncoupled from transcription.

Initially, time course experiments with purified cHHRz molecules were performed at

37oC in 1xTB pH 8.2. These buffer conditions are similar to those used to perform co-

transcriptional cleavage assays. Under these conditions and in presence of 0.1 mM

Mg2+, the sM-1 cHHRz was the only ribozyme to display two phase kinetics (Figure

2.9a). A kobs-slow of 0.0115 min-1 for the sM-1 cHHRz was more than 2-fold greater than

kobs of any other cHHRz assayed (Table 2.3).  Incorporation of the wild type Sm-ILR

results in a kobs of 0.0049 min-1.  This is slightly greater than the kobs of the sM-4 variant.

The sM-7 cHHRz displays the slowest kobs at a value of 0.0015 min-1.  In general, as

the affinity of the Sm-HL/ILR module decreased, so too did the value of kobs-slow (or

single phase kobs) of the corresponding cHHRz. This trend was also observed among

initial rate estimates of these cHHRz ribozymes during co-transcriptional cleavage.  In

terms active ribozyme populations, all four active cHHRzs displayed active fractions

of approximately 0.8 (Table 2.3).  This indicates that the affinity of the Sm-HL/ILR

interaction does not largely affect the size of the active population in these conditions.

Increasing [Mg2+] to 1 mM resulted in all four of the active cis-cleaving

ribozymes displaying two-phase kinetics (Figrue 2.9b). cHHRz molecules sM-WT,

sM-1, sM-4 each resulted in populations that approached an active fraction around 0.9

(Table 2.3). Accurate kobs-slow and FcTOT values could not be obtain for the sM-7 cHHRz

due to insufficient sampling at long time points.  Our negative control sM-0 cHHRz did

not show any cleavage in these conditions.  This is consistent with previous

observations that the assembly of the Sm-HL/ILR module is required for cleavage in
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Figure 2.9: Cis-cleavage assays of purified hammerheads in 1x TB pH 8.2.
Cleavage was performed in the presence of either (a & c) 0.1 mM or (b & d)
1.0 mM Mg2+, and at a temperature of either (a & b) 37oC or (c & d) 25oC.
The receptor identity of each cis-cleaving construct is indicated by color.  Error
bars at each time point represent one standard deviation from the average
fraction of cleaved ribozyme determined from multiple experiments.  Kinetic
values are reported in Table 2.3.
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this range of [Mg2+] (92).  Values of both kobs-fast and kobs-slow display an observable

correlation with the affinity of the HL/ILR in presence of 1.0mM Mg2+ at 37oC, similar

to what was observed previously in 0.1mM Mg2+. However, it is interesting that in

these particular conditions, the value of kobs-fast varied among the cHHRz molecules by

an order of magnitude.  We believe in this instance that both kobs-fast and kobs-slow are

associated to a rate limiting conformational change from slightly different inactive fold

Table 2.3: Kinetic values of purified, cis-cleaving ribozymes obtained in 1x
TB pH 8.2 at various [Mg2+] and temperatures. Values of observed rate
constants (kobs) and maximum cleavage fractions (Fc) were determined as
described in Table 2.1. * Large uncertainty applies to these values (see table 2.1).
^ Due to the very slow reaction kinetics of this molecule, no indication of an
approach to the maximum cleavable fraction was observed after 8 hours. As
such, the resulting values associated to the slow kinetic phase contain a large
degree of uncertainty.
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to the catalytically active conformation, as the peripheral assembly module should have

no effect on the active structure of the catalytic core.

Additional experiments were performed with cHHRz molecules in identical

buffer and salt concentrations, but at a reduced temperature of 25oC (Figure 2.9c,d).

These assays were conducted to assess the effect of temperature on ribozyme folding

and activity.  In presence of 0.1 mM Mg2+, the established trend linking increased

HL/ILR affinity to increased values of kobs was again observed (Table 2.3), consistent

with results at 37oC. cHHRz molecules sM-WT, sM-1 and sM-7 all approached a

similar active fraction of molecule, around 0.6.  However, slightly more variation in

the size of the active populations was seen at 25oC than at 37oC.  The sM-4 cHHRz

displayed a greatly reduced active population compared to the other three cHHRzs at

25oC.  The 0.28 fraction of active sM-4 molecule is reminiscent of the poor results

obtained in the tHHRz context. We believe together, these results indicate a folding

problem associated to the designed sM-4 ILR.  No reduction in active populations was

apparent for sM-4 containing ribozymes at 37oC compared to other cHHRz molecules,

suggesting that elevated temperature provides enough energy for the ribozyme to

escape a trapped, inactive state.  However, reactions performed at 25oC do not provide

the energy necessary to assume the active fold.

Elevation of the magnesium concentration to 1.0 mM helped to revive the

inactive population of sM-4 cHHRzs at 25oC.  However, increased [Mg2+] was not

sufficient to generate a sM-4 active population comparable in size to that of sM-WT,

sM-1 or sM-7 cHHRzs in identical conditions (Table 2.3).  This particular set of

reaction conditions produced kobs-slow values which deviated from the previously
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observed trend that linked large kobs-slow values to high affinity Sm-HL/ILR modules.

The sM-1 cHHRz still displayed the largest kobs-slow of 0.0118 min-1.  However, the

cHHRz containing the low affinity ILR sM-7 was only slightly slower, displaying a kobs

of 0.0095 min-1.  Increasing the magnesium concentration from 0.1mM to 1.0mM

results in an order of magnitude increase in kobs-slow associated to the sM-7 ribozyme.

None of the other cHHRz ribozymes tested show more than a 3-fold increase in kobs-slow

in response to the same increase in [Mg2+].

To directly compare experiments performed in the cis-cleaving and trans-

cleaving constructs, one additional set of cleavage experiments were performed with

cHHRz molecules in 50mM tris pH 7 at 25oC.  These conditions were identical to those

used in the initial trans-cleavage assays.  In 0.1 mM Mg2+ our cis-cleaving molecules

show very slow cleavage kinetics monitored over a 24hr period (Figure 2.10a). In

general, changes to the Sm-HL/ILR interaction had a greater impact on the size of active

ribozyme populations than on the observed rate constants in these conditions (Table

2.4).  These results parallel the trends observed among tHHRz constructs containing

these particular Sm-HL/ILR interactions. Increasing the divalent magnesium

concentration to 1 mM resulted in a general increase in activity and the observance of

bi-phasic kinetics for the sM-WT, sM-1 and sM-7 cHHRz populations (Figure 2.10b).

The sM-7 variant displays a significant, order of magnitude increase in the size of it

active population in response to the increase in magnesium concentration. Notably, the

sM-WT, sM-1 and sM-7 cHHRz molecules display a fairly sizable range in kobs-fast

values.  However, further raising [Mg2+] to 10 mM  (figure 2.10c) results in nearly

identical kobs-fast values of about 0.15 min-1 associated to these three ribozymes.  This
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value is likely to be the rate constant associated to backbone cleavage in these

conditions.

Figure 2.10: Cis-cleavage assays of purified hammerheads in 50mM Tris
pH 7. Cleavage was performed at 25OC in the presence of either (a) 0.1 mM, (b)
1.0 mM, or (c) 10 mM Mg2+. The receptor identity of each cis-cleaving construct
is indicated by color.  Error bars at each time point represent one standard
deviation from the average fraction of cleaved ribozyme determined from
multiple experiments. Kinetic values are reported in Table 2.4.
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2.4 Discussion

The tectoRNA system was originally envisioned as a scaffold for one-

dimensional assembly through the interaction of GNRA tetraloops with a

corresponding receptor (75). Utilization of this loop-receptor tectoRNA approach has

proved successful for the characterization of GNRA-receptor interactions as well as

local structural motifs (15, 68).  Here we present the first indication that the tectoRNA

system can be re-engineered to accommodate additional loop-receptor assembly

modules.  The capability to incorporate the Sm-HL/ILR interaction within the scaffold

provides evidence that the tectoRNA system is well suited for characterization of

additional helix packing tertiary modules.

Table 2.4: Kinetic values of purified, cis-cleaving ribozymes obtained at
25oC in 50 mM Tris pH 7 and various [Mg2+]. Values of observed rate
constants (kobs) and maximum cleavage fractions (Fc) were determined as
described in Table 2.1.
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Analysis of the Sm- and Sm-like HL/ILR interactions suggests that multiple

positions within the ILR, which are not involved in formation of specific HL/ILR non-

canonical base pairs, can influence the degree of HL/ILR assembly.  The affinity of the

bound-state ILR conformation for the HL loop can be affected significantly by

mutations that remove singular ribose 2’OH interactions or alter base stacking. In

addition, receptor mutations away from the HL/ILR interface can drastically alter the

ILR conformational equilibrium and modulate assembly.  It appears that both methods

are used by nature to regulate the assembly of Sm-like HL/ILRs (111-114), as all natural

HL/ILRs studied here displayed suboptimal affinities.

The activity of the Sm hammerhead ribozyme can altered in a fairly predictable

fashion through peripheral mutations that modified the conformational equilibrium of

the stem-I ILR. Increased HL/ILR affinity generally results in increased ribozyme

activity, however its influence on the rate of cleavage and the size of active populations

looks to be dictated by the reaction conditions.  At an elevated pH of 8.2, all ribozyme

tested approach similar fractions of active molecules.  The position of this plateau

appears to be determined by environmental conditions, such as temperature and the

concentration of magnesium ions in solution, while the rate at which that plateau is

reached is defined by the affinity of the HL/ILR interaction. Conversely, at neutral pH,

receptor identity appears to have a larger influence on the size of the active population

rather than observed rate constants, in most cases.

Our results seem consistent with previous characterizations of the Schistosoma

hammerhead.  The observed fast phase rate constant of 3.5 min-1 associated to the sM-

WT tHHRz in 1 mM Mg2+ is in nice agreement with previously characterized
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hammerheads containing the Sm-HL/ILR interaction and identical stem-III length

(115).  At neutral pH and low magnesium concentration (0.1 mM), two-phase kinetics

were only observed for ribozymes containing a high affinity HL/ILR interaction, if at

all.  This is consistent with reports that Sm-HL/ILR assembly is dependent on

magnesium and displays a [Mg2+]1/2 of 0.7mM at pH 7 (124).  However, in those

conditions, our sM-WT tHHRz displays an observed rate constant that is reduced by

nearly an order of magnitude in comparison to the original characterization by Canny

et al. (92).

We believe two factors contribute to this discrepancy in kobs. First, our

characterization is devoid of any monovalent salt.  Recent crystallization studies

indicate the presence sodium ions within both the catalytic core and peripheral regions,

which are not otherwise occupied by divalent metal ions (117, 118).  The lack of such

ions may reduce ribozyme activity in our assays.  Second, the original construct used

by Canny et al. contains one additional base pair in the stem-III helix compared to our

tHHRz (92).  Lack of this additional bp may reduce the stability of catalytic core.

Differences in stem-III helix stability may also explain our two order of

magnitude discrepancy in observed rate constant between cHHRz and tHHRz

constructs containing identical HL/ILR interactions, in identical reaction conditions.

The short stem-III helix of the cHHRz is likely quite unstable compared to the extended

stem-III of the tHHRz (Figure 2.2b,c). Previous work on a bi-molecular Sm

hammerhead has shown that increased stem-III length results in an increase in the

observed cleavage rate (116). To determine the effect of stem-III stabilization within

the cHHRz, a UUCG tetraloop was inserted in the midst of the stem-III palindromic
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sequence (Figure 2.11).   Co-transcriptional cleavage of these new uucgHHRz

molecules show on average a 2 orders of magnitude enhancement of kosb-fast relative to

the initial velocity estimates for cHHRz molecules in identical assays (Tables 2.2 and

2.5). This enhancement due to increased stem-III stability likely contributes to the

discrepancy in kobs values between cHHRz and tHHRz constructs.

Figure 2.11: Co-transcriptional cleavage of a cis-cleaving ribozyme with a
stem-III insertion. (a) A 5’UUCG3’ insertion was made into stem-III of the
cisHHRz construct in an attempt to stabilize formation of the short hairpin. (b)
Co-transcriptional cleavage was monitored by denaturing PAGE. (c) The
fraction of cleaved ribozyme was plotted as a function of time.  The receptor
identity of each cis-cleaving construct is indicated by color.  Kinetic values are
reported in Table 2.5.
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2.5 Conclusions

The newly designed Sm-HL/ILR tectoRNA provides evidence that the

tectoRNA dimer system is a truly versatile approach for the characterization of helix-

packing assembly modules in RNA. Incorporation of the Sm-HL/ILR motif within a

tectoRNA scaffolds indicates the interaction is modular and has the potential for use in

future RNA nano-architectures. Characterization by means of tectoRNAs and self-

cleaving constructs indicate that the Sm-HL/ILR module behaves as a dimmer within

the hammerhead ribozyme, from which cleavage activity can be regulated.  Interesting,

assembly of each naturally derived Sm-like HL/ILR interaction we examined was

suboptimal in comparison an artificial HL/ILR resulting from rationally designed

modifications. Both destabilizing mutation to the HL/ILR sequences and dynamic

equilibrium of alternative ILR structures have been identified among natural ribozyme

sequences, indicating that nature appears to use multiple methods to tune ribozyme

activity through the HL/ILR interaction. Through mutations to the Sm-ILR that

Table 2.5: Co-transcriptional kinetic values of stem-III stabilized cis-
cleaving ribozymes. The extent of cleavage was monitored over the first hour
of transcription at 37oC (see materials and methods section 7.1.6 for reaction
conditions). Values of observed rate constants (kobs) and maximum cleavage
fractions (Fc) were determined as described in Table 2.1. No specific values are
reported for the sM-0 variant due to minimal activity.
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influence the position it conformational equilibrium, predictable changes in Sm

hammerhead activity are observed.  The influence of stem-III stability of Sm

hammerhead activity signifies that multiple regulatory points exist within the

ribozyme, suggesting that hammerhead activity could be finely tuned for future

applications in nanotechnology and synthetic biology.
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Chapter 3: Self-assembling RNA nanorings based on
RNAI/II inverse kissing complexes1

3.1 Abstract

RNA is an attractive biopolymer for nanodesign of self-assembling particles for

nanobiotechnology and synthetic biology. Here, we experimentally characterize by

biochemical and biophysical methods the formation of thermostable and ribonuclease

resistant RNA nanorings previously proposed by computational design. High yields of

fully programmable nanorings were produced based on several RNAI/IIi kissing

complex variants selected for their ability to promote polygon self-assembly. This self-

assembly strategy relying on the particular geometry of bended kissing complexes has

potential for developing a short interfering RNA delivery agent.

3.2 Introduction

The current advancement of nanotechnology bears witness to the fact that

nucleic acids remain the premiere building blocks for the programmable construction

of objects on the nanometer scale (73, 81, 125-129). RNA is an attractive candidate for

nanoparticle design because it offers a number of structural motifs that can be used to

generate RNA units that can assemble into complex one-dimensional (1D), two-

1 Reprinted with permission from “Grabow WW, Zakrevsky P, Afonin KA, Chworos
A, Shapiro BA and Jaeger L. (2011) Self-assembling RNA nanorings based on RNAI/II
inverse kissing complexes. Nano Lett 11(2):878-887.” Copyright 2011 American
Chemical Society.
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dimensional (2D), or three-dimensional (3D) nanoarchitectures via intermolecular

interactions such as loop−loop, loop−receptor interactions, or pairings between single-

stranded overhangs (74, 76-78, 80, 130, 131). RNA’s modularity allows researchers to

treat well-defined structural regions as interchangeable parts that can be swapped in

and out from a particular molecular context without inducing dramatic perturbations

on the structure as a whole (11, 76, 79, 81, 84, 128). In this manner, structural motifs

like hairpins, junctions, and loops can be isolated, exchanged, and grafted onto one

another to build predefined artificial RNA nanostructures (75-80, 130-134). Operating

under this concept called RNA architectonics (81), it becomes apparent that the

discovery and characterization of new motifs or “parts” can lead to new RNA

nanostructures with novel geometries and functionalities.

In addition to its potential in the broader field of nanotechnology, RNA holds

great promise for the emerging subdiscipline of nanobiotechnology (64, 135, 136)

because of its essential roles in gene expression and regulation as small interfering

siRNAs, antisense RNAs, nucleic acid aptamers, and ribozymes. In this manner, RNA

has been shown to have tremendous potential to down regulate specific gene expression

in cancerous and virus-infected cells through the RNA interference (RNAi) pathway

(137-140). Current limitations related to the systemic delivery of short interfering

RNAs (siRNAs), however, continue to present real obstacles to its more widespread

clinical development (141, 142). The all-RNA packaging system described herein

provides an attractive biomaterial for stabilizing and delivering multiple siRNAs for

RNAi-based therapeutics.
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RNAI and RNAII are sense and antisense plasmid-encoded transcripts that

control the replication of the ColE1 plasmid of Escherichia coli (94, 143). Initial NMR

and subsequent theoretical analysis determined that the inverted ColE1 loop−loop

interaction, based on the inverse of the RNAI and RNAII loop sequences, forms a bend

of approximately 120° between adjacent helices (95). This type of interaction is

commonly referred to as a kissing-loop complex (144, 145). On the basis of its unique

geometry, Yingling and Shapiro proposed its incorporation into the design of a

hexagonal RNA nanoparticle (146) (Figure 3.1a). Molecular dynamics simulations

suggested that the nanoring was quite stable (147). Although computational analysis of

the RNAI/RNAII inverse (RNAI/IIi) kissing complex and its identification as a

possible tool in RNA assembly constitute an integral component of RNA architectonics

and design (81), experimental analysis provides the means to validate and refine

previous theoretical models. Herein, we report the characterization of RNA

nanoparticles based on RNAI/IIi kissing complexes, demonstrate their preferential

assembly into pentameric and hexameric RNA nanorings, and report the design of a

fully programmable nanoring employing five additional artificially designed loop−loop

interactions selected for their ability to adopt similar geometry to the wild-type

RNAI/IIi interaction. These nanorings have increased thermal stability and increased

resistance toward ribonucleases from human blood serum. The nanorings can be

functionalized with siRNA sequences and are capable of being processed by a dicer,

suggesting their potential use as siRNA delivery systems.
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3.3 Results and Discussion

3.3.1 Nanoring design and self-assembly

The initial nanoring design proposed by Yingling and Shapiro was based on the

assumption that RNA self-assembly could be directed by the 120° geometry afforded

by the RNAI/IIi kissing-loop complex (Figure 3.1a,b) (146). The nanoparticle

essentially consists of monomer RNA units formed from two self-assembling loops

separated by a central helical region, typically consisting of 15 + (11 × N) base pairs

(bp) (N = 0, 1, 2, ...). According to three-dimensional modeling, hexamers can be

formed when the loops correspond to those of the RNAI/IIi kissing-loop complex.

Herein, three assembly systems were used to characterize and assess the formation of

RNA nanorings (Figure 3.1b and Figure 3.4c). In the AB system, assemblies are

formed from two analogous RNA units, each of them with a single loop sequence on

either end of the central helical region. As these loop sequences are complementary to

one another, the two units self-assemble by forming specific kissing-loop complexes

when mixed together. In the SM system, a single RNA unit designed with both

complementary loop sequences has the ability to assemble with other SM units to form

multimers. The AB system can potentially form even-numbered polygons such as

dimers, tetramers, hexamers, etc., while the SM system allows an unbiased formation

of both odd and even numbered polygons. A third approach, called the FP system, takes

advantage of fully programmable RNA units based on variant RNAI/IIi kissing loops

(see below). Most characterizations of RNA nanorings were performed using units with

stem regions totaling 15 bp in length (Figure 3.1c). These monomer units differ with

respect to their structural rigidity (C15 and 4WJ), relative positioning of the 5′−3′ nick
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(S7-8, S6-9, S5-10), and their flexibility (−1nt, −2nt, and −3nt). As detailed in the

legend of Figure 3.1c, their names are essentially intended to reflect the variations in

the unit′s central helical region.

Figure 3.1: RNA self-assembly mediated through kissing loop complexes. (a)
Front and side views of the 3D model of the hexagonal nanoring based on the
RNAI/IIi kissing complex. (b) Schematic of the assembly of S7-8 units with
RNAI/II inverse (top) and HIV (bottom) kissing-loop complexes leading to
nanoring (top) or linear (bottom) assemblies. The two assembly strategies used
are generically referred to as AB and SM systems. The AB system employs two
building blocks (A and B units), each housing only one of the two interacting
loops: AB units can only assemble once mixed. The SM system uses a single unit
containing both interacting loop sequences—allowing the SM unit to self-
assemble.  The first system leads to even numbered multimers, while the second
allows an unbiased formation of both odd and even numbered multimers. Atomic
structures for RNAI/IIi and HIV kissing complexes are from PDB_ID: 2BJ2 and
PDB_ID: 2FCX, respectively. (c) Schematic of RNA units used in this study.
Sequence variations within the central helical region allow modulation of the
rigidity and flexibility of these units. C15 units are rigid circular dumbbell RNA
units of 15 bp; S7-8, S6-9 and S5-10 units vary by the positioning of their 5' and
3' end: they are formed of two continuous stem loops of different length, each
unit totaling 15 bp (7+8, 6+9 or 5+10 bp); -1nt, -2nt and -3nt units vary by a 3'-
5’ gap of 1, 2, and 3- nucleotides separating the two stem-loops, respectively; the
4WJ unit uses an A-minor motif to rigidify the two-helix stack.
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3.3.2 Structural characterization of nanoring assembly

Initial experiments were conducted with the S7-8 RNA unit, designated for its

7 and 8 bp helical stems adjacent to the 3′ and 5′ ends, respectively. S7-8 RNA units

assembling through RNAI/IIi kissing-loop complex expected to form a 120° bend were

compared to similar units assembling through a previously characterized HIV kissing-

loop complex known to adopt a collinear 180° stacking geometry (Figure 3.1b) (11,

79, 148). At 2 mM Mg2+, native polyacrylamide gel electrophoresis (PAGE) analysis

reveals that assemblies resulting from the formation of RNAI/IIi interactions form

discrete molecular species (Figure 3.2a). In contrast, S7-8 assemblies containing HIV

kissing-loop complexes result in smeared bands corresponding to RNA multimers of

high molecular weights. Atomic force microscopy (AFM) characterization of both AB

assembly systems were performed at 200 nM RNA concentration and buffer conditions

identical to those used in the native PAGE experiments. AFM images confirm the

formation of well-defined discrete particles from units assembling through RNAI/IIi

kissing loops (Figure 3.2b,e), while long fibers are observed from units assembling

through HIV kissing loops (Figure 3.2c). These results clearly demonstrate the

influence of the geometry of a particular kissing-loop complex on the resulting

supramolecular assembly.

Cross sections of the discrete particles based on the RNAI/IIi interaction were

measured to estimate their diameters (see materials and methods section 7.2.5).

Statistical analysis of particle diameters reveals the presence of three species with size

distributions corresponding to squares (10.6 nm), hexagons (15.0 nm), and octagons

(18.9 nm) (Figure 3.2d). Nearly 80% of the particles measured in two separate 1.2 ×



5 5

1.2 μm grids have diameters consistent with the theoretical 3D model corresponding to

the hexagonal nanoring (146) (Figure 3.1a). The relative distribution of RNA particles

imaged by AFM is also in agreement with the distribution of molecular species

observed by native PAGE experiments. At 200 nM of RNA, hexamer and octamer

assemblies are formed in a relative ratio of ∼5:1.

AFM magnification of some of these hexagonal particles reveals edges of 6.5

nm (Figures 3.1a and 3.2e). Interestingly, when hexameric nanorings are found next

Figure 3.2: Comparison of RNA self-assemblies mediated through RNAI/IIi
and HIV kissing loop complexes. (a) Native PAGE of the assemblies obtained
from RNAI/IIi and HIV kissing-complex S7-8 units visualized by total staining
with SYBR Green II on 7% native gel.  For each type of kissing loop complexes,
lanes M indicate migration of monomeric S7-8 RNA units (unit A of the AB bi-
molecular system).  Lanes AB and SM indicate migration of AB systems and SM
systems of S7-8 units, respectively. Assemblies were conducted in presence of
2mM Mg(OAc)2 and at 10°C. (b,c) AFM image of RNAI/IIi nanorings (b) and
HIV nanofibers (c) obtained by assembly of their corresponding AB S7-8 units
at a total RNA concentration of 200 nM. (d) Statistical distribution of RNAI/IIi
nanorings obtained by analysis of multiple AFM images of RNA nanoparticles
(see materials and methods section 7.2.5). (e) AFM magnification of individual
and clustered nanorings observed in (b).
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to one another on the mica surface, they tend to arrange through these edges in a

honeycombed fashion (Figure 3.2e). This suggests that electronegative repulsion

between adjacent negatively charged ribose−phosphate backbones can be easily

neutralized by magnesium.

3.3.3 Exploring structural flexibility versus structural rigidity on nanoring

assembly

The intrinsic degree of structural stress associated with a given self-assembling

system can influence the types of assemblies formed (79, 149). The effect that

rigidifying the RNA units had on RNAI/IIi nanoring assemblies was investigated in the

SM and AB systems by native PAGE analysis (Figure 3.3a). Monomers were rigidified

either by creating circular RNA units, called C15, which present a fully continuous

stem separating the two interacting loops or by creating four-way junction units, called

4WJ, containing an A-minor junction motif involving an A-minor interaction between

a GNRA tetaloop and its corresponding helical receptor (11, 21, 96, 150) (Figure 3.1c).

In the AB system, the predominant products observed upon assembly of S7-8,

C15, and 4WJ units are hexamers at all RNA concentrations tested. The extent of

formation of hexameric nanorings is however found to be concentration dependent, as

small amounts of other assembly species such as tetramers and octamers can be

observed at low and high RNA concentrations, respectively (Figure 3.3a,b). By

contrast, in the SM system, introducing rigidity favors the formation of pentamers over

hexamers. For instance, at all RNA concentrations tested, the predominant products

observed upon assembly of C15 and 4WJ units are pentamers. However, the S7-8 units

preferentially assemble into pentamers only at concentration below 500 nM.
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In order to determine whether the formation of pentamers is driven by kinetic

or thermodynamic processes, the thermal stability of pentamer and hexamer SM

assemblies isolated from native PAGE were compared by thermal gradient gel

electrophoresis (TGGE) at 2 mM Mg(OAc)2. For all the constructs tested (S7-8, C15

Figure 3.3: Biochemical and biophysical characterizations of nanoring
assemblies obtained from various RNAI/IIi units. (a) Native PAGE analysis
of RNAI/IIi SM and AB assemblies resulting from S7-8, C15 and 4WJ units at
various RNA concentrations, in 2 mM Mg(OAc)2 at 10°C. (b) Normalized
distribution profiles of various SM assemblies at RNA concentration of 200 nM
and 2000 nM, assembled in 2 mM Mg(OAc)2 and at 10°C.  Distribution profile
were obtained through use of native PAGE. (c) Melting curves obtained by
TGGE analysis for the isolated hexamer and pentamer SM assemblies of the C15,
S7-8, and 4WJ monomers as well as the hexamer and pentamer FP assemblies.
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and 4WJ) the hexameric rings are determined to be 5−10 °C more stable than their

pentameric-ringed counterparts, with hexamers formed of C15 units being the most

stable of all assembly products characterized (Figure 3.3c and Table 3.1). Partial

conversion of pentamers into hexamers could be achieved by incubating these assembly

products above the melting temperature (Tm) of the pentamers as determined by TGGE,

demonstrating that the formation of pentamers is kinetically driven.

The positioning of the 3′ and 5′ end at the helical junction can also have an

effect on nanoring assembly by changing the way the two interacting hairpins can bend

with respect to one another (Figure 3.1c and Figure 3.4). In both AB and SM systems,

offsetting the position of the 5′-3′ nick provides a way to tune the assembly toward the

formation of higher order assembly species. In the AB system, shifting the 5′-3′ nick

by 1 bp (S6-9) or 2 bp (S5-10) leads to a significant amount of octamers when compared

to the S7-8 units (Figure 3.4a). In the SM system, the hexamer to pentamer ratio

increased at all concentrations tested for S6-9 while S5-10 precluded pentamer

assembly altogether (Figure 3.4a). Comparison of the thermal stability of the AB

hexamers of S7-8, S6-9, and S5-10 at 2 mM Mg(OAc)2 indicates a decrease of stability

with respect of the shortening of the stem of one of the interacting hairpins (Table 3.1).

This suggests that decreasing the stability of the secondary structure of the stem

associated with the kissing-loop complex can significantly contribute to the

destabilization of the kissing-loop interaction and the resulting assembly as a whole.

Finally, -1nt, -2nt, and -3nt assembling units with increased flexibility were

designed by introducing one, two, or three nucleotide gaps at the level of their
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interhelical junction, respectively (Figure 3.1c). In the SM system, the gap broadened

the distribution of assembly species formed for all units (Figure 3.4b). Unit -1nt

Figure 3.4: Exploring flexibility versus rigidity for nanoring self-assembly.
Native PAGE assemblies of monomers (a) with shifted nicks and (b) with
increasing gap size between the 5’- and 3’- nick. AB and SM systems were
assembled at various RNA concentrations in presence of 2 mM Mg(OAc)2 at
10oC.  Analysis was performed using native PAGE. The first lane for each AB
assembly represents a monomer control, containing a single AB monomer unit at
an RNA concentration of 10 nM.
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effectively favored the formation of hexamer and higher ordered assembly species.

However, -2nt and -3nt shifted the assemblies toward the formation of lower-ordered

species (Figure 3.3b and Figure 3.4b). This suggests that the increased relative

mobility of the two interacting hairpins with respect to one another favor bending to

allow formation of rings as small as trimers. In the AB system, the size of the gap has

a less dramatic effect on the preferential formation of hexamers. However, TGGE

analysis reveals that all three hexamers formed of -1nt, -2nt, and -3nt units show similar

Tm values, 22 °C below the Tm of the C15 hexamer (Table 3.1). This suggests that the

overall stability of hexamer assembly is significantly affected by the disruption of the

helical stack at the interhelical junction.

Table 3.1: Melting temperatures of various nanoring assemblies. Melting
temperatures (Tm) were determined by monitoring the disassembly of rings using
thermo-gradient gel electrophoreisis (TGGE).
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3.3.4 Design and characterization of programmable nanorings

The degree of programmability afforded by the AB system provided a minimal

level of control over hexamer formation—in terms of both mitigating kinetic traps and

showing remarkable tolerance toward stem mutations. Complete control over

assembly, however, requires using six specific kissing-loop interactions that need to

assemble selectively in concert and form the same 120° bend geometry as the RNAI/IIi

kissing complex. The 7 bp RNAI/IIi kissing-loop complex, originally studied as a

substitute for the wild-type ColE1 RNAI/RNAII interaction, assembles with a Kd over

300 times lower than its natural counterpart (151); and their respective thermodynamic

stability does not correlate with the theoretical stability of RNA duplexes of

corresponding sequences (152, 153).

Consequently, in order to generate fully programmable (FP) nanorings, we

designed a scheme, aiming at selecting within a set of 40 variants of the RNAI/IIi

kissing complex (Table 8.6), those able to promote programmable nanoring assemblies

(Figure 3.5). Kissing-loop variants were first encoded within the context of S7-8 SM

constructs and checked for their ability to assemble into polygonal species like those

obtained from RNAI/IIi S7-8 SM units (Figure 3.6a and Figure 3.7a). Out of the 40

constructs tested at 2 mM Mg(OAc)2 and 1 μM RNA, 19 constructs assemble according

to the assembly pattern of the RNAI/IIi S7-8 SM unit, while all the others either form

undefined, smeared assemblies (3 constructs, Table 8.6) or are unable to assemble in

these conditions (18 constructs, Table 8.6).

Sequence comparative analysis of all the kissing-loop variants indicates that

polygonal assembly is highly favored by the two sets of complementary loops,
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5′GN5U3′:5′AN5C3′ and 5′GN5G3′:5′CN5C3′, as well as by high G/C content (Figure

3.7b). These two sequence signatures are the only ones to provide assembly with three

G:C base pairs. Sequence variations at the first and last positions of the kissing loops

are tolerated far less than those within the five other loop positions. For instance, the

Figure 3.5: Design process of the programmable nanoring. (1) Variants of the
7-nt loop sequence associated with the RNAI/IIi complex were designed to
optimize specificity for its canonical Watson-Crick complement. (2) Variant
loops were placed in the context of an S7-8 SM molecule and (3) assayed for
their ability to self-assemble into pentamers and hexamers as compared to the
wild-type RNAI/IIi control on a 2mM Mg2+, 7% native polyacrylamide gel. (4)
Those loops with the propensity to assemble as desired were chosen and screened
further by a specificity assay to determine their relative affinity for cognate and
non-cognate loops. (5) Loops that were found to be specific for only their desired
cognate were investigated for their respective thermodynamic dissociation
constants. (6) The six loop-loop interactions found to be most thermodynamically
stable were incorporated into the fully programmable hexameric nanoring.
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formation of GC, CG, or UA Watson−Crick base pairs between the first and last

nucleotide positions totally prevents polygon assembly irrespective of the G/C content

of the loops (Figure 3.7b and Table 8.2). However, increasing the G/C content of the

other kissing-complex signatures to 4 or 5 bp may still promote efficient polygonal

assembly. Interestingly, swapping the two kissing loops within a particular S7-8 SM

unit has no obvious effect on the polygonal assembly, indicating that the stem closing

base pairs do not significantly alter the stability of the adjacent kissing-loop pairing.

Figure 3.6: Characterization of new RNAI/IIi-like kissing loops. (a) Newly
designed kissing complexes were incorporated in S7-8 SM monomers and
assessed for their ability to promote polygonal assembly similar to the RNAI/IIi
interaction at 1 M [RNA]. Kissing loops shown to promote polygonal assembly
were then incorporated in to short hairpins and used to determined (b) loop
specificity at 2 M [each hairpin] and (c) the equilibrium dissociation constant
(Kd) of cognate loop pairs.  Loop specificity in (b) is defined by cognate binding
“++”, non-cognate binding “+”, or no binding “-”.  All assemblies were
performed in 2 mM Mg(OAc)2 at 10oC. See table 8.6 for kissing loop sequences.
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Out of the 19 novel kissing-loop complexes that promote polygonal assembly,

eight complexes were chosen and checked for their selectivity and potential

compatibility within the context of a fully programmable assembly (Figure 3.6b). In

addition to the RNAI/IIi kissing loops, none of the new 16 loops tested have the ability

to form self-dimers and all but four are remarkably selective for only with their cognate

partner at RNA concentration up to 2 μM, in presence of 2 mM Mg(OAc)2. Their

equilibrium constants of dissociation (Kd) were found to range from 6 to 84 nM (Figure

3.6c). Again, no correlation is found between the measured stability of each kissing-

loop complex and the theoretical stability of duplex made of identical sequences (152,

153). However, within kissing complexes of sequence signature 5′GN5U3′:5′AN5C3′,

it becomes apparent that loops able to form at least one intramolecular Watson−Crick

base pairs between their two first and two last nucleotide positions have slightly higher

apparent Kd values than those that avoid it.

The FP hexagonal nanoring was built from six C15 RNA units that, in addition

to the RNAI/IIi kissing complex, incorporate five of the new kissing-loop complexes

(aa′, cc′, ee′, gg′, ll′) (Figure 3.7c). These kissing loops were chosen because of their

low Kd values and their specificity for only their cognate loop (Figure 3.6b,c). At 2

mM Mg(OAc)2 and 12 °C, the FP nanoring can be produced in yields higher than 90%

(Figure 3.7d). The FP nanoring’s apparent Tm of 48.2 ± 1 °C is comparable to the

“closed” hexamers generated from SM or AB C15 units (Table 3.1). Additional

programmable “closed” and “open” assemblies of various sizes were synthesized and

compared by native PAGE to the hexameric nanoring. “Open” dimer, trimer, tetramer,

and pentamer assemblies were generated from two, three, four, or five C15 units
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entering into the composition of the FP hexamer (Tables 8.7 and 8.8). The “closed”

hexamer nanoring migrates faster than an “open” hexamer missing one of the kissing

complexes (Figure 3.7d).

Figure 3.7: Characterization of RNAI/RNAIIi kissing-loop complex variants
and fully programmable nanorings. Caption continued on the following page.
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Furthermore, the potential to form programmable “closed” trimeric, tetrameric,

and pentameric rings was also investigated at 2 mM Mg(OAc)2. While all “open”

assemblies can be easily obtained, only the “closed” FP pentamer can be produced in

high yield as anticipated (Figure 3.7d). The FP pentamer’s Tm is 3 °C lower than the

FP hexamer (Table 3.1). By contrast, the C15 units expected to form “closed” FP

tetramers assemble also into octamers (Figure 3.7d). While the tetramer has a Tm of

30°C, the Tm of the octamer is below 25 °C, indicative of a kinetic trap (Table 3.1).

Interestingly, C15 units programmed to form a “closed” trimer assemble instead into a

hexameric nanoring with an apparent Tm of 50.2 ± 1 °C (Figure 3.7d and Table 3.1).

Overall, full programmability of RNA nanorings through RNAI/RNAIIi kissing-loop

variants clearly corroborate the fact that the optimal geometry favored by this class of

Figure 3.7 (continued): Characterization of RNAI/RNAIIi kissing-loop
complex variants and fully programmable nanorings. (a) The three different
migration patterns observed by native PAGE for the various SM S7-8 units
designed to assemble through RNAI/IIi kissing-loop complex variants (Table
8.6). “n”: no assembly; “y”: polygonal assembly similar to the one from SM S7-
8 unit with RNAI/IIi kissing-loops; “s”: smearing assembly. (b) Sequence
signature of RNAI/IIi variant complexes and resulting polygon formations as
observed by native PAGE at 2 mM Mg(OAc)2, 10°C and 1 µM [RNA]. “–”:
kissing-loop sequence signature not tested. (c) 2-D diagram of the fully
programmable (FP) hexameric nanoring, “c6FP”, generated from circularized
C15 units and (see Table 8.6). Names individual kissing loops used
are indicated. (d) Native PAGE visualization of several "open" and "closed" FP
assemblies generated from programmable C15 units at 2 mM Mg(OAc)2, 10°C
and 600 nM total [RNA]. The composition of each "open" (“o”) and "closed"
(“c”) FP assembly tested is given in tables 8.7 and 8.8. The number of different
units is specified for each assembly complex (e.g: c6FP indicates that the
assembly complex is a closed (“c”) fully programmable (“FP”) assembly formed
of 6 units). Each closed assembly is programmed with kissing loop complexes
allowing closed ring structures to form while each open assembly contains one
unit preventing formation of one kissing complex. The three control lanes on the
left indicate the position of an unassembled C15 monomer (M) and AB and SM
assemblies of C15 units assembling through RNAI/IIi kissing complexes.
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kissing loops is the hexagon. While pentagon assemblies can still be induced with

minimal structural adjustments, the structural penalty for forming tetramers and

octamers is much greater to overcome and affect significantly the stability of the

resulting assemblies. In the case of the trimer, the geometrical constraints imposed by

RNAI/IIi kissing-loop variants simply prevent its formation.

3.3.5 Nanorings with increased resistance toward ribonuclease degradation in

blood serum

Nanoring assemblies based on circular RNA units (like C15) are particularly

attractive because of their perceived potential as a siRNA packaging and stabilizing

agent (146). In a biological context linear RNA molecules can be degraded by both

exonucleases and endonucleases. Endonucleases are typically less prevalent than

exonucleases but nonetheless present a substantial threat to RNA, especially by

targeting single-stranded RNAs (154). Interestingly, short circularized dumbbell RNAs

similar to C15 have been shown to be resistant to exonuclease activity and able to carry

siRNAs (155). Through kissing complex formation, C15 nanoring assemblies can

therefore provide further chemical stability by shielding the loops from single-strand

RNA endonucleolytic cleavage. In order to investigate the added resistance to

ribonuclease degradation afforded by nanoring assembly, RNA degradation time

courses were performed on S7-8 and C15 monomers and their corresponding SM, AB,

and FP assemblies in 2% (v/v) human blood serum at 37 °C (Figure 3.8a,b). Overall,

S7-8 constructs are much less ribonuclease resistant than C15 constructs, corroborating

the significant protection offered by circularized RNAs versus linear ones (155). While

only 5−10% of the linear S7-8 RNA units assembling into pentamer and hexamer
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nanorings remain intact after 30 min, C15 units involved in the formation of pentamer

and hexamer nanorings display a dramatic increase of resistance toward degradation

(Figure 3.8b). More than 30% of the circular C15 units involved in hexamers are still

intact after incubation of 1 h in 2% (v/v) human blood serum (Figure 3.8a,b).

Therefore, the involvement of circular C15 units into nanoring assemblies offers a

significant additional protection by at least a factor of 2 when compared to unassembled

C15 monomers (Figure 3.8b). Interestingly, all hexamers tested are more resistant than

pentamers toward ribonuclease degradation (Figure 3.8b). This may result from more

ideal geometrical protection of the kissing loops in hexagonal versus pentagonal

nanorings.

Figure 3.8: Increased ribonuclease resistance and siRNA functionalization
of nanorings. Caption continued on the following page.
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3.3.6 Nanoring functionalization with siRNAs

The nanoring design was initially proposed as a possible delivery system of

multiple siRNAs (146). Two orthogonal strategies were used to functionalize

programmable nanorings with siRNAs (Figure 3.8c), and both resulting siRNA

nanoparticles were tested for their ability to be processed by human recombinant Dicer

(from Invitrogen Life Technologies). Each strategy allows up to six siRNA duplexes

to be incorporated into hexamer assemblies. The first strategy involves encoding

siRNA sequences within the helical stems of the nanoring units. Native gel shift assays

and thermal stability analysis were carried out to determine the optimal stem length

necessary for hexamer assembly while making the monomer units compatible with the

Figure 3.8 (continued): Increased ribonuclease resistance and siRNA
functionalization of nanorings. (a) Native (left) and denaturing (right) PAGE
indicating RNA degradation time courses for C15 FP monomers assembled into
pentamers and hexamers in presence of human blood serum 2% (v/v) at 37°C.
(b) RNA degradation time courses of S7-8 and C15 monomers and corresponding
SM, AB and FP assemblies in 2% (v/v) human blood serum at 37°C. The total
final concentration of RNA (as monomer or in RNA assembly) was always 200
nM. (c) The two strategies employed to functionalize nanoring scaffolds with six
siRNAs. (top) Double stranded siRNAs (anti-sense strands are shown in red) are
encoded within C26 units that are assembled into hexamers prior to dicing.
(bottom) S9-6 monomers are extended at their 5' end with 29-nt tails, each tail
comprising a 2nt linker and a 27-nt sense strand complementary to an anti-sense
siRNA strand (shown in red). After assembly, the resulting particles (si_S9-6FP)
are diced. (d) Native PAGE illustrating the assembly of modified S9-6 units with
an increasing number of siRNAs attached. (e) Dicing of si_S9-6FP nanorings
modified with six siRNAs.  Native and denaturing PAGE gels were used to
identify the dicing products corresponding to the processed hexagonal si_S9-6FP
nanoring and siRNA products formed of 21 nt complementary strands using
appropriate molecular RNA markers of known length.and indicate the
unit that is 32P radio-labeled within si_S9-6FP assemblies modified with six
siRNAs (see Table 8.2). "c": control nanorings without incubation at 37°C; "+":
nanorings incubated with Dicer for 18 hours at 37 °C;"-": nanorings incubated at
37°C for 18 hours in the dicing buffer without the Dicer enzyme.
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length requirement for siRNAs (156, 157). As anticipated from 3D models, circular

C26 units, with helical stems of 26 bp, lead to the most stable hexamers at 2 mM

Mg(OAc)2 (Table 3.1). By contrast, C27 units, with stems of 27 bp, form hexamers

with greatly reduced thermal stability (Table 3.1) and monomers with stems of 24, 25,

and 28 bp are unable to assemble into closed hexamers. In the second strategy, siRNAs

are appended to the nanoring by extending the 3′ end of S9-6 RNA units (Table 8.2),

allowing stepwise addition of up to six siRNA duplexes after annealing of the

corresponding antisense strands (Figure 3.8d). Both strategies led to siRNA

nanoparticles able to be processed by human recombinant dicer (Figure 3.8e and

Figure 3.9). After incubation with dicer at 37 °C, expected products of ∼21-nts in

length are identified by denaturing PAGE for both C26 and S9-6FP modified hexamers.

Dicer is slightly more effective at processing siRNAs when attached to si_S9-6FP

because only one cut is required to release each siRNA (Figure 3.8d). However, this

apparent advantage might eventually be overridden by the fact that C26 nanorings offer

an increased resistance toward ribonucleases from blood serum without needing to

introduce chemical modifications (158-160). Thus, both strategies are able to be

recognized and processed by Dicer while also offering the advantage to precisely

control the stoichiometry of multiple siRNAs by packaging them into single all-RNA

nanoparticles. As such, they might offer combinatorial targeting of six different

sequences through RNAi pathways (co-RNAi) in order to knockout genes more

efficiently (161, 162).
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3.4 Conclusion

We have demonstrated herein that the particular geometry of the RNAI/IIi

kissing-loop complex can be used to efficiently build self-assembling polygonal

nanorings. These RNA nanorings constitute a new class of multifunctional all-RNA

nanoparticles for possible applications in nanomedicine and synthetic biology. In

previous RNA self-assembly systems (11, 79, 80), several RNA nanoparticles have

been constructed using tertiary structure motifs embedded at the core of the assembling

Figure 3.9: Processing of C26 monomers and nanorings by recombinant
human Dicer.  Native and denaturing PAGE gels were used to identify the dicing
products corresponding to the C26 AB nanoring assemblies using appropriate
molecular RNA markers of known length. "c": control nanorings without
incubation at 37°C; "-": nanorings incubated at 37°C for 18 hours in the dicing
buffer without the human recombinant Dicer enzyme; “+” nanorings incubated
at 37 °C for 4 hours with Genlantis’ human recombonint Turbo Dicer.
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monomer units. By contrast to these systems, the RNAI/IIi nanoring’s overall geometry

is dictated by the geometry of the kissing-loop complex at the periphery of their

constituent subunits. As a result, the RNAI/IIi nanoring does not require the use of

complex structure motifs or folding strategies to ensure proper assembly while also

leaving the stem region the versatility to encode virtually any sequence signature.

Assemblies of RNA subunits using the RNAI/IIi kissing complex alone result

in a distribution of species that is concentration dependent. The formation of lower-

ordered and less thermostable species like tetramers and pentamers can be mitigated by

increasing the RNA assembly concentration, but this strategy results in an increased

formation of other undesired and less stable species like septamers and octomers. While

subtle modifications about the helical stem region can tune nanoring assemblies toward

the thermodynamically more stable hexamer products, only the design and

incorporation of six specific kissing-loop complexes are able to provide complete

thermodynamic control over RNA self-assembly to form hexagonal RNA nanorings,

and fully counteract the concentration dependency and kinetic factors associated to the

assembly of AB and SM systems. Our results highlight that even “rigid” RNA units

can be kinetically trapped in assemblies that are not the most thermodynamically stable,

suggesting that RNA has an intrinsic flexibility that could potentially be harnessed for

kinetically controlling assembly formation in future applications (163, 164).

Furthermore, the definite hexagonal shape and planar geometry of the FP nanoring

gives it the potential to serve as a tile for 2D architectures or as an interesting scaffold

for additional 3D assemblies.



7 3

Nanorings may prove to be a versatile tool used to package multiple siRNAs or

other functionalities within the stem region of their constituent subunits. We have

demonstrated that RNA nanoring assemblies confer increased resistance toward

ribonucleases present in human blood serum. While circularized subunits were shown

to be the most stable and may not require the usage of chemically more stable

nucleotide analogues, nanoring assemblies as a whole conferred increased resistance

when compared to unassembled subunits, showing that assembly factors offer a

significant contribution toward the protection of each constituent subunit. Finally, we

have demonstrated that the fully programmable nanoring offers two robust strategies

to provide stoichiometric control over the incorporation of multiple siRNAs that can

be processed by human recombinant Dicer in vitro. By contrast to other methods used

to target cells (165, 166), our strategy has the potential to incorporate up to six siRNAs

or other functional RNAs (i.e., aptamers or ribozymes) with stiochiometric control. We

therefore anticipate that our programmable RNA nanoring system will be able to offer

new approaches for the simultaneous delivery of multiple siRNAs and/or other

functionalities for cellular therapeutics, in a similar fashion to strategies based on

trimeric pRNA nanoparticles (125).
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Chapter 4: Does robustness to mutation drive
evolution of self-assembling RNA modules?

4.1 Abstract

Interactions between terminal GNRA loops and corresponding receptors are a common

long-range interaction found within large RNA molecules. Very little diversity is

observed among GNRA-receptor modules in nature, while results from in vitro

selections suggest greater sequence diversity is possible.  Here, we examine the notion

that this limited natural diversity may be the result of these modules having an

increased robustness to mutation. Assessment of the affinities displayed by one-error

receptors variants for GNRA loops indicate that natural GNRA/receptor modules are

not inherently more robust to mutation than those resulting from in vitro selection.

However, when receptors variants were defined by their ability to maintain the GNRA

preference of their respective wild-type receptor, the mutational robustness displayed

by the natural 11nt motif far exceeds that of the artificial receptors. Our results suggest

that the extent of GNRA/receptor module robustness may be closely linked to the

receptor ability to non-discriminately bind multiple GNRA sequence, while the 11nt

motif appears to have evolved a robustness to remain highly specific for GAAA loops.

4.2 Introduction

Large RNA molecules require the formation of tertiary interactions to facilitate

collapse and stabilize their native fold (17).  Such interactions are often facilitated by
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a-minor interactions formed between a single stranded adenine and the minor groove

of an RNA helix (20, 21).  Often, the a-minor interaction is part of a larger assembly

module formed between a GNRA tetraloop (R = purine, N = any nucleotide) and a

receptor element (96, 167).  The GNRA-loop/receptor interaction (GNRA-LRI) is a

recurrent long-range interaction used to pack adjacent helices in large RNA molecules

(168, 169).  Interestingly, relatively few recurrent GNRA-loop/receptor modules have

been identified in nature.  Other than purely helical receptor elements, the intricately

structured 11nt motif receptor appears to be the most common natural GNRA receptor,

displaying a strong preference for binging GAAA tetraloop (167, 170, 171).  Following

the identification of the 11nt motif receptor, multiple in vitro selection experiments

have demonstrated that diverse sequences exist that result in active GNRA receptors

(68, 99) (Calkins et al. In preparation).  Many of these novel receptors exhibit binding

affinities and abilities to discriminate different GNRA sequences comparable to the

11nt motif, raising the question why the 11nt motif has emerged as the predominant

GNRA receptor in nature.

Given the large diversity of fit sequences arising in vitro selections, it seems

unlikely that GNRA affinity is the sole selection pressure applied throughout the

evolution of the GNRA-LRI. An increase in selection pressure is likely to reduce the

resulting population of fit modules (172).  It has been proposed that an increased

robustness to mutation might exist among natural GRNA-receptor modules compared

to those evolved in vitro (99).  Mutational robustness is signified by the ability of a

genotype to withstand mutation and preserve the original phenotype.  As an RNA

molecule can simultaneous express both a genotype (primary sequence) and phenotype
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(2D fold, 3D fold, function, etc.), the relative fitness landscape associated to a sequence

space can be mapped. Computational studies addressing the ability of RNA molecules

to adopt a target secondary structure have found that natural occurring sequences tend

to be more robust to mutation than random or artificially selected RNAs (173, 174).

Some studies have indicated that mutational robustness may be a result of direct

adaptive selection pressures (175-177), although this notion is highly debated (174,

178). Nonetheless, mutational robustness can serve as a favorable trait used to ensure

function and survival (179).

While experimental characterization of RNA fitness landscapes and

evolutionary pathways have been performed both in vitro and in vivo (180-182),

relatively little experimental assessment of RNA robustness has been conducted.

Herein, we have performed an extensive analysis of single-error mutants resulting from

three distinct GNRA receptors, assessing their ability to promote GNRA/receptor

assembly.  Through use of a tectoRNA dimer system (68, 75, 76), we have examined

the local fitness landscape surrounding the natural GAAA-11nt assembly module, as

well as the GGAA-R1 and GUAA-R5.58 modules which have resulted from vitro

selection (68)(Calkins et al. In Preparation).  This analysis provides a detailed look at

the extent of mutational robustness displayed by natural and artificial RNA assembly

modules.  Ultimately, the 11nt motif appears to be a highly robust receptor in terms of

its ability to selectively bind GAAA while discriminating against other GNRA loops.

However, within the context of the GNRA-receptor module, the enhanced robustness

of the 11nt motif receptor appears to come at the cost of a less robust loop-receptor

module.
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4.3 Results

4.3.1 Choosing GNRA receptors for study

Three GNRA receptors were characterized in this study. These included the

naturally occurring 11nt motif receptor, as well as receptors R1 and R5.58, which each

resulted from previous in vitro selection experiments for GNRA receptors (Figure 4.1)

(68) (Calkins et al. In Preparation). While the 11nt motif receptor is not the only

recurrent GNRA receptor identified in nature (96, 98, 183), it does appear to be the

most recurrent GNRA receptor other than an a-form helix. Its prevalence and use in

multiple molecular contexts make the 11nt motif a sensible to choice for

characterization.  It was important that control receptors displayed a comparable level

of fitness to 11nt motif, in terms of GNRA affinity.  For this reason, receptors R1 and

R5.58 were chosen for characterization, as their respective affinities for GGAA and

GUAA loops are comparable to the GAAA-11nt interaction (68) (Calkins et al. In

Preparation).

However, receptors R1 and R5.58 each display differing degrees of GNRA

discrimination, providing some variability among the receptors assayed. The GNRA

specificity of R1 is similar to the 11nt motif, as each receptor displays a strong

preference for a single GNRA loop sequence (68).  R5.58 is a much more permissive

GNRA receptor.  R5.58 preferentially binds GURA sequences, but can bind any GNRA

loop with fairly high affinity (Calkins et al. In Preparation).

4.3.2 GRNA-LRI fitness was determined by extent of tectoRNA dimer formation

The previously developed tectoRNA dimer system (68, 75, 76) was used to

assess the binding affinity of individual receptors for different GNRA loops, and thus
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Figure 4.1: 2D and 3D representation of GNRA-receptor modules. Secondary
structures (left) and 3D stereo models (right) of the (a) GAAA-11nt motif
(PDB_ID: 1HR2), (b) GGAA-R1, and (c) GUAA-R5.58 self-assembly modules.
The 3D model of the R1-GGAA interaction was provided by the Das lab at
Stanford University. Homology modeling was used to construct a model of the
R5.58 module, using the S8 protein receptor of Escherichia Coli as a structural
template (PDB_ID: 1S03) (Calkins et al. In Preparation). Non-canonical base
pairs are indicated on the 2D structures, and stacking interactions are represented
by a “T” symbol between bases.
.
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ultimately determine the mutational robustness of the three GNRA-receptor modules.

Each tectoRNA is a hairpin structure, containing a specific tetraloop receptor within

the helical stem, and a terminal GNRA tetraloop (Figure 4.2a).  TectoRNAs can

assemble as a dimeric complex facilitated by the formation of two GNRA-LRIs (Figure

4.2a,b) (68, 120). Affinity of specific GNRA/receptor pairs was determined by

employing a hetero-dimer design.

Figure 4.2: Characterization approach using a tectoRNA dimer system.
Caption continued on the following page.
.
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Each heterodimer assembly consisted of a “target” tectoRNA and a “probe”

tectoRNA (Figure 4.2a).  The target RNA contained the receptor to be characterized

and was capped with a specific GNRA loop sequence to be used in an anchor

interaction.  Generally, the GAAA-11nt LRI was used as the anchor between target and

probe. For the 11nt motif receptor, its point mutants, and any other receptors where

characterization of GAAA binding was required, a GGAA-R1 or GUAA-R.516 pair

was used as the anchor.  A set of eight probe RNAs were used to characterized each

receptor (Table 8.3).  Each probe contain the anchor receptor within its helical stem.

The terminal loop sequences of the eight different probes were the seven GNRA loops

not used in the anchor interaction, and a UUCG negative control.  The extent of dimer

formation between target and probe was determined across a range of concentrations

by mobility shift during native polyacrylamide gel electrophoresis (PAGE) (Figure

4.2c), and used to estimate the apparent equilibiurm dissociation constant (Kd) for each

GNRA-LRI.

A Kd threshold value of 4000 nM was used to discern “active” and “inactive”

GNRA-receptor pairs.  This value represents an approximate three orders of magnitude

decrease in binding affinity compared to the naturally prevalent GAAA-11nt

Figure 4.2 (continued): Characterization approach using a tectoRNA dimer
system. (a) Characterization of specific GNRA-receptor interactions was
performed using a tectoRNA heterodimer pair.  “Target” tectoRNAs contained
the receptor of interest, while “Probe” tectoRNAs contained the GNRA sequence
to be bound by the target.  Assembly is assisted by the presence of an anchor LRI
opposite the target/probe interaction, resulting in the dimer complex seen in (b)
(PDB_ID: 2JYJ). (c) The extent of tectoRNA assembly for each GNRA-receptor
pair was determined by native PAGE over a range of concentrations, seen here
for GNRA-11nt interactions.  UUCG-receptor pairs served as negative controls.
For receptors other than the 11nt motif, the GAAA-11nt motif interaction was
used as fully dimerized control (assembled at 10M [each RNA]).
.
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interaction (68).  At 10oC, the difference between the GAAA-11nt interaction and the

activity threshold corresponds to a loss of nearly 7 kT in binding energy.  Additional

naturally occurring GNRA-LRIs were characterized to determine where they fall

compared to the proposed activity threshold. The GAAA-RIC3, GAAA-RVc2, and a

GUAA-helix loop-receptor pair all display affinities stronger than the established 4M

Kd activity threshold (Figure 4.3).

4.3.3 A neutral network exists between the 11nt motif, R1 and R5.58

The sequence space among GNRA receptors must be fairly accessible for a

presumed initially diverse population of GNRA-LRIs to have evolved into the relatively

small subset of modules observed in molecules today. TectoRNAs containing

rationally designed receptors were synthesized to assess the fitness landscape between

R1, R5.58 and the 11nt motif.  Multiple mutational pathways were examined between

Figure 4.3: Relative binding affinities of naturally occurring GNRA-LRIs.
Interactions identified in natural RNA molecules were assessed in reference to
the activity threshold for GNRA-LRIs, set at an apparent equilibrium dissociation
constant (Kd) of 4 M. GNRA-LRIs with Kd values below the threshold (G <
0, at 10oC) were considered active modules.
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these receptors (Figure 4.4).   Each receptor in a pathway was designed as a single

nucleotide variant of the neighboring sequences by way of point mutation, nucleotide

insertion, or deletion.  As GNRA receptors are composed of two parallel strands, at

least one pathway was initiated by modification to each strand of the 11nt motif, R1

and R5.58.  In total, each of the 11nt motif, R1, and R5.58 served as the origin for at

least three possible pathways to the other two receptors.

Analysis by native PAGE reveals that landscape between R1, R5.58 and 11nt

is quite accessible through single nucleotide variations. Of the thirty-four connections

made by single nucleotide changes across this sequence space, only 3 connections were

deemed inactive with respect to the 4 M Kd threshold.  Two of these inactive

connections occur on either side of the 11nt_A8C mutant (Figure 4.4).  This single

nucleotide variant of the 11nt motif does not display significant affinity towards any

GNRA loop, and thus becomes an impassible receptor on any pathway of which it could

be a part.  The other inactive connection occurs between the R1_U3C mutant and

receptor R1h1.  While both of these receptors display active affinities for multiple

GNRA tetraloops, no common GNRA loop sequence is bound by both of these

receptors with a Kd below 4 M.  As a result, only a double mutation to the assembly

module, one mutation to the receptor and another to the loop, would be require to

traverse this connection.

The fitness landscape was also extended to the sequence region corresponding

to additional naturally observed receptors.  For instance, one active pathway between

the 11nt motif and R5.58 traverses through four helical intermediates, indicating that

helical receptors could also result from neutral drift among more structured GNRA
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Figure 4.4:  Mutational pathways between the 11nt motif, R1 and R5.58.
Caption continued on the following page.
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tetraloop receptors. The sparsely occurring receptor RIC3, identified only within group

IC3 introns (183), has been suggested as evolutionarily linked to the 11nt motif due to

their closely related primary sequences (97).  A neutral pathway does exist between the

two receptors, and both can also be connected through active mutations to the more

recently identified receptor RVc2, found in c-diGMP riboswitches (98) (Figure 4.4).

Overall, the landscape that extends between natural and in vitro selected receptors

appear to be fairly smooth, at least with respect to the subset of sequence space analyzed

here.

4.3.4 Assigning module phenotype based on active-inactive assembly

Three libraries of tectoRNA hairpins were synthesized to determine the

mutational robustness of the GNRA-11nt, GNRA-R1 and GNRA-R5.58 assembly

modules.  The CG base pairs and AU base pair that close opposing ends of the receptors

are conserved in all library sequences throughout the analysis (Table 8.3). The

sequence space analyzed included all nucleotide positions between these conserved

elements (Figure 4.5a), resulting in a sequence space corresponding to between 7 and

9 nucleotide positions. Each respective library contained all single point mutations and

single nucleotide deletions associated to one of the three receptors (11nt, R1, R5.58),

Figure 4.4 (continued):  Mutational pathways between the 11nt motif, R1
and R5.58. Multiple mutational pathways between the 11nt, R1, R5.58, and
natural receptors were examined by single nucleotide variation.  The affinity of
a receptor for each GNRA loop is indicated by a specific color on the landscape.
The red dashed line at G = 0 corresponds to the 4 M Kd activity threshold, at
10OC.  An active connection between neighboring receptors requires both
receptors to bind a common GNRA loop stronger than the threshold.
Connections between individual tiles of the landscape are shaded. Natural
receptors, other than the 11nt motif, are indicated by an orange border.
.
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producing between 27 to 34 receptors variants depending on the identity of the initial

receptor. It is also possible that single nucleotide variations could arise through

insertion events, and such insertions are required to traverse the landscape between the

receptors used in this study (Figure 4.4).  However, insertion events were not examined

during the assessment of robustness due to the large number of possible receptors

variations that would result.

The initial analysis of these receptor libraries considered a strict “on-off”

phenotype for assessing the fitness of each GNRA-LRI. The on-off model used to

describe a module phenotype is based on the notion that the self-assembly module

contains two distinct components, the loop and the receptor.  As both components are

essential for the function of the module, mutations within either element must be

tolerated for the module to be considered robust.  Loop mutations were restricted to

only GNRA sequence signatures and the binding affinity of each receptor variant was

determined for seven GNRA loops. The on-off, or active-inactive, phenotype of a

given GNRA-LRI was determined by its binding affinity in reference to the 4M Kd

activity threshold.  In total, 196, 245 and 231 GNRA-receptor pairs were assayed

corresponding to GNRA-11nt, GNRA-R5.58 and GNRA-R1 module populations,

respectively (Figure 4.5b).

The GNRA-R5.58 module is by far the most robust to mutation when

considering the activity of all one-error receptor mutants for GNRA binding (Figure

4.5b).  77.3% of the GNRA-R5.58 modules have a measured Kd below 4000nM,

compared to 14.7% of GNRA-R1 and just 12.8% of the GNRA-11nt populations

(Figure 4.5c and Table 8.9).  Interestingly, the most fit interactions in terms of loop-
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receptor affinity occur within the GNRA-11nt population.  GNRA-11nt modules with

Kd values below 10nM outnumber GNRA-R5.58 and GNRA-R1 modules 2:1 and 3:1

respectively (Table 8.9).  However, outside of the region corresponding to the strongest

interacting modules (G < -3.0 kcal/mol), GNRA-R5.58 modules dominate the

population of active assemblies (Figure 4.5d).

Figure 4.5: Mutational robustness of specific GNRA-receptor modules.
(a) Boxed regions of the 11nt, R1 and R5.58 indicate the positions subjected to
mutation and deletion. (b) Each of the receptor variants were assayed for their
ability to bind seven GNRA loop sequences. Variant receptor names correspond
to the receptor numbering in (a).  Boxes left blank were not tested (1 of 8 GNRA
loops for each receptor). (c) Percentage of active assembly modules within the
GNRA-11nt, GNRA-R1 and GNRA-R.58 populations, as determined from (b).
(d) Distribution of the affinities within each of the three GNRA-receptor
populations.  All affinities are reported in terms of G in reference to the 4 M
Kd activity threshold, at 10OC.
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The 11nt and R1 pools of modules each have roughly 85% of their GNRA-LRIs

classified as inactive.  However, significant differences are observed between these two

inactive populations.  In general, the 11nt-derived inactive modules are much worse

binders than their R1 counterparts.  Only 19 of the 171 inactive 11nt modules are within

1 kcal/mol of the active threshold, whereas more than have of the inactive R1 pool falls

within this range (Table 8.10 and Figure 4.5d).  In fact, more than half of the GNRA-

11nt module population is more than 2 kcal/mol above the active barrier (Figure 4.5d).

The other two populations of GNRA-receptor modules have no more than 12% of their

modules more than 2 kcal/mol above the activity threshold.

4.3.5 Multiple structural features of the R5.58-GNRA module likely contribute to

robustness

Relatively few mutations to the GNRA-R5.58 module result in an inactive

module. It appears that two factors contribute to the high degree of robustness observed

in these modules.  A homology model constructed of the GUAA-R5.58 interaction

indicates that the uracil at the second position of the GNRA loop, U(L.2), does not

interact with the receptor through hydrogen bond formation (Calkins et al. In

Preparation) (Figure 4.1c).  As a result, R5.58 is able to bind any GYRA loop with

significant affinity.  However, R5.58 is also able to effectively bind GRRA loop

sequences. The GRRA-R5.58 interaction is likely to benefit from an increase in

favorable stacking energy provided by an L.2 purine stacked above the receptor

platform, and a purine base at loop position L.2 could possibly reach to form a hydrogen

bonding contact with the shallow groove edge of the C3:G11 base pair.    However,

these factors are likely to be mitigated by an increased steric strain within the receptor
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required to accommodate a purine at position L.2, resulting in the observed net decrease

in R5.58’s binding affinity for GRRA loops (Figure 4.5b).

The apparent structural rigidity of the R5.58 receptor may also contribute to its

mutational robustness. Only three R5.58 mutants are inactive for all GNRA loop, fewer

than either receptor R1 or the 11nt motif (Figure 4.5b). The predicted structure of

R5.58 based on homology modeling appears to maximize formation of hydrogen

bonding throughout the receptor (Figure 4.1c).  Unlike the 11nt motif or R1, R5.58 has

no nucleotides that are truly in bugle without any hydrogen bond contacts (Figure 4.1).

Every position of the receptor forms at least two hydrogen bonding contacts, with the

exception of position C5, which forms the platform through only a single hydrogen

bond to A4 (Figure 4.1c).  The great degree of internal structure defined by hydrogen

bonds may help to dampen any detrimental effects of point mutation to a single position

of the receptor. Additionally, due to the lack of a specific mechanism for GNRA

recognition by R5.58, there are no mutations that would eliminate a specific contact

with loop position L.2. The most detrimental mutations to R5.58 occur within the

C3:G11 base pair. Homology modeling suggest this base pair facilitates formation of

an a-minor interaction, which serves as the only tertiary hydrogen bonding contact

between loop and receptor in the model (Figure 4.1c).

4.3.6 Validating an R1 structural model through mutational analysis

Through analysis by SHAPE and chemical probing, the lab of Rhiju Das

provided us with a predicted structural model of receptor R1 in interaction with a

GGAA tetraloop (Figure 4.1a). The model suggests that the receptor structure is

defined by five components (Figure 4.6a).  Nucleotides C1,C2 and G11,G12 form
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canonical base pairs, which are conserved within all the tetraloop receptors used in this

study. The C2:G11 base pair is predicted to facilitate an a-minor interaction with loop

adenine L.4 (Figure 4.6b).  Previous characterization of the CC:GG region of R1

indicated that mutations to this region greatly reduce GGAA affinity (68).  Below the

conserved a-minor region is a non-canonical cisWC:WC pair formed between U3 and

U10 (Figure 4.6c).  Beneath this U:U pair is a triple base pair composed of G4, U5,

and C9 (Figure 4.6d). U8 is predicted to be in bulge, away from the rest of the receptor

structure.  The receptor is predicted to close through formation of a non-canonical

cisWC:WC basepair between nucleotides G6 and A7 (Figure 4.6a).

While the C2:G11 base pair allows for non-specific GNRA interaction, the

model predicts formation of the non-canonical U3:U10 base pair is responsible for

defining R1’s preference for GGAA tertraloops.  It appears that both nucleotides of the

U3:U10 base pair can make hydrogen bond contacts with the guanine at position L.2

(Figure 4.6c). Position O2 of U3 is predicted to form a specific contact with the amine

of the L.2 guanine and is responsible for defining the GGAA specificity of the R1

receptor.  Mutation of U3 to guanine or adenine drastically reduces GGAA affinity

(Figure 4.6e).  However a U3C mutation, which preserves the O2 group of the

pyrimidine, maintains GGAA binding at near-wild-type affinity (Figure 4.6e),

suggesting this contact occurs as indicated in the model.  Loop nucleotide G(L.2) also

makes contact through position O6 with the 2’OH of U10.  The lack of a specific base

contact predicted by the model would suggest that the nucleotide at position 10 is

interchangeable.  However, mutation of U10 to a purine eliminates GGAA binding

(Figure 4.6e).  A U10C mutation results in a significantly active receptor, indicating
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that the Y:Y mismatch pair seems to be significant for defining the optimal receptor

structure.

A cisHG:SG base pair between U5 and G4 is predicted to form the platform

upon which the adjacent tetraloop stacks (Figure 4.6d).  This platform is analogous to

the dinucleotide platform seen in the bound structure of the 11nt motif (120) (Figure

4.1a). The model suggests the platform is involved in a triple base pair, generated by

Figure 4.6: In-depth characterization of the receptor R1. (a) A stereo view
model of the GGAA-R1 interaction proposed by the Das group at Stanford
University. (b-d) Zoom-in stereo images of (b) the a-minor interaction, (c) the
interaction of the GGAA loop with the U3:U10 base pair, and (d) the platform
triple base pair. (e) Mutational analysis of each component within the R1
receptor. The color of each component is consistent throughout the figure. All
affinities are reported in terms of G in reference to the 4 M Kd activity
threshold, at 10OC.
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G4 forming a twisted cisWC:WC base pair with nucleotide C9 (Figure 4.6d).

Generally, mutation of any position within the triple reduced GGAA affinity (Figure

4.6e).  Mutation to any of these three nucleotides is thought to likely destabilize the

positioning and rigidity of the GU platform. Double mutations to the G4:C9 base pair

that maintain a WC pair are less detrimental than any single mutation which disrupts

this WC bp within the triple. Mutation or deletion of the platform nucleotide U5 results

in a drastic reduction of GGAA affinity (Figure 4.6e).  The U5G mutation is the only

U5 mutation that remains active, as a guanine in this position could maintain the

HG:SG platform base pair with G4 (Figure 4.6d,e).  A triple mutation of G4A, U5C

and C9U was designed as an alternative triple base pair.  This triple mutation displayed

a greater GGAA affinity than nearly any single or double mutation to the triple (Figure

4.6e), further verifying the likelihood of triple base pair formation. Below the triple, at

position 8, exists a uracil predicted to be in bulge (Figure 4.6a).  Receptors with a

mutation or deletion at this position remain significantly active, with all variants

displaying similar affinities for GGAA, suggesting this position is not significant for

the structure of the receptor (Figure 4.6e).

Finally, the structural model predicts formation of a G:A cisWC:WC base pair

between nucleotides G6 and A7 (Figure 4.6a).  Mutational analysis of these

nucleotides indicates that a purine-purine mismatch is preferred at this position. An

R6:R7 base pair results in a greater GGAA affinity receptor than any WC or wobble

pair at this position (Figure 4.6e).  AA or GG mismatches at positions 6-7 display

strong binding with Kd values below 150nM.  The double mutation G6A and A7G,

reversing the G:A pair, shows wild type level GNRA affinities (Figure 4.6e). Similar
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to the Y3:Y10 base pair, it appears the R6:R7 pairing is likely to be structurally

significant. Overall, the mutational analysis of receptor R1 complements the predicted

structural model.

4.3.7 Structural transitions lead to changes in GNRA preference

Possibly the most interesting of the R1 variants analyzed was the C9A point

mutation.  R1_C9A displayed a drastic reduction in GGAA affinity, although it

remained slightly active in reference to our threshold (Figure 4.6e).  Analysis of the

C9A mutant sequence reveals a potential alternative secondary structure with

similarities to that of the 11nt motif (figure 4.7a).  The C9A mutation could allow for

structural rearrangement, positioning U10 in bulge and forming a U3:A9 transWC:HG

base pair, as is observed within the 11nt motif.  To supplement the analysis of the C9A

mutant, additional probe and target tectoRNAs were synthesized which utilized a

GUAA-R5.16 anchor.  This additional set of R5.16 probes allows a receptor to be tested

for GAAA binding, as the GAAA sequence is no longer required in the anchor

interaction.

The additional analysis making use of the R5.16 probe set revealed that R1

mutant C9A is capable of binding to GAAA tetraloops.  In fact, R1_C9A strongly

prefers binding GAAA relative to any other GNRA sequence, including GGAA

(Figure 4.6e).  This shift in GNRA preference coincides with the prediction that mutant

R1_C9A is able to adopt an alternative structure that mimics the 11nt motif, which is

known to specifically bind GAAA loops. This alternative structure of R1_C9A differs

from the 11nt motif in three minor ways (Figure 4.7a): i. R1_C9A contains a UG

platform, compared to the AA platform of the 11nt motif; ii. R1_C9A uses a GA closing
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base pair rather than a GU pairing, and iii. the R1_C9A mutant contains an additional

nucleotide with respect to the 11nt motif (the budged uracil at nucleotide position 8

according to the number of R1 established in figure 4.5).

In an attempt to further induce the alternative GAAA binding conformation

predicted for R1_C9A, a double A7U, C9A mutant of R1 was synthesized.  The

resulting receptor contained a closing GU base pair, as is in the 11nt motif.  This “11nt-

like” R1 variant appeared to lock in the GAAA binding conformation as indicated by

GNRA affinities (Figure 4.6e).  The coupled A7U, C9A mutations to R1 resulted in an

Figure 4.7: Significant changes in GNRA landscape likely signify structural
change. (a) Possible alternative structure of the R1_C9A variant receptor.  The
receptors preference for GAAA > GGAA loops suggest R1_C9A adopts the
“11n-like” conformation on the left. (b) Secondary structure predictions of
receptors along the pathway from 11nt to R1 to R5.58.  Structural predictions are
based on the 3D models of figure 4.1 in response to the changes in the GNRA
landscape along the pathway.
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increase in observed GAAA affinity, relative to R1_C9A single point mutant, in

addition to elimination of active GGAA binding.  This double mutant supports the

notion that the geometry resulting from the A6:G7 mismatch base pair within the wild-

type R1 receptor is needed to maintain the optimal receptor structure for GGAA

binding.  Because the additional mutation of A7U further increased the receptors 11nt-

like character, relative to the C9A mutant alone, subsequence characterization was

performed to determine the GAAA affinity of the R1_A7U point mutant.  Assays

performed using the R5.16 probes determined that R1_A7U preferentially binds

GAAA loops over GGAA, although both loop-receptor pairs are active (Figure 4.6e).

These results closely mirror what was also observed for the R1_C9A point mutant.

These results suggest that structural differences among closely related

sequences can be predicted by observing the fitness landscape between the set of

receptors. For example, the previously examined pathway traversing from the 11nt

motif, through R1, and terminating at R5.58 displays significant changes in GNRA

preference (Figure 4.7b).  Such changes in GNRA preference are likely a result of

structural rearrangement within the receptor.  In cases such as the 11nt-R1-R5.58

pathway, where the structure of some receptors along the landscape are known (or

predicted) (Figure 4.1), conclusions can be drawn as to the likely structure of closely

related sequences which display a common GNRA specificity profile (Figure 4.7b).

4.3.8 Phenotyping of receptors based on profile of GNRA binding

Rather than only assessing fitness of GNRA-receptor modules based on GNRA

affinity, each individual variant receptor was also characterized for its ability to

maintain the GNRA binding preference of the wild type receptor from which it was
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derived.  GNRA specificity profiles were generate for each receptor assayed by plotting

G as a function of GNRA sequence. Receptor phenotypes were defined by the

GNRA loop sequence preferentially bound by a given receptor (Figure 4.8a,c,e).  Each

phenotype was then divided in to subclasses, defined by a secondary GNRA loop

preference, if any such secondary preference existed.  Receptors that did not display a

single GNRA binding affinity with a Kd below 40M were classified as a “dead”

phenotype, regardless of any apparent preferences in GNRA sequence.

When applying this method to designate receptor phenotypes, the 11nt motif

appears the most robust of the three receptors studied.  The 11nt receptor and its single

nucleotide variants display only a single active GNRA phenotype (Figure 4.8a).  Aside

from three mutants that were classified as dead receptors, all other 11nt variants

maintain the GAAA loop preference displayed by the wild type receptor.  Four

subclasses were observed among the 11nt and its variants. Secondary GNRA

preferences for GAGA and GUAA were the most populous subclasses, comprising

43% and 32% of the 11nt population, respectively (Figure 4.8b). The GGGA subclass

contained 2 of the 28 receptors within the 11nt pool.  The fourth subclass contained

two receptors that displayed only weak GAAA binding, and no affinity for other GNRA

loops.

Variants of receptor R1 displayed the greatest diversity in terms of observed

GNRA phenotypes.  The R1 population of point mutants and single deletion receptors

displayed 5 different GNRA phenotypes divided into 14 different subclasses based on

secondary GNRA preferences (Figure 4.8c). The GGAA phenotype observed for the

wild type R1 receptor is the most populous among the R1 variants.  53% of R1 mutants
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Figure 4.8: Robustness of variant receptors for maintaining wild-type
GNRA preference. GNRA specificity profiles were used to determined GNRA
preference phenotypes for receptors originating from the 11nt motif (top), R1
(middle) or R5.58 (bottom). (a,c,e) Profiles of relative GNRA affinities were
generate for each individual receptor and used to define its phenotype. Relative
differences in the y-axis indicate difference in GNRA affinities only within an
individual profile. Phenotypes (inner color of nodes) were defined by the GNRA
loop preference of a given receptor.  Phenotypes were broken into subclasses
(border color of nodes) base on secondary GNRA preference, if any. The
phenotypes of each individual receptor mutation are given. (b,d,f) The
distribution of phenotypes among each population of one-error receptor variants.
The base color corresponds to the primary phenotype, while colored strips
indicate subclasses within a phenotype.
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preferentially bind GGAA tetraloops (Figure 4.8d).  The wild-type R1 receptor

belongs to the GAAA subclass within the GGAA phenotype.  Only one additional R1

variant occupies this subclass (Figure 4.8c).  However, the small population of this

subclass is biased, as only select R1 variants were assayed for GAAA binding.  Within

the GGAA phenotype, GUAA and GCAA subclasses are the most populous (Figure

4.8d).  These GYAA subclasses within the GGAA phenotype account for more than

one-third of all R1 variants.  Aside from the GGAA phenotype, phenotypes expressing

a preference for GUAA, GCAA, GUGA or GAAA tetraloops were observed among

the R1 variants.  In comparison to the 11nt and R5.58 variant populations, R1 variants

displayed the greatest tendency to deviate form the observed GNRA phenotype of the

wild type receptor (Figure 4.8b,d,e). Other than the GGAA phenotype, preference for

GUAA was most common within the R1 population, representing 28% of R1 variants

assayed (Figure 4.8d).

The population of one-error R5.58 variants also exhibited five different GNRA

phenotypes (Figure 4.8e). While a large number of phenotypes can be visited within

the sequence space surrounding R5.58, 68% of the one-error variants exhibited a

GUAA binding phenotype (Figure 4.8f).  The five GUAA subclasses observed among

R5.58 variants were the GUAA subclasses also observed in the surrounding R1

sequence space (Figure 4.8c,e).  The GCAA subclass of the GUAA phenotype contains

only one mutant, R5.58_C9G. This was the only overserved subclass of GUAA binders

populated by less than three R5.58 mutant receptors.  The GGAA phenotype was the

only additional primary phenotype expressed by more than one R5.58 variant.  The

majority of receptor within the GGAA phenotype displayed a secondary preference for
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GUAA loops. Additional phenotypes accessible by a single nucleotide change to R5.58

included GGGA, GUGA and GAAA.

In the sequence space immediately surrounding each of the three receptors

assayed, the most common GNRA phenotype expressed is that of the wild type receptor

at the origin of each sequence space.  In the case of the 11nt and R5.58 populations, the

phenotype subclass displayed by the wild-type receptor is also the most populous

subclass among its single variants.  This may also be the case among the R1 variants,

however comprehensive GAAA characterization was not performed. Phenotype

changes within the sequence space surrounding each receptor appeared to be localized

to specific positions within each receptor. Variation at some positions, such as A7 in

R1 or C5 in R5.58, may produce different phenotypes as a function of the resulting

nucleotide identity.  At other positions, any change to the nucleotide identity results is

a defined change in phenotype.  For instance, any change within R1 at position U5

resulted in a phenotype change from GGAA to GUAA, and variation of G11 within

R5.58 changed the observed GUAA phenotype to a preference for GGRA loops.

However, the majority of positions with the three wild type receptors were robust to

changes in GRNA phenotype.  Among the 24 total positions varied across the three

receptors, 14 of these positions did not show any change in primary GNRA phenotype

as a result of point mutation, and 12 of these positions remained robust to deletion.

4.4 Discussion

Of the three GNRA-receptor modules characterized, the GNRA-R5.58 module

is far superior in terms of its ability to maintain module assembly despite the occurrence

of random errors.  As mentioned, this likely stems from R5.58’s perceived structural
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rigidity, through maximization of stacking and hydrogen bond contacts, and apparent

non-specific mode of GNRA binding.  This results in a receptor that is resistant

structural rearrangement after mutation, and a local neighborhood or receptors able to

bind many GNRA loops.  Even in instances where mutation of R5.58 results in a change

of GNRA preference, all active R5.58 variants displayed active GUAA binding.  This

suggests that the structure of receptor is not significantly altered, which did not appear

to be the case for receptor R1.  In the sixteen instances where R1 variants displayed a

change in GNRA preference, only four of the resulting receptors maintained active

GGAA affinities.

To our knowledge, no occurrence of R5.58 has been identified in nature.

However, the natural receptor RVc2 displays similar characteristics in terms of its

structure and GNRA recognition.  Crystallographic structures of an RVc2 containing

riboswitch reveal the receptor is largely composed of WC base pairs, contains no un-

stacked nucleotides, and uses only a-minor and stacking interactions to facilitate

GNRA binding (184, 185).  GNRA binding assays performed using the tectoRNA

system indicates that RVc2 able to actively bind 5 GNRA sequence.  Sequence

comparative analysis between RVc2 and the naturally occurring RIC3 suggests that

RIC3 may adopt a similar structure.  Interestingly, RIC3 displayed active binding for

all GNRA loops within out tectoRNA context.  The appearance of traits characteristic

of R5.58 within RVc2 and RIC3 suggest that these natural GNRA-receptor modules

may also have an increased mutational robustness in comparison to R1 and 11nt motif

containing modules.
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The degree of diversity among natural receptors (11nt, RVc2, RIC3, and

helices) suggests that nature may choose different GNRA-receptor modules based on a

top-down pressure defined by the molecular context.  For instance, knockout of the

GAAA-RVc2 interaction within a c-diGMP riboswtich results in a 1000-fold reduction

in c-diGMP affinity compared to the wild-type sequence (32).  However, substitution

of a GUAA tetaloop in place of GAAA results in a less substantial reduction in c-

diGMP affinity compared to the knockout (32).  This is a function of the non-specific

GNRA recognition performed by RVc2.  Use of a GNRA-receptor module less robust

to changes in GNRA sequence may have significant consequences to cellular regulation

and survival.  Incorporation of the less robust GNRA-11nt module may be more useful

in contexts where the long-range interaction is beneficial, but not essential.  Within the

tetrahymena ribozyme, the P4-P6 domain does not require the GAAA-11nt motif to

achieve its native fold, however the presence of the GAAA-11nt module has a

significant stabilizing effect on the final structure (186).

While the lack of module robustness displayed by the GNRA-11nt interaction

is likely to inhibit use of the module where essential contacts are required, the

robustness of the 11nt receptor to maintain a specific phenotype may itself be an

evolutionary advantage.  Although the P4-P6 of the tetrahymena ribozyme does not

require the GAAA-11nt module to rich its native fold, formation of non-native contacts

may prevent a molecule ever reaching its native state.  Two peripheral tertiary kissing

complexes exist in the tetrahymena ribozyme, both of which contain an identical four

nucleotide stretch (187).  Complementary mutations within the loops forming one of

the kissing complex has been show to increase ribozyme activity by reducing
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competition between native and non-native contacts (188).  The specificity afforded by

the 11nt-GAAA interaction may have evolved to avoid such competition between non-

native contacts.

The lack on unpaired guanine and cytosine nucleotide within naturally

occurring GNRA receptors may also have evolved as a method to avoid non-native

contacts.  In absence of any GNRA tetraloops, the 11nt motif has been shown to be

largely unstructured, maximizing the base stack of adjacent nucleotides (189).  Bases

within this unbound structure are likely to be more accessible for formation of non-

native contacts, as opposed to when they are sequestered within the intricate hydrogen-

bond lattice formed in the bound-state receptor.  A reduction of G/C content has been

shown to prevent attenuation of the GNRA-LRI by an intervening single strand

complementary to one side of the receptor (190). In addition, computational analysis

of sequences targeting a specified secondary structure suggests that the extent of

mutational robustness decreases with increasing G/C content (173).

4.5 Conclusions

Extensive characterization of the sequence space surrounding multiple GNRA

tetraloop-receptor modules suggests that the GNRA-11nt assembly module has not

evolved to possess an increased mutational robustness in comparison to similar

modules obtained by in vitro selection.  The R5.58-GNRA module, resulting form in

vitro selection for GUAA binding receptors, significantly outperformed other modules

in terms of promoting assembly despite the occurrence of loop and receptor mutations.

The receptor R5.58 is more permissive to binding multiple GNRA loops than either the

R1 or 11nt motif receptors, which could indicate that robust modules arise from non-
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discriminatory GNRA binding of the receptor.  While the 11nt motif does not appear

to be part of a robust assembly module, the 11nt motif receptor itself is the most robust

receptor element examined.  When examining variant receptors for their ability to

maintain wild-type GNRA preference, not one active 11nt variant displayed a change

in GNRA preference away from the sequence GAAA.  Although the robustness of the

11nt motif receptor appears significant, other recurrent GNRA receptors are much less

biased in their GNRA preference.  This leads us to conclude that the use of particular

GNRA-receptor modules is not a direct result of module robustness, but likely dictated

by the larger molecular context to fulfill specific assembly purposes.
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Chapter 5: Fitness landscape of the GNRA-receptor
self-assembly module

5.1 Abstract

Previous in vitro selection experiments have revealed that many active GNRA-receptor

modules exist that have not presently been observed in nature.  Here, we have

characterized a fitness landscape encompassing the sequence space between natural

and artificially selected GNRA receptors.  A tectoRNA scaffold was utilized to perform

a novel in vitro selection, consisting of multiple lineages, each targeting to select

receptors for a different GNRA sequence signature. Rationally designed intermediates

were synthesized to construct pathways within the sequence space between natural and

selected receptor.  The resulting fitness landscape is highly accessible, with extremely

few selected receptors remaining isolated from the network at large. Sequence analysis

of network receptors reveals that artificially selected receptors have a substantial

enrichment in unpaired G/C content compared the recurrent receptors identified in

natural molecules. The lack of unpaired guanine and cytosine nucleotides has been

previously shown to reduce non-native contacts, and may act as a top-down selection

pressure favoring neutral drift toward the G/C deficient receptors found recurrently in

natural molecules.
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5.2 Introduction

Long-range tertiary interactions are utilized by large RNAs to pack adjacent

regions in 3D space (46, 191).  These interacting regions can often be separated by

hundreds of nucleotides.  The most common long-range interaction used to facilitate

helical packing seems to be the a-minor interaction, mediated between the sugar-edge

of an unpaired adenine with the minor groove of an adjacent helix (20, 21).  The a-

minor interaction is often found within the larger context of a GNRA tetraloop (N =

any nucleotide, R = purine) in contact with a receptor element (96, 167, 192, 193).

These GNRA loop-receptor interactions (GNRA-LRIs) are a recurrent assembly

module, common to large RNAs such as group I and II introns, RNase P, and the

ribosome (96, 168, 194-196), and recently identified within small riboswitches

domains (98, 197). Often times these loop-receptor assembly modules are found

multiple times within the context of a single large RNA (168).  Although GNRA-LRIs

appear frequently, little diversity has been observed among the recurrent GNRA-LRIs

identified in nature.

Generally, two varieties of receptor elements are found in interaction with

GNRA tetraloops: helical receptors and the 11nt motif receptor (96, 167).  These two

receptor elements differ in both their preference for particular GNRA loop sequences,

as well as their relative affinities of tetraloop binding.  Helical receptors typically form

low affinity in interactions with GYRA (Y = pyrimidine) loop sequences.  The highly

structured 11nt motif receptor (R11nt) results in a highly selective, high affinity

interaction with GAAA tetraloops.  Whereas the GYRA-helix interaction is meditated

solely through formation of a-minor interactions, the complex structure of the 11nt
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motif results in increased binding affinity due to formation of additional interactions

with the GAAA tetraloop (189).  The occurrence of the 11nt motif receptor indicates

that nature is able to design highly specific GNRA receptors.  However, only in two

specific contexts, group IC3 introns and type-I c-diGMP riboswitches, have other

recurrent GNRA receptors been identified (98, 183).  Both of these receptors, RIC3

and RVc2 respectively, are also paired with GAAA tetraloops in their natural context.

Analysis of c-diGMP riboswitches indicate that GAAA-receptor or GYRA-

helix interactions account for greater than 95% of all loop-receptor combination in the

sequences examined (190).  In-vitro selection experiments performed by Costa and

Michel established that novel receptors can be selected for these GNRA tetraloop

sequence commonly observed in natural GNRA-LRIs (99).  A more recent selection

experiment resulted in receptors specific for GGAA tetraloops, providing the first

example of receptors that selectively bind a GNRA loop other than GAAA and GURA

sequences (68).  If such diversity is possible among GNRA-LRIs, why then is this

diversity not observed in nature?

A bottom-up selection pressure focused solely on the fitness of loop-receptor

assembly is unlikely to results in such little natural diversity, as receptors resulting from

in-vitro selection display GNRA selectivity and affinity comparable to naturally

occurring GNRA-LRIs (68, 99).  One possible explanation for this lack of diversity is

neutral drift of GNRA receptors towards specific optimal solutions.  As a bottom-up

pressure is unlike to drive this neutral drift, it is likely a top-down pressure that is

responsible for determining what constitutes an “optimal” GNRA-LRI.  This top-down

pressure would favor optimization of the LRIs as defined by its role within the larger
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molecular context (198).  The extent of module versus receptor robustness could be

one such top-down dictated selection pressure that could be varied through neutral drift

(see chapter 4), but does not explain why only a few recurrent GNRA-receptor modules

result for neutral drift.

Herein, we explore the feasibility neutral drift among GNRA receptors through

the characterization of an expansive fitness landscape, aiming to deduce features of

natural GNRA-LRIs which could explain their recurrence over other receptors within

the sequence sapce. Using a self-assembling tectoRNA scaffold (68, 75, 76), we have

performed a novel selection for GNRA tetraloop receptors.  The selection consisted of

five GNRA lineages, each of which selected receptors targeting binding of a different

GNRA sequence signature. These lineages resulted in a population of diverse receptor

sequences comprising five distinct receptor classes. The fitness landscape was created

using rationally designed intermediates establish pathways among the selected and

natural receptors through single nucleotide variation of receptors. Through the

generation of this GNRA-receptor fitness landscape, we provide evidence for a top-

down selection pressure that may favor the occurrence of GNRA-LRIs commonly found

in nature.  These findings have implications for RNA molecular evolution, and present

design principle to be considered during the rational design RNA molecules for

synthetic biology and RNA nanotechnology.

5.3 Results

5.3.1 In-vitro selection and characterization of GNRA receptors

A tectoRNA dimer system (68, 75, 76) was used as the scaffold to select for

novel GNRA tetraloop receptors. Each tectoRNA monomer was designed to fold into
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a hairpin structure.  Each monomer contained a GNRA receptor region within the

hairpin stem, as well was a terminal GNRA tetraoop (Figure 5.1a).  Assembly between

two tectoRNA monomers is able to occur though the formation of two GNRA-LRIs

(Figure 5.1a,b) (68, 120).  In the case of our selection scaffold, only one of the two

Figure 5.1: TectoRNA dimer system used for in vitro selection and receptor
characterization. (a) “Library” tectoRNAs contained the random libraries used
for selection.  The selection library can be replaced with a specific receptor for
purposes of receptor characterization.  These tectoRNAs are termed “target”
tectoRNAs.  “Probe” tectoRNAs contained different tetraloop sequence and were
used to apply selection pressures or for purposes of receptor characterization.
The formation of an additional anchor GNRA-LRI between the probe and
library/target hairpin facilitates heterodimer assembly as seen in (b) (PDB_ID:
2JYJ). (c) Six random libraries were used during the selection.  Each library
differed in the number of nucleotides present in strand A and strand B.  Outside
of the randomize region, all library receptors contains two conserved CG bps
closing stem A in the a-minor region, and an AU bp closing stem B.



1 0 8

GNRA-LRIs was directly used for the purpose of selection.  The second GNRA-LRI was

used as a high-affinity anchor between the tectoRNA monomers (Figure 5.1a).

Two different sets of tectoRNA monomers were used to perform the receptor

selection (Figure 5.1a). One set of monomers, termed “library tectoRNAs”, contained

the randomized receptor library to be subjected to selection. Each of these library

hairpins was capped with a GAAA tetraloop.  The GAAA loop was used as part of the

anchor interaction to facilitate dimerization.  The second set of monomers was termed

“probe tectoRNAs” (Figure 5.1a).  Each of the probe RNAs used in the selection

contained an internal 11nt motif receptor and a terminal GNRA tetraloop.  Eight

different probes sequences were synthesized.  Seven of these probes contained a

different GNRA loop sequence (excluding GAAA), while the eighth contained a

UUCG tetraloop. The different tetraloop probes were used to apply selection pressures

to the receptor library for binding a specific tetraloop sequence signature (Figure 5.1c).

The 11nt motif present within the helical stem of probe RNAs facilitated anchor GNRA-

LRI formation through a GAAA-11nt motif interaction (Figure 5.1a).  This loop-

receptor pair was chosen for use in the anchor due to the high specificity and affinity

exhibited by the 11nt motif for only GAAA loops (68, 99).  Because the anchor

interaction utilized a GAAA loop, binding of GAAA loops could not be selected for.

A similar tectoRNA selection scaffold had been used previously to select for

receptors able to bind GGAA tetraloops (68).  The design of the current selection

scaffold differed from the one used previously in two notable ways.  First, the current

selection specifies the presence of two CG base pairs within stem A, directly adjacent

to the randomized receptor region of the library hairpins (Figure 5.1c).  These two base
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pairs facilitate the intermolecular a-minor interaction that is observed in known GNRA-

receptor interactions. Second, the design of the randomized library differed from the

previous selection. In the present study, a total of six different libraries were used to

perform the current selection (Figure 5.1c).  These libraries ranged in total size from

six to nine random nucleotides.  Each of the six libraries differed in the distribution of

randomized positions within strand A and strand B of the receptor.  The previous

GNRA selection performed using a tectoRNA scaffold utilized a single library

containing 17 randomized nucleotides (8nt in strand A and 9 nts on strand B).

Six rounds of selection were performed.  Each round consisted of a negative

and a positive selection step (Figure 5.2a).  The negative selections performed during

early rounds removed sequences able to assemble as homodimers in the absence of a

target molecule. This removed any receptor with a strong affinity for GAAA tetraloops.

During the first round of selection, sequences were selected for the ability to bind any

GNRA or UNCG tetraloop sequence.  After the first round, multiple lineages diverged

to select receptors specific for binding a more stringent GNRA sequence signature

(Figure 5.2b).  During the second round, the selection branched into three lineages that

selected receptors based on their ability to bind GRRA, GYRA, or any GNRA/UNCG

loop sequence.  Ultimately, lineages diverge to select for six tetraloop sequence

signatures: GUAA, GGAA, GGGA, GNAA, GNGA and UNCG.  After the final round

of selection approximately 40 sequences from each pool of selection winners were

sequenced.
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Following the selection, additional characterization of the sequenced receptors

was performed. The same probe RNAs used during the selection were used for

subsequent receptor characterization.  By assessing the ability of target hairpins to bind

each GNRA probe, the relative affinity of each receptor-GNRA interaction could be

determined, and the GNRA specificity of each individual receptor could be assessed.

To characterize GAAA binding, additional tectoRNA sets were designed that utilized

either a GGAA-R1 or GUAA-R5.16 anchor interaction.

To characterize receptors for their GNRA affinity, target and probe tectoRNAs

were incubated at equimolar concentrations in the presence of 15mM Mg(OAc)2.  The

Figure 5.2: Detailed outline of in vitro selection scheme for tetraloop
receptors. (a) Systematic process of each selection round, beginning with PCR
and transcription of library RNAs. (b) Six different receptor lineages were
established over the course of 6 rounds of selection.  Selection steps targeting
broad GNRA sequence signatures were conducted by the addition of multiple
probe tectoRNAs containing different GNRA sequences. Concentrations of the
target pool and probe tectoRNAs for each selection step are indicated.
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extent of tectoRNA assembly was determined by electrophoretic mobility using native

polyacrylamide gel electrophoresis (PAGE) (68). Apparent equilibrium dissociation

constants (Kd) for each receptor-GNRA interaction were determined by examining the

extent of target-probe assembly over a range of concentrations.  The activity of

individual GNRA-LRIs is reported in terms of G with respect to a 4000nM Kd

reference at 10oC.  This Kd reference value correlates to a three orders of magnitude

decrease in affinity compared to the interaction between the 11nt motif receptor and a

GAAA tetraloop, within a tectoRNA context (68). This Kd reference established an

activity threshold in terms of loop-receptor binding. Interactions that displayed

reduced affinity with respect of this reference (G > 0, at 10oC) are considered to be

inactive.  Receptors that did not bind any GNRA loop with a Kd below 40M (+1.3

kcal/mol G, at 10oC) were considered dead receptors.

5.3.2 The multiple GNRA selection lineages yield significant receptor sequence

variation.

Following the final round of selection a total of 206 GNRA receptors were

sequenced (Tables 8.11 and 8.12).  The lineage to select receptors for UNCG tetraloop

binding did not produce any fit receptors after six rounds of selection.  Among the 206

sequence obtained from the GNRA selection winners, 59 unique sequences were

identified (Table 8.11).  Ten of these unique sequences (Class R0) displayed no GNRA

binding in subsequent characterizations.  These “dead” receptors represent less than

seven percent of the receptors sequenced, and will largely be excluded from further

discussion.  This results in a total of 192 sequenced receptors that displayed some extent

of GNRA binding. The 49 functional, unique receptors are quite diverse in their
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primary sequences.  An average Hamming distance of 5.8 separates these 49 receptor

sequences (Table 8.13).

The GGAA selection pool produced the greatest number of unique receptor

sequences compared to the other selection lineages (Figure 5.3).  Twenty-one unique

receptors were identified among the 40 GGAA selection winners sequenced.  The most

recurrent individual sequence from this pool was receptor R4.1, which occurred 8

times. However, eight of the twenty-one receptors obtained from the GGAA selection

occurred multiple times during sequencing. The GGGA lineage resulted in the least

sequence diversity of selected receptors, as only seven different receptors were

obtained from sequencing forty-one molecules of the GGGA pool.  The GGGA

selection strongly favored the receptor sequence R2.64, which appeared twenty-five

times. R2.64 was the most recurrent receptor sequence obtained for the entire selection.

The R2.64 sequence was selected in four different lineages (GGAA, GNAA, GGGA,

GNGA), and represents 38 of the 206 total molecules sequenced (18.4% of sequenced

molecules).  The GUAA lineage produced eleven unique active receptors among forty-

one sequenced molecules. The receptor R5.58 was the most recurrent among this pool,

appearing fifteen times.

The two other GNRA lineages targeted more general GNRA sequence

signatures.  The GNAA lineage resulted in seventeen different active receptors among

the forty-two molecules sequenced (Figure 5.3).  The majority of these receptors (10

of 17) also resulted from selection lineages for GUAA, GGAA or GGGA receptors.

Interestingly, GGAA and GGGA binders dominate the receptors obtained from the

GNAA lineage (Figure 5.3a).  Nine of the receptors resulting from the GNAA selection
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were also present in the pool of GGAA winners. Of the 18 unique receptors obtained

from the GNAA pool able to bind a GNRA tetraloop, 17 of these sequences

preferentially bind a GGRA loop. The only receptor that was obtained from the GNAA

pool that favored a GYRA loop was R5.58.  The GNGA selection resulted in eleven

different, active receptors sequences.  Again, tetraloops with a purine at the second

position were favored. Not a single receptor was identified from the GNGA winners

that preferentially bound a GYGA tetraloop.

Figure 5.3: Occurrences of unique receptor sequences resulting each
selection lineage. 59 unique sequences emerged from 209 sequenced receptors
following the selection.  Approximately 40 receptors were sequence from each
GNRA lineage.  A Venn diagram illustrates the lineage(s) from which a given
receptor sequence was selected.  The red number below each receptor name
indicates the total number of times the receptor was sequenced across all lineages.
(a) Primary GNRA binding phenotypes and (b) receptor classes (determined by
phenotype and sequence/structure similarities, see section 5.3.3) are indicated for
each receptor. Receptor sequences can be found in figure 5.4 or table 8.11
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5.3.3 Genotype/phenotype analysis reveals both novel and previously characterized

receptor classes

The receptors resulting from in-vitro selection were classified based on their

primary sequence, predicted secondary structure and GNRA affinity/specificity.  In

total, the 49 functional receptor sequences were characterized as belonging to five

different receptor classes (Figure 5.3b and Figure 5.4).  Class R1 and class R2

receptors have been selected and described in previous experiments by Geary et al.

(68).  Class R1 receptors are characterized by their strong preference for GGAA

tetraloops.  Four receptors were obtained from the current selection that belong to class

R1. Receptor R1, the GGAA receptor previously selected by Geary and coworkers (68),

was also obtained from this current selection.  All four of the class R1 receptors selected

here are related by variation at a single nucleotide position.  These receptors are defined

by the sequence signature 5’CCUGUN(0,1)G…AUCUGG3’.

Class R2 receptors are generally defined by the presence of an additional

Watson-Crick base pair (WC bp) that extends stem A below the conserved CG bps in

the a-minor region, coupled with a preference for GGRA tetraloops (Figure 5.1a and

Figure 5.4). In most instances this additional WC bp is a CG pair, although two class

R2 receptors were selected that contained a UA or UG base pair in this position (Figure

5.4).  Receptor R2.28 lacks the third WC pair in the a-minor region, but was classified

among class R2 due to similarities in primary sequence and GNRA preference. While

class R2 receptors favor binding of GGRA tetraloops, these receptors also display the

ability to accommodate multiple other GNRA loops, tending to bind any GNRA

sequence with an affinity stronger than the 4M Kd activity threshold (Figure 5.4 and

Table 8.14).  Receptor R2.7b was the only receptor designated as class R2 that does
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not prefer a GGRA loop sequence.  R2.7b shows preference for GYAA loops, but still

remains active for GGRA sequence.  The receptor R2 resulting from the selection by

Geary et al. was not among the molecules sequenced here (68).  However, the current

Figure 5.4:  Classification of selected GNRA receptors. Five receptor classes
were defined base on GNRA preference (phenotype) and sequence/structure
similarities.  An overlay of the GNRA binding profiles of receptors is shown
within each class.  The color of each specificity profile corresponds that
receptor’s phenotype (blue = GGAA; light blue = GGGA; red = GUAA; orange
= GUGA; pink = GAGA).  The binding profile of each individual receptor is
given under its 2D structure.  White boxes indicate the loop-receptor pair was not
tested.  Select receptors were assessed for GAAA binding.  However, GAAA
binding is not indicated on the plot overlays as it was not used during receptor
classification.  All affinities are reported in terms of G in reference to the 4M
Kd activity threshold, at 10oC.
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selection produced a similar receptor, R2.94b, which differs from R2 by a single

nucleotide mutation within its internal loop and a difference in the base pair closing the

receptor in stem B. Class R2 was divided into 3 subclasses (R2a, R2b, R2c), dictated

by the number of nucleotides present receptor strands A and B.

Class R3 is the first of the novel classes of GNRA receptors that are defined

here.  Class R3 receptors display a fair degree of diversity in terms of GNRA specificity

(Figure 5.4).  However, each class R3 sequence preferentially binds two GRRA

tetraloops over other GNRA sequences.  Sequence comparison of class R3 receptors

reveals that all four contain a C:C mismatch immediately adjacent to stem A.  This class

conforms to the sequence signature 5’CCCUKCC(/c)… MWR(/c)CGG3’ (where K

= G or U, M = A or C, and W = A or U).

Class R4 is a second novel class of receptors that preferentially bind GGRA

tetraloop sequences. In this respect they are similar to class R2 and class R3 receptors.

However, the class R4 receptors lack the third WC bp in the a-minor region that is

observed in class R2 receptors and do not appear as tolerable for non-GGRA loops

(Figure 5.4).  Class R4 is differentiated from R3 receptors by their large differences in

primary sequence.  Class R4 and R3 receptor sequences differ by an average Hamming

distance of nearly 6.7 (Table 8.13).  In fact, the R4 receptor class is statistically further

removed from the other selected sequences than any other class of receptor.  Receptor

R4.11 is the most distant from all other selected receptors, determined by its average

Hamming distance from the other functional selected receptors. Class R4 also shows

the greatest sequence diversity among receptors within a single class (Tables 8.11 and

8.13).  Despite the diversity within class R4, two sequence elements seem to be
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conserved in all R4 selected receptors.  Each contains a U:Y mismatch immediately

below the stem A closing base pair (Figure 5.4). In addition, all R4 receptors contain

two consecutive adenines within strand B.  Class R4 can be divided into three

subclasses based on the size of the receptor’s internal loop.  Within these three

subclasses, class R4b is the least tolerant of non-GGRA tetraloops, whereas class R4c

receptors displays the strongest GGRA binding affinities.

Class R5 is the only class of receptors from this selection that do not generally

favor GGRA tetraloops.  Two criteria were used to define receptors of class R5.  First

is a preference for GURA tetraloops (Figure 5.4).  This preference for binding a GUAA

or GUGA loop is shared by all but three receptors within the class.  Second, nearly all

class R5 sequences appear able to fold in to a structure similar to the double-locked

bugle (2x_bulge) motif observed in ribosomal tri-loop receptors (11).  The 2x_bulge-

like structure is defined by formation of WC bps within the receptor’s internal loop,

resulting in formation of two bulges, in opposite receptor strands, and on opposite sides

of the WC bps (Figure 5.4). A 2x_bulge-like structure is characteristic of a motif

present within bacterial and ribosomal RNAs that functions as a binding site for

ribosomal protein S8 (199, 200), and has recently been shown to be capable of binding

GNRA tetraloops in vitro (Calkins et al. In Preparation). Only receptor R5.16 appears

unable to achieve this 2x_bulge-like structure, but was classified within R5 due to its

strong GURA loop preference.

Five subclasses were distinguished among class R5 receptors. Subclasses R5a,

5b and 5c are characterized by different structural features such as the number of CG

WC bps in the a-minor region, and the number and identity of nucleotides composing
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the bulges within the 2x_bulge-like structure (Figure 5.4). Class R5d is populated by

the structurally distinct receptor R5.16 (Figure 5.4).  The fifth subclass, R5e, is

composed of three receptors R5.4, R5.8 and R5.21.  These sequences are differentiated

from other 2x_bulge-like receptors due to their preference for GGAA tetraloops

(Figure 5.4).

5.3.4 Creation of a fitness landscape by maximizing local mutational pathways

The large degree of sequence diversity observed in these selected GNRA

receptors indicates that nature utilizes a very small subset of the functional sequence

space. The average Hamming distance between the 11nt motif, RIC3, RVc2, and the

closest possible helical sequence to each is only slightly greater than 3.  This is

significantly smaller than the average Hamming distance of 5.8 observed between

receptors resulting from the current selection.  The degree of phenotypic diversity

observed in natural GNRA-LRIs is also significantly reduced compare to what selected

receptors suggest is possible (Figure 5.4).  For a small number of recurrent GNRA-

LRIs to have resulted through neutral drift of a theoretically diverse initial population

of modules, the genotype/phenotype landscape associated to these GNRA-LRIs must be

easily traversable.

A network of pathways composed of point mutations and single nucleotide

insertions/deletions (in/del) was designed to determine the accessibility of the receptor

sequence space. The network included the 49 functional receptors obtained from the

current selection, as well as 6 receptor sequences resulting from previous GNRA

receptor selections (68, 99).  An additional 10 naturally occurring receptors (11nt motif,
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RIC3, RVc2 and 7 helical sequences) were added, bringing the number of initial

receptor nodes to 65.

The network of single nucleotide changes within the sequence space was

designed in a stepwise fashion.  Initial pathways aimed to maximize local connections

among closely related receptors (Figure 5.5). Intermediate receptors were rationally

designed to examine one pathway between any pair of selected and/or natural receptors

separated by a Hamming distance of 3 or less. Only 4 connections between pairs of

receptors fitting this criterion were not tested.  To connect more distant receptors

classes RVc2, R3 and R4, select pathways consisting of 4 mutations were needed.

Receptor B7.8b (Class RS8) was the most distant node from any other selected/natural

receptor.  A pathway consisting of 5 intermediate receptors was needed to connect

B7.8b to another selected receptor. Connections between neighboring receptors within

the network were deemed to be active if both receptors bound a common GNRA

tetraloop with a Kd below the 4M activity threshold (G < 0, at 10oC). Neighboring

receptors that displayed active binding, but not for a common GNRA loop, would

require double mutations (one to the receptor, one to the loop) and thus were deemed

inactive pathways.

This minimal network was unable to connect all selected and natural receptor

through active pathways (Figure 5.5). Four selected receptors within the network,

R2.28, R2.35, R5.13, and R5.33, did not display binding affinities for any GNRA loop

stronger than the 4M Kd threshold (Figure 5.4), resulting in these four selected

receptors being unable to be connected to the remainder of the network.  However,
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Figure 5.5: Minimal mutation network maximizing local connections
between selected receptors. Caption continued on the following page.
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single nucleotide variations of each of these four receptors are active GNRA binders

(Figure 5.5), indicating that the sequence space immediately surrounding these

inactive selected receptors is accessible. Individual receptors R5.16, R5.34, B7.8b and

hGygA.a displayed active GNRA binding, but remained unconnected from any other

selected or natural receptors within the network (Figure 5.5).  A cluster of class R5b

receptor (R5.12, R5.12b and R5.14) also remained isolated from the network at large,

although active connection were observed between the three individual receptors.

Interestingly, the only other active class R5b receptor, R5.34, also remained

unconnected from the network.

5.3.5 Observed GNRA phenotypes in an expanded receptor network

Additional pathways within the receptor sequence space were added in an

attempt to connect isolated classes, generate shorter connections between distant

regions of the minimal network, and generally explore the degree to which the GNRA-

receptor landscape is accessible (Figure 5.6). Typically, designed intermediates

maintained the observed phenotype, defined by GNRA preference, of the most closely

related selected receptor.  It is likely that the boundaries between neighboring

Figure 5.5 (continued): Minimal mutation network maximizing local
connections between selected receptors. Rationally designed intermediate
receptors were characterize to connect selected and natural GNRA receptors
across the sequence space.  Pathways were established between nearly all
receptors separated by a Hamming distance of 3 or less. Longer pathways were
implemented when need to join otherwise unconnected receptors to the network.
“Inactive” receptors did not bind any GNRA loops below the 4 M Kd activity
threshold.  “Dead” receptors display no GNRA binding with a Kd below 40 M.
An active connection was established between neighboring receptors if both
receptors displayed active binding for a common GNRA loop. Receptor classes
associated to selected and natural receptors are indicated on the network.
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Figure 5.6: Examination of an expanded receptor fitness landscape.
Additional rationally designed receptors were added to the mutational network
to further explore the genotype/phenotype landscape.  The landscape background
indicates the preferred GNRA loop bound by each receptor.  The affinity of each
receptor for its preferred GNRA loop is indicated by the color of the receptor
node.  The relative affinities of neighboring receptors for a common GNRA loop
is used to determine the energy associated to the optimal pathway between those
receptors. See figures 8.1-8.7 for landscapes attributed to individual tetraloops.
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phenotype regions are indicative of significant structural changes between the receptors

at the interface (see section 4.3.7).  Some portions of the receptor landscape are

noticeably more accessible than others, and specific regions differ in their accessibility

to different GNRA loops sequences (Figures 8.1-8.7).  For instance, areas of the

sequence space corresponding to class R2 and subclass R5a, R5c, and R5e receptors

are substantially more accessible than regions corresponding to class R4, R1 and R11nt

receptors (Figure 5.7 and Figure 5.8).

Very few instances occur where a significant change in receptor phenotype is

required to bridge two selected receptors residing in the same receptor class.  Some

receptor classes are defined by broader GNRA preferences than others, such as the

GGRA preference observed among class R2 and R4 receptors, and the GRRA

preference defining class R3 receptors.  Designed intermediates between selected

receptors within these classes tend to display minor fluctuations in GNRA binding

phenotype, but generally stay true to the sequence signature defining their respective

class (Figure 5.6).  However, intermediates between class R5 receptors display an

unusually large number of phenotypic transitions compared to other areas of the

landscape.  While selected receptors within classes R5a, R5b and R5c all exhibit GURA

phenotypes, any active connection from R5a to either R5b or R5c requires an

intermediate that displays a GGAA binding phenotype (Figure 5.6). This is consistent

with the previous investigation of R5.58 robustness, which indicated that a changes in

receptor phenotype arising from mutation of R5.58 most often resulted in a GGAA

loop preference (see section 4.3.4).  This switch to GGAA loop preference was often

associated with mutation of the CG base pair of R5.58 that closes stem A. Interestingly,
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Figure 5.7: Detailed view of a fitness landscape between classes R2 and R5.
One possible mutational pathway from class R2 to class R5.  The pathway is
composed of single nucleotide variations and is fairly easily traversable through
binding of numerous GNRA tetraloop sequences. Connections between
individual tiles of the landscape are shaded. Selected receptors display colored
borders (pink = class R2, green = class R5). The red dashed line at G = 0
corresponds to the 4 M Kd activity threshold. All G values are calculated at
10oC.
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moving within the sequence space between classes R5a, R5b and R5c requires mutation

or deletion of this base pair.

However, the GGAA binding receptors R5.4 and R5.8 of class R5e contain 3

CG bps closing stem A, akin to the receptors of class R5a.  This suggests that the

difference in phenotype between class R5a and R5e receptor originates from structural

differences elsewhere in the receptor. Working under this assumption, it is possible that

Figure 5.8: Detailed view of a fitness landscape between classes R4 and R1.
One possible mutational pathway from class R4 to class R1, traversing through
the 11nt motif. The pathway is composed of single nucleotide variations and is
fairly rugged with respect to active GNRA binding. Connections between
individual tiles of the landscape are shaded. Selected and natural receptors
display colored borders (blue = class R1, orange = class R4, cyan = class R11nt,
natural = green). All G values are calculated in reference to the 4 M Kd
activity threshold, at 10OC.
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class R5e receptors may not assume a 2x_bulge-like structure as is proposed for other

R5 receptors that display a GURA phenotype. Alternative secondary structures are

possible for R5.4, R5.8 and R5.21 that extend stem B by a WC or GU wobble base pair,

resulting in a 6 nucleotide, symmetrical internal loop structure (Figure 5.9). These

alternative folds produce nearly identical receptors structures, which differ only in the

base pair that closes stem B. This structurally distinct fold could explain their difference

in GNRA preference compared to the remainder of class R5 receptors.

Figure 5.9: Possible alternative structures of class R5e receptors. The three
selected receptors populating class R5e were proposed to fold into the locked
bulge structure characteristic of class R5 receptors.  However, a symmetrical
internal loop structure is a possible alternative fold and may explain their lack of
a GURA tetraloop preference observed in other class R5 receptors..
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5.3.6 Point mutation vs. insertion/deletion variation does not significantly alter the

probability of phenotypic changes.

The nature of connections between neighboring receptors was examined to

determine if either point mutation or insertion/deletion (in/del) events were more likely

to result in phenotype changes or losses in receptor activity (Figure 8.8).  A total of

389 connections exist within the expanded receptor network, of which 307 are active

pathways.  Nearly two-thirds of all connections in the network are established through

point mutations, while remaining connection are made by in/del.  Interestingly, whether

a connection is the result of a point mutation or in/del has essentially no impact on the

percent of those connections resulting in a change of receptor phenotype (Table 5.1).

Table 5.1: Effects of point mutation and insertion/deletion within the
expanded receptor landscape. All possible connections within the network
were assessed for their effect on receptor phenotype and changes in activity.
Phenotypes are defined by the GNRA loop preferred by a given receptor.  Active
connections require neighboring receptors to bind a common GNRA loop with a
Kd stronger than 4 M. Dead receptors displayed no GNRA affinities with a Kd

below 40 M.
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There is also essentially no difference in the percent that result dead receptors.  In

instances where a point mutation or an in/del results in a receptor with the same

observed GNRA phenotype, the connection between the receptors is active

approximately 92% of the time.  The only significant difference observed among

connections resulting from mutation versus in/del applies to the proportion of

connections that are active between receptors displaying different GNRA phenotypes.

In these cases, connections established by point mutation were active 68.9% of the

time.  This number dips to 55.6% if the connection is a result of an insertion or deletion.

5.3.7 Isolated islands are rare within the expanded receptor landscape.

Pathways that contained more than the theoretical minimum of intermediates,

as defined by Hamming distance, were required to establish active connections between

some selected receptors within the landscape.  Such was the case to connect the R5b

cluster of receptors R5.12, R5.12b and R5.14 to the remainder of the network. Receptor

B7.8b was another receptor initially seen as an island in the minimal network (Figure

5.5).  Although the shortest possible pathway from B7.8b to R4.3 was inactive,

subsequent characterization of the landscape identified two slightly longer pathways

able to connect B7.8b with the selected receptor R5.58 quite easily (Figure 5.6).

Interestingly, both B7.8b and R5.58 are predicted to assume the 2x_bulge-like

structure, while R4.3 is not.

The relative fitness of parallel pathways with differing lengths was examined

in detail within the sequence space between R5.16 and R4.3. R5.16 was originally

observed to be an island in the minimal mutational network (Figure 5.5). A Hamming

distance of 3 separates the primary sequences of receptors R5.16 and R4.3, requiring a
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minimum of two intermediates to cross the sequence space. All the pathways

consisting of the fewest number of intermediates between R5.16 and R4.3 were

characterized (Figure 5.10a).  These shortest possible pathways were designed through

one insertion, one deletion, and one point mutation event. None of these theoretically

shortest pathways between R5.16 and R4.3 form a continuously active connection able

to bridge the sequence space.  Five of the six pathways contain at least one inactive

receptor.  Only one pathway was composed of entirely active receptors, but contained

a single inactive connection due to a drastic change in receptor phenotype.

Figure 5.10: Extensive characterization of the sequence space between R5.16
and R4.3. All possible pathways consisting of (a) the fewest number of
intermediate receptors, and (b) the fewest number of point mutations were
characterized between R5.16 and R4.3.  The shortest possible pathways in (a)
contain 2 intermediate receptors, while pathways consisting of only point
mutation in (b) require 3 intermediates.  The GNRA binding profile is provide
for each receptor assayed and connections between neighboring receptors are
indicated as active or inactive.  All G values are calculated with respect to the
4 M Kd activity threshold, at 10OC.
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Slightly longer pathways can be established though only point mutations, which

contain one extra intermediate receptor compared to the theoretical minimum (Figure

5.10b). All the pathways consisting of the minimal number of point mutation events

results in 24 possible pathways between R5.16 and R4.3. While all of the shortest

possible (2 intermediate) pathways were inactive, 8 of 24 pathways composed of four

point mutations (3 intermediates) were active.  Unlike the case where most 2-

intermediate paths were impeded by inactive receptors, the large fraction of inactive

paths among the 3-intermedaite pathways was mostly a result of dramatic changes in

phenotype by neighboring receptors. 12 of the 14 designed intermediates required to

search the entire 4-mutation sequence space were active GNRA binders.

The extensive characterization of a specific area within the sequence space

further illustrates that different local neighborhoods of the sequence space can have

significant differences in accessibility.  44 total connections exist among the 2- and 3-

Table 5.2: Effect of point mutation and insertion/deletion between R5.16 and
R4.3. The effect of mutation versus insertion/deletion was examined for all
pathway displayed in figure 5.10.  Phenotypes are defined by the GNRA loop
preferred by a given receptor.  Active connections require neighboring receptors
to bind a common GNRA loop with a Kd below 4M.
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intermediate pathways examined between R5.16 and R4.3.  Only 52.5% of these

connections are active (Table 5.2).  This is a significant decrease from the nearly 80%

of connections observed to be active across the entire network (Table 5.1). Insertion

and deletion events characterized between R5.16 and R4.3 result is a substantial

decrease in active connections, and an increase in observed changes to receptor

phenotype, in comparison to connections established by point mutations.  It is apparent

that different types of receptor variation (mutation/insertion/deletion) may have

variable influences depending on the area of sequence space in which they occur.

Receptor R5.34 remained the only active receptor island within the expand

receptor landscape.  Six possible single variants of R5.34 were characterized in an

attempt to find an active connection to the surrounding sequence space (Figure 5.11).

Two of these variants, R5.21b and 5.34b3, resulted in completely dead receptors.  An

additional two variants, R5.34c and R5.34d, were inactive receptors.  The remaining

two receptors, R5.34b and R5.34b2, displayed active GNRA binding, but did not a

common GNRA loop with R5.34. However this characterization of pathways

originating from R5.34 was by no means exhaustive.  Five selected receptors are

separated from R5.34 by a Hamming distance of 3 or less.  Thirty-eight possible

pathways exist which could theoretically connect R5.34 to one of these five selected

receptors through a pathway of minimal length.  The characterization of designed

intermediates within the sequence space surrounding R5.34 indicates that 21 of these

pathways would be inactive. However, this still leaves nearly half of the shortest

pathways uncharacterized.  Given that a pathway slightly longer than the theoretically

shortest was needed to connect R5.16 to another selected receptor, this greatly increases
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the likelihood that R5.34 can be connected to the remained of the receptor network.

Considering the general accessibility of the network, it seems unlikely that one of the

seventy-four possible R5.34 variants resulting from a single insertion, deletion, or point

mutation could not establish an active pathway connecting R5.34 to another selected

receptor in the landscape.

5.3.8 Natural receptors are quickly accessible from any region of the sequence

space.

The sequence space between all naturally derived receptors within the

landscape is easily traversed by relatively few mutations (Figure 5.12).  The 11nt motif

can be reached from RIC3, RVc2 and the helical receptor hGYAA.h through no more

Figure 5.11: Fitness landscape surrounding R5.34. The pathway in composed
of receptors that exhibit single nucleotide variations along the path. All receptors
are within a Hamming distance of 2 from R5.34. Black lines below the secondary
structures indicate receptors within the pathway that are connected by a single
mutation or in/del.  GNRA affinities are indicated by color lines. All G values
are calculated with respect to the 4 M Kd activity threshold, at 10OC.
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than three intermediates. Between these four naturally occurring sequences, RVc2 and

hGYAA.h are the most distant in our network.  These two receptors are separated by

six intermediates, and the shortest network pathway between them requires travel

through RIC3.  From hGYAA.h five other helical receptor can be reached with no more

than a single intermediate between the helical sequences.

The natural receptors are also accessible from any of the five receptor classes

that resulted from the current in vitro selection (Figure 5.12).  The shortest connections

from selected to natural receptors originate from classes R2, R4 and R5.  Receptors

R2.64b, R4.3, and R5.58 are each only three mutation from a natural receptor.

Interestingly, each of the pathway originating from R2.64b, R4.3, and R5.58 terminate

at a different naturally occurring sequence: RIC3, R11nt and hGYAA.b, respectively.

Four and five mutations are required within the network to reach a naturally occurring

sequence from a selected receptor within classes R1 and R3, respectively.

The relative ease with which individual receptor classes can be navigated results

in active pathways from naturally occurring receptors to every active selected receptor

other than the island, R5.34.  Pathways originating within classes R1, R3 and R4 each

funnel through a single selected receptor (R1, R3.77, R4.2) to reach the closest

naturally occurring sequence. Despite the relatively rugged landscape of class R5, all

receptors other than R5.16 funnel through R5.58 to reach a natural receptor by the

shortest, active pathway.  R5.16, disconnected from the rest of class R5, must traverse

through R4.3.  The large size of class R2 results in different pathways of shortest length,

depending on the position of the selected receptor in the sequence space.  However, all

of the shortest pathways originating form class R2 terminate at RIC3.
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Figure 5.12: Fitness landscape between natural receptors and selected
receptor classes. Caption continued on the following page.
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The observation that the 11nt motif, RIC3, and RVc2 all bind GAAA loop

sequence may help to facilitate neutral drift both to and among these three receptors.

Although many different GNRA phenotypes are observed throughout the receptor

landscape, the majority of receptors assayed for GAAA binding displayed active

affinities for the GAAA loop (Figure 5.13). The characterization of GAAA binding

was not performed for all network receptors, however individual receptors within

selected classes R1, R2a-b, R4a-c, R5a, R5c-e, and RS8 are capable of binding GAAA

loops (Figure 5.13).  Active pathways originating from classes R1, R2 and R4 can

reach the natural occurring receptors through binding of only GAAA loops. A potential

pathway linking class R5, through R2, contained only a single receptor that was

inactive for GAAA binding, suggesting that a GAAA pathway could likely to exist

through closely related intermediate receptors.  An active GAAA pathway also exists

between the natural receptors RIC3, RVc2 and the 11nt motif, allowing for drift among

these sequences that does not require a change in GNRA loop sequence.

Figure 5.12 (continued): Fitness landscape between natural receptors and
selected receptor classes. The landscapes provide a detailed view of pathways
that could potentially facilitate neutral drift from any receptor class to naturally
occurring GNRA receptors.  These pathways constitute the shortest active
connections from a specific class to a naturally occurring sequence.  Natural
receptors are outlined in dark green.  Rationally designed intermediates are
outlined in black.  All other outline colors indicate specific receptor classes, while
selected receptors are outlined in other colors.  At least one receptor from each
selected class is present and allow access to the other selected sequences within
that class.  Connections between individual tiles of the landscape are shaded. All
G values are calculated with respect to the 4M Kd activity threshold, at 10OC.
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Figure 5.13: Accessibility of the sequence space through GAAA tetraloop
binding. Specific receptors were assayed to determine their affinity GAAA
tetraloops. At least one receptor from every receptor subclass was assayed. The
relative free energy associated to connections was determined by the weakest
GAAA affinity between neighboring receptors.  Receptor nodes left white where
not tested.  Thin, black connections indicate single nucleotide variations that
were not assessed for GAAA binding.  Receptor classes associated to selected
and natural receptors are indicated on the network. All G values are calculated
with respect to the 4 M Kd activity threshold, at 10OC.
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5.3.9 G/C content may provide selection pressure towards naturally occurring

receptors

While the accessibility of the receptor sequence space suggests that neutral drift

could occur, a selection pressure is needed that could drive receptors towards the small

set of recurrent sequence observed in nature. Previously, we have explored the

possibility that a mutational robustness for maintaining GNRA-LRI assembly could be

this driving force (see Chapter 4), however, the 11nt motif is appears to result in less

robust modules than either R5.58 or R1 for maintaining the ability to assemble the

GNRA-LRI in the face of mutation.  However, studies that examined the ability to

attenuate GNRA-LRIs through pseudoknot formation reported a correlation between the

G/C content of a GNRA receptor and the degree to which it could be attenuated (190).

Examination of the receptor sequence space indicated a vast range in the

number of unpaired guanine and cytosine nucleotides within landscape receptors

(Figure 5.14).  Any guanine or cytosine involved in a WC or GU wobble pair that

extended stem A or stem B were considered paired. G and C nucleotides predicted to

form internal WC pairs that were not adjacent to either of the flanking helical regions

were considered unpaired.  Noticeably, all naturally occurring receptors have no

unpaired guanine or cytosine bases internal to the receptor, and intermediate receptors

required to drift between them displayed no more than a single unpaired G or C.

The extent of unpaired G/C content rises significantly outside of this local

region associated to natural receptor sequence space.  Only 8 of 55 landscape receptors

resulting from in vitro selection display an unpaired G/C content of 2 or less.   Receptor

R3.30 is the most G/C rich selected receptor, with unpaired Gs and Cs totaling 7. It is

not surprising that receptors resulting from in vitro selection display significant
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Figure 5.14: Unpaired G/C content of receptors within the landscape. Any
guanine and cytosine bases involved in a GC or GU base pairs that extended
either stem A or stem B were considered paired.  Any other G or C base was
counted as unpaired.  Node color indicates the total number of unpaired G and C
within that receptor.  Black connections indicate single nuceltide variation.
Receptor classes associated to selected and natural receptors are indicated on the
network.
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quantities of internal guanine and cytosine.  Each randomized position in the initial

library had an equal probability of being any of the four nucleotides, and there is no

obvious pressure during the selection that would disfavor incorporation of guanine or

cytosine.  What does appear significant, however, is the clear discrimination against

unpaired Gs and Cs within natural GNRA receptors.

5.4 Discussion

Analysis of the GNRA-LRI fitness landscape, comprised of nearly 400

connections through single nucleotide variations among receptors, reveals neutral drift

among GNRA receptors is quite feasible. The possibility that a population of assorted

receptors could traverse through the sequence space to a neighborhood containing

naturally observed genotypes is likely to be facilitated by the large degree of

accessibility observed within local regions (receptors classes) of the landscape (201).

The ability of a genotype to undergo neutral drift while maintaining a consistent

phenotype increases the likely hood of accessing additional phenotypes and regions of

the sequence space (202). The observation that receptors classes such as R2 and R5 are

highly plastic, defined by an ability to bind many GNRA loops, indicates that these

regions of sequence space are more evolvable than regions such as the R11nt class

(203).

High accessibility of the sequence space is observed not only within classes of

selected receptors, but also between naturally occurring receptor sequence. The

presence of functional evolutionary pathways between natural receptors indicates it

could be relatively easy for a molecule to search the local sequence space and tune its

GNRA-LRIs to specific needs dictated from the top, down.  This is likely to result in
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the small, recurrent subset of GNRA receptors that have been observed, rather than a

single universal receptor. The four classes of natural examined receptors (R11nt, RIC3,

RVc2 and RHx) all display different relative binding affinities for their preferred

GNRA tetraloop and degrees of robustness to GNRA loop changes, characteristics

likely to be exploited by various RNAs through genetic drift. This is compounded by

the fact that the naturally recurrent receptors all exist within a relatively small area of

the sequence space, and drift between R11nt, RIC3 and RVc2 can occur while

maintaining cognate GAAA binding.

Relatively small molecules containing relatively few packing interactions, such

as group I and group II introns, tend to utilize high affinity receptors RIC3 and the 11nt

motif (167, 183).  However, larger molecules such as the ribosome are able to spread

the requirements for thermodynamic stabilization of the structure over a larger number

of interactions (28), and thus may not require high affinity GNRA-LRIs.  This could

explain the lack of the GAAA-11nt module in the ribosome, where GNRA-LRIs appear

to be dominated by the presence of GYRA-helix interactions (200, 204).  In the case of

the ribosome, exterior ribosomal proteins provide additional stabilization of the native

fold (205), further reducing the need for high affinity assembly modules. The top-down

pressure to tune a GNRA-LRI to meet the needs of the molecular context may also

explain the isolated recurrence of RVc2 within cyclic-diGMP riboswitches, where

controlling thermodynamic stability the GNRA-LRI is paramount to the operation of

the domain (32).

It appears that a reduction in unpaired G/C content of GNRA-receptors could

be responsible for directing the neutral drift toward the receptors observed within
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natural RNAs. Again, this particular selection pressure likely stems from the global

molecular context.  The top-down pressure favoring G/C deficient receptors is likely to

reduce kinetic traps that may occur through the formation of non-native contacts during

folding (190).  As complimentary loop and receptor elements may be separated

hundreds of nucleotide in the primary sequence, there is ample opportunity for such

non-native contacts to occur.  Interestingly, the 11nt motif, RIC3, and RVc2 are most

commonly found in interaction with GAAA tetraloops in nature (98, 167, 183), further

limiting the G/C content of the assembly module as a whole.

The G/C deficient assembly modules used by nature present an interesting

design strategy that should be considered when designing novel RNA scaffolds for

nanotechnology and synthetic biology purposes.  Although many current RNA

scaffolds make use of relatively small monomer units assembled in vitro by thermal

denaturing an refolding of monomer strands (62, 79, 80, 206), the recent achievements

in RNA nanotechnology suggests a move towards the design of much larger RNA

molecules (90), and sequences capable of co-transcriptional folding and assembly (67,

90, 207).  To help ensure native folding of future RNA architectures, design principles

utilized by natural molecules should be considered to help reduce the potential for

trapped structures during synthesis and assembly.

5.5 Conclusions

By conducting multiple in vitro selection lineages designed to select receptor

for GNRA binding, novel receptor sequences have been obtained expressing preference

for either GGAA, GUAA, GGGA, GUGA or GAGA loops. Characterization of these

receptors, along with natural observed and rationally designed GNRA receptors,
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indicate that the fitness landscape attributed to the GNRA-receptor assembly module

is very accessible.  Although some areas of the landscape appear more rugged than

others, natural receptors genotypes can be reached from nearly every active, selected

receptor within the landscape through single nucleotide variation events.  Receptors

arising from in vitro selection contain a noticeable increase in the number of unpaired

G or C bases as compared to GNRA receptors identified in nature. This lack of free

G/Cs within natural receptors may be favored in the context of large RNAs, as A/U

rich modules would reduce the thermodynamic stability of potential kinetic traps.  In

addition to providing insight as to possible selection pressure for natural RNA self-

assembling modules, the use of A/U rich interactions in nature suggests design

principles to consider for RNA nanotechnology.
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Chapter 6: Potential future work and application

6.1 Increased functional potential of RNA nanorings

Recently, Afonin and coworkers have performed additional characterization of

the nanoring scaffold.  Our initial assembly studies presented in chapter 3 were

conducted using a single-pot assembly of thermally denatured and re-folded strands

(see chapter 3 and material and methods section 2.7.4). The process of transcription,

purification and precipitation, assembly and functionalization, and a final purification

of the functionalized ring required a time span of two to three days. However, Afonin

and coworkers have demonstrated that siRNA functionalized nanorings can fold and

assemble in an isothermal, co-transcriptional mix of multiple DNA templates (207).

Their technique produces functionalized rings in substantial yields, requiring only a

single purification step post-transcription to obtain functionalized assembles, and

requires only hours from transcription to isolation of the end product. Further reports

indicate that RNA nanorings serve as an efficient scaffold for cell targeting,

intracellular imaging, and in vivo knockdown of target gene expression (65).

At the present time, we are working towards expansion of the nanoring scaffold

by increasing the number of monomer units composing the assembly, while

maintaining its hexamer-based geometry.  Through incorporation of co-axially stacked

kissing-complexes derived from the HIV dimer initiation site (HIV-KLs) (148), each

edge of the nanoring could be constructed from multiple monomer units (Figure 6.1a).
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The use of addition kissing complexes has the potential to increase the functional

capacity of the scaffold, yet still preserve the swappable, modular nature of individual

functionalized monomers.

Previous studies have indicated that RNAI/IIi-KLs show display very little non-

cognate binding in solution (Figure 3.6), and additional studies have been performed

to determine their compatibility in solution with HIV-KLs.  In presence of 2 mM

Mg(OAc)2, HIV-KLs show substantial non-cognate binding with both HIV- and

RNAI/IIi-KLs (Figure 8.9).   However, reduction of [Mg2+] to 0.2 mM eliminates non-

cognate interactions among all KL pairs tested (Figure 8.9).  Initial assembly of a fully

Figure 6.1: Design and assembly of an expanded nanoring scaffold. (a)
Incorporation of co-axially stacked kissing complexes allow for multiple
monomer units to compose a single “side” a hexameric assembly. (b) Native
PAGE analysis of an 8-monomer nanoring.  Ladder of assemblies shows
incomplete rings composed of 1-7 monomers.  “Closed” 8- and 6-monomer rings
are indicated in the right 2 lanes.  Rings were assembled using a one-pot assembly
method in presence of 2 mM Mg(OAc)2. Gel was visualized by total RNA
staining using SYBR Gold.
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programmable 8-monomer nanoring in 2 mM Mg(OAc)2 was characterized by native

PAGE (Figure 6.1b). The disappearance of a dark “smear” below the band

corresponding to the assembled 8-member ring seems to indicate a change in structure

compared to lanes containing incomplete assemblies with fewer than 8 monomers.  We

believe this likely indicates the presence of a closed 8-membered nanoring, as a similar

observation was made during native PAGE characterization of the initial

programmable 6-monomer ring (Figure 3.7d).  Additional characterization by native

PAGE and atomic force microscopy is required to verify the formation of the 8-

membered nanorings, and assess if rings with additional monomers can be generated.

However, assemblies containing an increased number of monomers may require a step-

wise assembly at two concentrations of Mg2+, due to the lack of fully specific HIV and

RNAI/Iii KL pairs in presence of 2mM Mg2+ available at the current time.

In addition increasing the functional payload of the scaffold, nanoring

assemblies containing larger numbers of monomer units could lead to an increase in

the spatial control within the scaffold, and potentially serve to template specific

reactions or functions (67, 208). This control over the spatial positioning through the

length of nanoring edges could also be achieved by adjusting the helical length of

monomer units.  What remains unclear is the thermodynamic stability of nanoring

assembly result from the two methods.  Characterization by thermogradient gel

electrophoresis (TGGE) of an AB-type 6-monomer hexamer assembly using circular

monomer units containing 26bp helical regions (C26) indicated these rings have a

melting point slightly above 37oC, a substantial decrease from C15 containing rings.

(Table 3.1) Further characterizations of the role of monomer length compared to the
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number of monomers per hexamer edge is required to determine which method of

spatial scaffold control results in the more thermodynamically stable  assemblies.  If

resulting structure display comparable stabilities, ring assemblies containing additional

monomer units would be advantageous due to the increased modularity that could be

used to customize assembly functionalization.

6.2 Theoretical potential for a tunable ribozyme-switch

In chapter 2 we demonstrated that the schistosoma HL/ILR interaction serves as

a point where hammerhead ribozyme assembly and activity can be regulated through

designed mutation.  Although artificial regulation of synthetic hammerheads has been

under investigation for many years, it has largely been pursued in terms of developing

“on/off” switches under allosteric control (209), and these switches have been effective

at turning on or off gene expression in vivo (210-212). Such “aptazymes” work by

controlling formation of helical stem as a result of target binding (57).  As such,

ribozyme activity can only be control in an “on” or “off” manner.  However, our results

suggest that it should be possible to regulate the extent of activity displayed by

hammerhead-derived aptazymes containing the Sm HL/ILR assembly module.

Through specific mutations to the HL/ILR interaction, the extent of activity associate

to the “on” state ribozyme could be tuned for specific needs. In theory, simultaneous,

differential levels of gene expression should be possible in response to a constant

concentration of a single metabolite, by incorporation of Sm-HL/ILR containing

aptazymes with specific HL/ILR variations. This technique could also hold promise

for additional applications where desired functions are dictated by small, natural RNA

domains known to require formation of tertiary assembly module for their function.
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6.3 Further investigation into AU rich assembly modules is needed

Although we observe that recurrent GNRA-receptor interactions avoid the

occurrence of unpaired G or C bases, the extent of this trend across other RNA

assembly motifs has not been thoroughly investigated at this point.  While examination

of 23S rRNA sequences indicate that adenines are more prevalent than another other

nucleotides within single stranded regions (213), a comprehensive analysis of single-

stranded A/U content within all large RNAs is lacking.  Even if A/U rich single strands

are a general trend within large RNAs, the A/U content of specific assembly modules

likely need to be assessed on a case-by-case basis.  For instance, the loops responsible

for the intermolecular kissing complex formed at the HIV-1 dimer initiation site are

largely conserved G/C rich sequences (148). It may be the presence of A/U rich

assembly motifs are dispersed in a context dependent manner.

One looming unanswered question that pertains to the GNRA-ILR module is the

shape of the fitness landscape attributed to only “low unpaired G/C” receptors.  Are the

11nt motif, RIC3 and RVc2 the only functional receptors within this reduced area of

sequence space, or do additional selection pressures favor the recurrent presence of

these particular motifs in nature? No receptors resulting from the current in vitro

selection contained zero unpaired G/Cs. Given that smallest randomized receptor

library used in our study was 6 nucleotides, if all possible sequences within the pool

were present in equal quantities and displayed equal activity, not one of the 40

sequenced molecule within a linage would statistically be composed of only A and U

nucleotides. While this scenario does not account for the possibility of GC or GU

canonical pairs within a 6nt sequence space, it suggests that receptors deficient in
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unpaired G/Cs could be present in the final “winning” pool but never sequenced. It

would be of interest to design a selection library biased to produce receptors lacking in

unpaired G and C base. Investigation of the functional potential of this sequence space

could give further insight to the preference for such a small subset of A/U rich receptors

in nature, and may shed light on additional design strategies employed by natural

assembly modules.
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Chapter 7: Materials and Methods

7.1 Protocols and methods for chapter 2

7.1.1 TectoRNA design and modeling

The tectoRNA scaffolding was manually modeled in three dimensions using

the computer program Swiss-PdbViewer (82) following the RNA architectonics

guidines (81). The 3D model of the tectoRNA dimer was assembled by manipulating

two identical loop-receptor motifs, extracted from the structure of the S. mansoni

hammerhead ribozyme [PDB_ID: 3ZP8]. A helix of 6 base pairs was found to be

optimal for separating the two interacting modules. The stem sequence of the tectoRNA

scaffold was chosen to minimize the occurrence of alternative secondary structures.

Images of 3D views were all generated with Pymol (83).
7.1.2 RNA preparation, purification and 32P labeling

Unless otherwise indicated, DNA templates and primers were purchased from

IDT (Coralville, IA) and amplified by PCR using in-house Taq polymerase. PCR

reactions were conducted in 10 mM Tris pH 8.9, containing 50 mM KCl, 2 mM MgCl2,

0.5% Tergitol® type NP40, and 1mg/mL gelatin, supplemented with 0.5mM each

dNTP. Amplified DNA was purified using EconoSpin mini spin columns (Epoch) and

eluted in water.  RNA was prepared by in vitro transcription (200l rxns) of the

amplified templates using in-house T7 RNA polymerase.  Transcription was conducted

for 4 hours at 37oC in 5 mM Tris pH 7.5, 2 mM spermidine, 10 mM MgCl2, and 1 mM
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dithiothreitol (DTT).  The reactions were supplemented with ATP, GTP, CTP and UTP

to a final concentration of 2.5 mM, as well as final concentrations of 0.01 units/l

inorganic pyrophosphatase (IPP), and 0.2 units/l recombinant RNasin®. After 4

hours, DNA templates were digested by addition of 5 µl DNase (10 U/µl) for 30

minutes.  Transcribed RNA was denatured in urea blue (6 M urea, 20 mM NaEDTA,

0.05% bromophenol blue, 0.05% xylene cyanol, 10% glycerol) and purified by

denaturing PAGE (8M urea, 10% acrylamide).  RNA was eluted from the gel in crush

& soak buffer (10 mM Tris pH 7.5, 200 mM NaCl, 1.25 mM NaEDTA) and precipitated

with ethanol.  Molecules were dried under vacuum and reconstituted in water.

Concentration of RNAs was determined by OD260.

Due to the short strand length composing the trans-cleavage constructs

(ribozyme and substrate strands) equal mole quantities of sense and antisense DNA

templates were mixed, denature at 94oC for 2 minutes, and ramp cool to 25oC over 2

hours to generate DNA duplexes for transcription.  Individual ribozyme and substrate

strands were then transcribed as indicated above. Following purification and

precipitation, the ribozyme strands were re-dissolved in 50mM Tris pH 7, 10 mM

EDTA to remove residual magnesium, followed by buffer exchange to 50mM Tris

using Centricon YM-3 (Millipore) to remove EDTA. Substrate strands were

reconstituted in 50 mM Tris pH 7.

To isolate and purify full-length, uncleaved cis-ribozymes, DNA templates

encoding the cis-ribozymes were transcribed in 50L reactions.  A supplemental 23-

mer DNA oligo with the sequence 5’TTTGGGACTCGTCAGCTGGATGT3’ was

added to a final concentration of 50M to prevent cleavage during transcription. This
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supplemental DNA was complementary to the nucleotides of the catalytic core and

flanking regions of stem-I and stem-II. Cis-cleaving RNAs were internally

radiolabeled by addition of 1Ci [32P]-ATP (Perkin-Elmer) to the transcription mix.

Following transcription RNAs were denatured by an equal volume of urea blue and

purified by denaturing PAGE.  Cis-cleaving constructs were eluted from the gel n

10mM Tris, 50mM NaCl, 5mM EDTA.  RNA were precipitated in in 3 volumes of

100% ethanol, followed by 4 20:1 washes with 90% ethanol to remove trace

magnesium and EDTA, and reconstituted in water.

TectoRNA hairpins and trans-cleavage substrates were labeled by 3’ and 5’ end

radio-nucleotide labeling respectively.  For 3’end labeling, 20 pmol of RNA were

incubated with 10Ci of 5’-[32P] Cytidine 3’,5’-bis(phosphate) (Perkin-Elmer) and

RNA T4 Ligase I (New England Biolabs) in supplied buffer overnight, at 4o C.  Labeled

molecules were purified by denaturing PAGE as described above, and re-dissolved in

water.  5’ end labeling was conducted in 50 pmol reactions.  Substrate RNAs were

treated with calf intestinal alkaline phosphatase (New England Biolabs) at 37oC for 1

hour, followed by phenol/chloroform extraction and ethNew England Biolabsl

precipitation. RNA was then 5’-end labeled using 10Ci of -[32P] ATP (Perkin-Elmer)

and T4 polynucleotide kinase (New England Biolabs) in supplied buffer at 37oC for 30

minutes. The labeled substrate strands were purified on 20% (w/v) denaturing PAGE,

precipitated by ethanol and dissolved in 50 mM Tris, pH 7.0.

7.1.3 TectoRNA self-assembly gel shift assays

The extent of dimer formation was assayed by preparing tectoRNAs across a

range of concentrations, from 4nM to 64M.  Each prepared sample was supplemented
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by trace amounts of labeled RNA. Samples were denatured at 94oC for 2 minutes,

immediately cooled on ice for 3 minutes, followed by equilibration to 30oC for 3

minutes.  A 5x association buffer was then added to a final concentration of 89 mM

Tris-borate pH 8.2, 25 mM Mg(OAc)2 and samples were incubated for 20 minutes at

30oC.  The final reaction volume was 10L.  Following association, 2L of gel loading

buffer (1x association buffer, 0.05% bromophenol blue, 0.05% xylene cyanol, 55%

glycerol) was added to each sample and loaded on native polyacrylamide gels (10%

acrylamide, 89mM Tris- borate, 25mM Mg(OAc)2).  Electrophoresis was conducted

for ~16hrs at 10W, at 10oC.  Gels were dried under vacuum and exposed to a phosphor

storage screen overnight.  Gels were then scanned with a Typhoon variable imager,

quantified using ImageQuant 5.2 and analyzed using Kaleidagraph. Apparent

equilibrium dissociation constants (Kd) were then calculated as the concentration at

which half of the RNA population has dimerized, as described (190).

7.1.4 Lead-induced cleavage probing of tectoRNA self-assembly

TectoRNA sampled were prepared containing 3nM of 3’[32P]-labeled RNA

with or without an additional excess of unlabeled RNA (up to 50M final

concentrations).  TectoRNAs were denatured at 94oC for 2 minutes, immediately

cooled on ice for 3 minutes, followed by equilibration to 30oC for 3 minutes.  RNAs

were then allowed to assemble by addition of a 5X cleavage buffer (25mM Mg(OAc)2,

25mM K(OAc), 25mM HEPES pH 7.5, final concentrations) and incubated for 20

minutes at 30 oC.  Samples were then supplemented by the addition of Pb(OAc)2 to a

final concentration of 8 or 16mM and bringing the final reaction volume to 10L.

Following a 5 minutes incubation at 25oC, cleavage was quenched by the addition of
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10L of 0.1 M EDTA.  1mL of yeast tRNA (10mg/mL) was added to the reaction

vessel and RNA was precipitated by addition of ethanol.  Re-dissolved RNA fragments

were then separated on 20% (w/v) denaturing polyacrylamide gel and visualized by

exposure to storage phosphor screens. Quantitation of cleavage banding was performed

using ImageQuant 5.2.

7.1.5 Tran-cleavage ribozyme assays

Single-turnover assays were conducted where 500nM ribozyme strand, 1 nM

5’-[32P] labeled substrate strand and 24 nM unlabeled substrate strand were combined,

mixed and heated to 70oC for 2 minutes.  Samples were then ramp cooled to 25oC

(0.1oC/sec).  Cleavage was initiated by addition of MgCl2 to a final concentration of

0.1 mM or 1.0 mM.  At each time point, 5L of the reaction was quenched in an equal

volume of quench buffer (80% formamide, 50mM EDTA, 0.05% bromophenol blue,

0.05% xylene cyanol) and immediately put in dry ice.  After the last time point, samples

were heated to 94oC for 2 minutes and separated on a 20% denaturing polyacrylamide

gel. The resulting gels were dried by vacuum and imaged by exposure to storage

phosphor screens.  The fractions of cleaved and full-length substrates were quantified

using ImageQuant 5.2.  Observed rate constants (kobs) and maximal cleavable fractions

(Fc) of ribozyme populations were determined though use of single or bi-phasic

exponential fits defined as

(Eq. 2.1) Fc(t) = Fc*(1-e-t*kobs),

and,

(Eq. 2.2) Fc(t) = Fcfast*(1-e-t*kobs-fast) + Fcslow*(1-e-t*kobs-slow),
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respectively. Errors reported for rate constants and maximum cleavable fractions are

the standard error resulting from applying a single curve fit to multiple sets of

experimental time course data simultaneously.

7.1.6 Co-transcriptional cis-cleavage of ribozymes

Transcription reactions were conducted using 2 u/L T7 RNA polymerase

(NEB) in supplied buffer, in the presence of 0.01 u/L IPP, 2.5 mM (final con.) each

ATP, CTP, GTP, UTP, 1 Ci [32P]-ATP, and supplemental MgCl2 to bring the final

[Mg2+] to 7.5 mM.  Both the transcription mix and DNA template was equilibrated to

37oC for 10 minutes before initiating the reaction. Transcription was initiated by the

addition of 0.5 g doubled stranded DNA template to the transcription mix.  Reactions

were performed at 37oC.  At each time point, 1L the reaction was quenched in 5

volumes of quench buffer (see above), immediately put on ice, and then transferred to

-20oC. After the last time point, samples were heated to 94oC for 2 minutes and

separated on a 10% denaturing polyacrylamide gel. The resulting gels were soaked with

gel fixer (10%v/v ethanol, 10%v/v acetic acid) for about 30 minutes before being dried

under vacuum and imaged by exposure to storage phosphor screens. Quantitation of

cleaved fractions was performed as described above. Estimates of initial cleavage rates

were calculated by linear fit over the time period where transcription remained

constant.  For molecules where the fraction of cleaved ribozyme approached a constant

value over a time period where the rate of transcription remained constant, kinetic

values were obtained using Eq. 2.1 or Eq. 2.2 as described above.
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7.1.7 Purified cis-cleavage ribozyme assays

Cleavage assays were performed using 200nM final concentration of RNA in

either 89 mM Tris-borate pH 8.2 or 50 mM Tris pH 7.  For reactions in TB buffer, RNA

samples were prepared in water and allowed to equilibrate to the reaction temperature

(25oC or 37oC) for 5 minutes. At this point, a zero time point was taken to verify that

significant cleavage did not occur during storage. The reaction was initiated by

addition of an association buffer containing 5x TB and 5x MgCl2, to bring the final

[Mg2+] to either 0.1 or 1.0 mM.  Molecules assayed in Tris buffer were prepared in

50mM Tris before being equilibrated to the reaction temperature of 25oC. Cleavage

was then initiated by the addition of a reaction buffer composed of 50mM Tris and 5x

MgCl2, bringing the final [Mg2+] to either 0.1, 1.0 or 10 mM. Regardless of buffer

conditions, at each time point 1L of the reaction was quenched in 5 volumes of quench

buffer (see above), briefly heated to 94oC, and then immediately put in ice and

transferred to -20 oC.  Analysis by denaturing PAGE, gel imaging, quantitation and data

processing were performed as described above for trans-cleavage assays.

7.2 Protocols and methods for chapter 3

7.2.1 RNA structural and sequence design

Sequence design of nanoring monomers was based on the previous 3D

computer model reported by Yingling and Shapiro (146).  The 3D model was used to

generate consensus secondary structures specifying invariant nucleotide positions.

Sequences were optimized with the MFOLD program (86) to maximize

thermodynamic stability and minimize the occurrence of alternative secondary

structure folds. The full list of RNA sequences used is available in Table 8.2.
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Additionally, the FP nanoring sequences were optimized to minimize non-cognate

cross-pairings.

7.2.2 RNA synthesis, purification and labeling

Synthesis of RNA molecules was performed enzymatically by in-vitro

transcription of PCR generated double stranded DNA template using T7 RNA

polymerase (10U/µl) during 4 hours of incubation at 37 °C in a buffer containing 15

mM MgCl2, 2 mM spermidine, 50 mM Tris 7.5, 2.5 mM NTPs, 10 mM DTT, 0.01

µg/µl inorganic pyrophosphatase and 0.8 U/µl RNasin to a total volume of 200 µl. The

reaction was quenched by the addition of 5 µl DNase (10 U/µl) in order to digest the

DNA templates and incubated at 37°C for 30 min, followed by purification on 10%

denaturing PAGE. RNA products were visualized by UV shadowing and cut from the

gel, eluted overnight at 4 °C in crush and soak buffer (200 mM NaCl, 10 mM Tris pH

7.5, 0.5 mM EDTA). The RNAs were precipitated in 2 volumes of pure ethanol, washed

twice with 90% ethanol, pelleted and re-suspended in water.  RNA was radioactively

labeled by the incorporation of 32P α-ATP or by labeling the 3’ end with Cytidine 3’,5’-

bis(phosphate) [5’ 32P].  For body labeling, 32P α-ATP (Perkin-Elmer) was added to the

transcription mixture.  For end labeling Cytidine 3’,5’-bis(phosphate) (Perkin-Elmer)

[5’ 32P] was ligated to the transcribed RNA hairpins by addition of T4 RNA Ligase1

(New England Biolabs) in supplied buffer. Labeled RNAs were purified using

denaturing PAGE as described above.

7.2.3 Preparation of ligated RNA

RNA was transcribed with an excess of GMP in order to generate RNA with a

5’- monophosphate.  Synthesis of the ligated RNA molecules (C15) was performed by
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transcription using T7 RNA polymerase (10U/µl) during 4 hours of incubation at 37°C

in a buffer containing 15 mM MgCl2, 2 mM spermidine, 50 mM Tris 7.5, 2.5 mM

ATP/UTP/CTP, 0.2 mM GTP, 5 mM GMP, 10 mM DTT, 0.01 µg/µl inorganic

pyrophosphatase and 0.8 U/µl RNasin to a total volume of 200 µl.  During the ensuing

transcription, 3.5 µl of GTP (10 mM each) was added every 25 min until the end of 4

hours of incubation.  After purification, the 5’-GMP RNA was incubated with T4 RNA

Ligase 2 (New England BioLabs) at 37°C to create circularized monomers which were

purified a second time as previously described.  Ligation of RNA was verified by

running ligated and unligated species side by side on denaturing polyacrylamide gels

(10% acrylamide, 8M urea).  Under denaturing conditions, the ligated RNA, being

more compact than the corresponding linear form, ran approximately 50% faster than

the unligated RNA.

7.2.4 RNA assembly, native PAGE and TGGE experiments

RNA nanorings were assembled in one pot from various sets of RNA units at

concentrations specified in the text. Typically, RNA unit transcripts were heated to

95ºC for two minutes, snap cooled to 4°C on ice, and assembled at 30°C by addition of

MgOAc2 buffer to a final concentration (tris-borate (TB) buffer pH 8.3, 2 mM

Mg(OAc)2, 50 mM KCl, and 50 mM NaCl) and incubation for 30 minutes at 30°C. 2L

of loading buffer (MgOAc2 buffer with 0.05% bromophenol blue, 0.05% xylene

cyanol, and 50% glycerol) were added to samples before being load on native gels.

Typically, assembly experiments reported were analyzed at 12ºC on 7% (29:1) native

polyacrylamide gels in presence of 89 mM Tris-borate, pH 8.2, 2 mM Mg(OAc)2. A

Typhoon phosphoimager was used to visualize 32P labeled or SYBR® Green II stained
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RNA. Quantitation of RNA was preformed using ImageQuant5.2 software. For TGGE

analysis, a linear temperature gradient applied perpendicular to the electric field was

used. Total monomer RNA concentration was 200 nM for all assembly systems. The

fluctuation of the temperature gradient during migration was generally less than 1 to

2°C.

7.2.5 AFM characterization

RNA architectures were assembled in solution, deposited on a mica surface in

the 2 mM MgOAc2 buffer (see composition above) and dried under nitrogen before

AFM imaging in air. AFM images were acquired at room temperature in tapping mode

using a Multimode microscope equipped with a Nanoscope IIIa controller (Veeco,

Santa Barbara). Silicon probes (model NSC12 from MikroMesch) with resonance

frequency ~150-250 kHz and spring constant ~4-8 N/m (Nanodevices, Santa Barbara,

CA) were used.  Images were processed by NanoScope® (DI) and leveled by a first

order plane fit in order to correct for sample tilt.  Diameters of nanorings were obtained

by measuring orthogonal cross sections of each individual particle.  These two

measurements were fitted to an elliptical equation to obtain a circumference.  This was

accomplished in order to compensate for any distortions resulting from contact between

the RNA nanorings and the mica surface.  The equation for the circumference of a

circle was then used to determine the corresponding diameter of a given particle.

7.2.6 Specificity study and determination of equilibrium constant of dissociation (Kd)

Kissing loop complex sequences were incorporated into two complementary

hairpin constructs with 8 and 12 bps stems (Table 8.2).  Equimolar amounts of each

hairpin at various concentrations (1 nM-5 µM final) were mixed and subjected to the
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assembly protocol described above in the presence of 2 mM Mg(OAc)2 at 30°C.

Analysis of RNA migration on native PAGE was accomplished by monitoring one of

the hairpin constructs which contained a fixed amount of 3' end [32P]pCp-labeled RNA

(0.25- 0.5 nM final). The quantity of RNAs in monomer and dimer bands was

determined using ImageQuant5.2. Percent dimer formation was plotted versus

concentration using KaleidaGraph software to derive the dissociation constant of each

kissing loop interaction.  Kd was determined as the concentration at which half of the

labeled monomer had dimerized. Because curves were generated using a log scale, the

concentration associated with the monomer lane was plotted as 0.01nM rather than 0.

7.2.7 Human blood serum degradation studies

Aliquots of pooled human blood serum obtained frozen (Bioreclamation) were

thawed and immediately used for each new study. 32P body-labeled RNA molecules

assembled into nanorings (as described above) were kept on ice prior to incubation with

2% (v/v) human blood serum at 37°C for various time periods. Final RNA

concentration was 200nM. Prior to immediate loading on native PAGE, degradation

time courses were quenched on ice.  Prior to loading on 8M urea/10% of poly-

acrylamide gels, RNA samples were quenched by addition of ELIMINase (Decon

Laboratories, Inc.), placed on ice, and followed by the addition of 4M urea blue.

7.2.8 Recombinant Human Dicer assays

Modified antisense-sense body-labeled nanorings and C26 nanorings were

prepared as described above to a final concentration of 3 µM. Samples were incubated

for 18 hours at 37 ºC in 1x Dicer Buffer (Invitrogen) in presence of BLOCK-iT™ Dicer

Enzyme (BLOCK-iT™ Dicer RNAi Kit (Invitrogen Life Technologies)).  C26
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nanorings were processed by BLOCK-iT™ Dicer Enzyme at a much slower rate.  As

a result, the Recombinant Human Turbo Dicer Enzyme Kit (Genlantis), containing an

ultra-active form of human recombinant dicer enzyme, was used to increase the

processing rate of C26.  Nanorings were subjected to the manufacturer’s suggested

protocol and incubated for 4 hours at 37 ºC in the supplied Dicer reaction buffer.  Dicing

reactions were quenched by adding 50X Dicer Stop Solution prior to analysis on 2 mM

Mg(OAc)2 native 7% PAGE or 8M Urea, 10% PAGE as described above.

7.3 Protocols and methods used for chapter 4

7.3.1 RNA synthesis and preparation

RNA molecules were produced by in vitro transcription of synthetic DNA

templates. DNA was purchased from IDT and amplified by polymerase chain reaction

(PCR) using in-house produced Taq polymerase and appropriate DNA primers.  PCR

was conducted in buffer conditions of 10 mM Tris pH 8.9, 50 mM KCl, 2 mM MgCl2,

0.5% Tergitol® type NP40, and 1 mg/mL gelatin, supplemented with 0.5 mM each

dNTP. PCR products were purified using EconoSpin columns following the

manufactures protocol (Epoch).

RNA was synthesized by in vitro run-off transcription using in-house produced

T7 RNA polymerase.  Transcription reactions were conducted at 37oC in 5 mM Tris

pH 7.5, 2 mM spermidine, 10 mM MgCl2, and 1 mM dithiothreitol (DTT).  The

reactions were supplemented with ATP, GTP, CTP and UTP to a final concentration

of 2.5 mM, 10 units/ml inorganic pyrophosphatase (IPP), and 0.2 units/l recombinant

RNasin®.  After 4 hours of transcription, DNase was added to a concentration of 0.2

units/l and incubated for 30 minutes.
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Transcription products were denatured by addition of urea blue (6 M urea, 20

mM NaEDTA, 0.05% bromophenol blue, 0.05% xylene cyanol, 10% glycerol) and

purified by denaturing (8 M urea, 1x TBE buffer) polyacrylamide gel electrophoresis

(PAGE).  Following electrophoresis, RNA was located in the gel by UV shadowing

and excised.  RNA was eluted from the gel in 10 mM Tris, 200 mM NaCl, 0.5 mM

NaEDTA at 4oC overnight.  Purified RNA was precipitated in 2 volumes of pure

ethanol, washed twice with 90% ethanol, pelleted and re-suspended in water.  RNA

concentrations were determined by their optical density at 260nm.

RNA molecules were labeled at their 3’ end with 32P for visualization purposes.

32P labeling was conducted using RNA T4 ligase 1 (New England Biolabs).  20 pmol

RNA was added to 10 Ci 5’-[32P] 3’,5’- cytosine bisphosphate (Perkin-Elmer) in 1x

supplied ligase buffer supplemented with 10% DMSO.  After addition of ligase,

samples were incubated at 4oC overnight.  Labeled RNAs were purified by denaturing

PAGE followed by ethanol precipitation, as described above.

7.3.2 TectoRNA assembly assays

Typically, a GAAA-11nt pair was used as the anchor interaction between probe

and target tectoRNAs.  For receptors which displayed strong GAAA affinity, a GGAA-

R1 or GUAA-R5.16 anchor was used.  Equimolar concentrations of probe and target

tectoRNA hairpins were combined across a range of concentrations (1nM-10M). The

samples were denatured by heating to 90oC for 2 minutes, then put immediately on ice

for 3 minutes.  Samples were equilibrated to 30oC and then supplemented with a 5x

association buffer to a final concentration of 15mM Mg(AOc)2 and 89mM tris-borate,

pH 8.2.  Samples were incubated for 20 minutes at 30oC.  A 1:10 volume of loading
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buffer (1x association buffer supplemented with 0.05% bromophenol blue, 0.05%

xylene cyanol, and 55% glycerol) was added to each sample and samples were cooled

to 10oC. Analysis was performed by electrophoretic mobility on 7% 29:1

acrylamide/bis-acrylamide native gels containing 15 mM Mg(OAc)2 and 89 mM tris-

borate.  Separation was performed at 10oC.  Gels were dried under vacuum and exposed

to phosphor storage screens overnight. Screens were then imaged using a Typhoon

multimode imager.  The fraction of dimer formation for a tectoRNA pair was measured

as a linear function of distance traveled compared to unbound monomer and a fully

assembled dimer control. Using KaleidaGraph software, the extent of dimer formation

was plotted as a function of tectoRNA concentration. The apparent equilibrium

dissociation constant (Kd) was determined through non-linear fit of the data as the

concentration at which half the RNA molecules are dimerized.

7.3.3 Normalization of GAAA binding affinities

GAAA binding affinity was assessed using one of two anchor interactions

(GGAA-R1 or GUAA-R5.16), depending on the GGAA and GUAA affinity of the

receptor to be characterized. Use of these different probe sets did not changes the

profile of relative GNRA binding for a given receptor.  However, use of GGAA-R1 or

GUAA-R5.16 anchors typically resulted in a slight reduction in the measured affinity

of all GNRA-receptor interactions, compared to the use of a GAAA-11nt anchor.

Normalization of a receptor’s GAAA affinity to other GNRA affinities measured using

a GAAA-11nt anchor was performed when possible. GNRA binding profiles (G as

a function of GNRA) were generated for each probe set used (11nt, R1, R5.16) to

characterize a specific receptor.  The profile associated to R1 and/or R5.16 probe sets
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were then manually superimposed on the profile generated by the 11nt probe set. The

normalized affinity of GAAA binding was determined by measuring the distance from

the superimposed GAAA point (R1 or R5.16 probes) to the activity threshold present

on the binding profile generated using the 11nt probes.  From this distance, a G

value relative to a Kd of 4M at 10OC could be estimated, and a normalized Kd for

GAAA binding could be calculated.

7.4 Protocols and methods used for chapter 5

7.4.1 RNA synthesis and preapration

The selection library was created via PCR amplification using 6 different

partially randomized DNA templates (5’-GCATCATAGCATCCACATCGAGA

GAAAAACGACCTACCCA-(Random)-GGATGAACCAAGTTTCCCCGGAACAT

CC-(Random)-TGAGTAAATCGCTTTCCC-3’), where the random regions are 3N-

3N, 3N-4N, 4N-3N, 4N-4N, 4N-5N, 5N-4N, respectively, a forward primer (5’-

TTCTAATACGACTCACTATAGGGAAAGCGATTTACTC-3’)- and a reverse

primer (5’-GCATCATAGCATCCACATCGAGAGAAAAACGACCTACCC-3’). All

DNA was ordered from IDT. PCR reactions were performed in buffer (10 mM Tris pH

8.9, 50 mM KCl, 0.5% NP40, 1 mg/ml gelatin) and contained 2 mM MgCl2, 0.5 mM

of each dNTP, 150 pmol of each primer and 0.3 pmol template. PCR reactions were

covered with mineral oil and initiated by a hot start (2 min at 94oC) after addition of

Taq polymerase. 25 cycles total PCR cycles were performed (94C for 75 seconds,

56C for 75 seconds, 72C for 75 seconds) and products were purified using the

QiaQuick PCR purification kit (Qiagen).  Run-off T7 transcription supplemented with
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-32P ATP (Perkin-Elmer) was performed using the purified PCR products and in-

house T7 polymerase as described (75, 76). The resulting 32P body-labeled library RNA

samples were purified on an 8% polyacrylamide denaturing gel. Following elusion

from the gel in 10 mM Tris, 200 mM NaCl, 0.5 mM NaEDTA at 4oC overnight, RNAs

were precipitated by addition of 2 volumes of ethanol, cooling to -20OC, and

centrifugation.  Pelleted RNA was washed twice using 90% ethanol, dried under

vacuum and reconstituted in water. After purification, RNA concentrations were

calculated by UV spectrophotometry at 260 nm. All other RNAs used were prepared

by identical protocols, but without the inclusion of -32P ATP during transcription.

Target tectoRNA molecules that were used to characterize specific GNRA receptors

were 3’ end labeled following transcription and purification.  20 pmol of RNA was

labeled by addition of 10 Ci of (5’-32P) 3’,5’ cytosine bisphosphate (Perkin-Elmer)

using T4 RNA ligase 1 (New England Biolabs), per manufacturer’s instructions.

Labeled RNAs were purified using denaturing PAGE and precipitated as described

above.

7.4.2 In vitro selection

The initial ‘bank’ RNA pool was created by adjusting the concentration of

library tectoRNAs such that ‘bank’ pool statistically contained one of every receptor

mutant. The bank RNA pool (15.12 uM prior to first round of selection) was

supplemented with the reverse transcription primer (1:2) prior to any selection step.

The primer was designed to bind to the single stranded reverse transcription tail (5’-

GCATCATAGCATCCACATCG-3’) to eliminate any single stranded region that may

interfere with association of receptors to their target. Each selection round began with
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a negative selection step.  The library RNA pool was supplemented with specific RNA

probes (if any) at specific concentrations (Figure 5.2b). The resulting mixture was

denatured at 90C for 1 minute, place on ice for 3 minutes, and pre-incubation at 30C

for 2 minutes before addition of 5x association buffer (89 mM Tris-borate pH 8.3, 15

mM Mg(OAc)2, 50 mM KCl; final conentrations) was and incubation at 30C for 30

minutes.  A 1/10 volume of gel loading buffer (association buffer with 55% glycerol,

0.05% bromophenol blue and 0.01% xylene cyanol) was added to the sample and run

on a native 7% (29:1) polyacrylamide gel in 89 mM Tris-borate pH 8.3, 15 mM

Mg(OAc)2 buffer at 10OC.  The resulting monomer band was purified, eluted, ethanol

precipitated and then used to perform the positive selection step.

An identical association protocol was used for performing the positive selection

step that followed. The identity of probe tectoRNAs and concentrations used to

perform positive selections are indicated in Figure 5.2b.  Following association and

native PAGE, the resulting dimer bands were extracted from the gel and ethanol

precipitated as described previously.  Following precipitation, the Improm II RT system

(VWR) was used to reverse transcribe the ‘winning’ RNA pools and PCR was

performed as previously stated.  At this point, transcription yielded the RNA library

pool to be used in the next round of selection.  Following six rounds of selection

(Figure 5.2), the resulting DNA was cloned using Invitrogen’s TA Cloning Kit

(INVF’ competent E. coli cells) and approximately 200 clones were sequenced.

7.4.3 Receptor characterization by tectoRNA dimer assembly

Native PAGE was used to determine the apparent equilibrium dissociation

constants (Kd) for the various heterodimer constructs (68, 76). Equimolar amounts of
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each RNA monomer were mixed in water at concentrations ranging from 1 nM to 10

M, heated at 95C for 2 minutes, then put on ice for three minutes. Association buffer

(89 mM Tri-borate, pH 8.3, 15 mM Mg(OAc)2, final concentrations) was added and

the mix was incubated at 30C for 30 minutes. Visualization of the native 7%

polyacrylamide electrophoresis at 10C was accomplished by adding 0.5-2 nM (final

concentration) 3’-end [32P] pCp-labeled RNA monomer just prior to the association

step. Gels were dried under vacuum and exposed to phosphor storage screens.  The

screens were imaged using a Typhoon phosphoimager.  The extent of dimer formation

for each target-probe pair was determined by the observed gel shift compared to a

monomer and fully dimerized control.  Using KaleidaGraph software, the extent of

dimer formation was plotted as a function of tectoRNA concentration. The value of Kd

was determined by non-linear fit as the concentration at which half the RNA molecules

are dimerized.

7.4.4 Normalization of GAAA binding affinities

GAAA binding affinity was assessed using one of two anchor interactions

(GGAA-R1 or GUAA-R5.16), depending on the GGAA and GUAA affinity of the

receptor to be characterized. Use of these different probe sets did not changes the

profile of relative GNRA binding.  However, use of GGAA-RA or GUAA-R5.16

anchors typically resulted in a slight reduction of the measured affinity of all GNRA-

receptor interactions, compared to the use of a GAAA-11nt anchor.  Normalization of

a receptor’s GAAA affinity to other GNRA affinities measured using a GAAA-11nt

anchor was performed when possible. GNRA binding profiles (G as a function of

GNRA) were generated for each probe set used (11nt, R1, R5.16) to characterize a
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specific receptor.  The profile associated to R1 and/or R5.16 probe sets were then

manually superimposed on the profile generated by the 11nt probe set. The normalized

affinity of GAAA binding was determined by measuring the distance from the

superimposed GAAA point (R1 or R5.16 probes) to the activity threshold present on

the binding profile generated using the 11nt probes.  From this distance, a G value

relative to a Kd of 4M at 10OC could be estimated, and a normalized Kd for GAAA

binding could be calculated.
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Chapter 8: Appendix

8.1 RNA sequences used in chapters 2,3,4,5,6

TectoRNA hairpins
Receptor/Loop RNA sequence
XRS/CAAAUA GGAAUGUACUCAUCCCAAAUAGGAUGAUCCAAUUCCU
XRS-1/CAAAUA GGAAGUACUCAUCCCAAAUAGGAUGAUCUUCCU
XRS-1 +1bp/CAAAUA GGAAGUACUCAAUCCCAAAUAGGAUUGAUCUUCCU
XRS-1 -1bp/CAAAUA GGAAGUACUCACCCAAAUAGGUGAUCUUCCU
sM-WT/CAAAUA GGAAGGUACACAUCCCAAAUAGGAUGUUCCACUUCCU
sM-1/CAAAUA GGAAGGUACACAUCCCAAAUAGGAUGUUCCUUCCU
sM-1/CAAAAA GGAAGGUACACAUCCCAAAAAGGAUGUUCCUUCCU
sM-1/CAGUAA GGAAGGUACACAUCCCAGUAAGGAUGUUCCUUCCU
sM-2/CAAAUA GGAAGUACACAUCCCAAAUAGGAUGUUCUUCCU
sM-3/CAAAUA GGAAGGUACUCAUCCCAAAUAGGAUGAUCCACUUCCU
sM-4/CAAAUA GGAAGGUACACAUCCCAAAUAGGAUGUUCCAAUUCCU
sM-5/CAAAUA GGAACCUACACAUCCCAAAUAGGAUGUUGGACUUCCU
sM-6/CAAAUA GGAACCUACACAUCCCAAAUAGGAUGUUGGCCUUCCU
sM-7/CAAAUA GGAAGGUACACAUCCCAAAUAGGAUGUUCCCCUUCCU
sM-8/CAAAUA GGAAGGUGCACAUCCCAAAUAGGAUGUUCCUUCCU
sM-9/CAAAUA GGAAGUUGCCCAUCCCAAAUAGGAUGGUACUUCCU
sM-9/CAGUAA GGAAGUUGCCCAUCCCAGUAAGGAUGGUACUUCCU
sM-9/CAACAA GGAAGUUGCCCAUCCCAACAAGGAUGGUACUUCCU
sM-10/CAAAUA GGAAGCUACCCAUCCCAAAUAGGAUGGUGCUUCCU
sM-10/CAAAAA GGAAGCUACCCAUCCCAAAAAGGAUGGUGCUUCCU
sM-11/CAAAUA GGUUAGCUACCCAUCCCAAAUAGGAUGGUGCUACCU
sM-11/CAAAAA GGUUAGCUACCCAUCCCAAAAAGGAUGGUGCUACCU
Trans-cleaving hammerheads (tHHRz)
Strand RNA sequence
XRS - Ribozyme GGCGAUGUACUUCCAGCUGACGAGUCCCAAAUAGGACGAAAUGC
XRS - Substrate GGGCAUCCUGGAAUCCAAUCGCCU
XRS-1 - Ribozyme GGCGAGUACUUCCAGCUGACGAGUCCCAAAUAGGACGAAAUGC
XRS-1 - Substrate GGGCAUCCUGGAAUCUCGCCU
sM-WT - Ribozyme GGCGAGGUACAUCCAGCUGACGAGUCCCAAAUAGGACGAAAUGC
sM-WT - Substrate GGGCAUCCUGGAUUCCACUCGCCU
sM-1 - Ribozyme GGCGAGGUACAUCCAGCUGACGAGUCCCAAAUAGGACGAAAUGC
sM-1 - Substrate GGGCAUCCUGGAUUCCUCGCCU
sM-2 - Ribozyme GGCGAGUACAUCCAGCUGACGAGUCCCAAAUAGGACGAAAUGC
sM-2 - Substrate GGGCAUCCUGGAUUCUCGCCU
sM-3 - Ribozyme GGCGAGGUACUUCCAGCUGACGAGUCCCAAAUAGGACGAAAUGC
sM-3 - Substrate GGGCAUCCUGGAAUCCACUCGCCU
sM-4 - Ribozyme GGCGAGGUACAUCCAGCUGACGAGUCCCAAAUAGGACGAAAUGC
sM-4 - Substrate GGGCAUCCUGGAUUCCAAUCGCCU
sM-6 - Ribozyme GGCGACCUACAUCCAGCUGACGAGUCCCAAAUAGGACGAAAUGC
sM-6 - Substrate GGGCAUCCUGGAUUGGCCUCGCCU
sM-7 - Ribozyme GGCGAGGUACAUCCAGCUGACGAGUCCCAAAUAGGACGAAAUGC
sM-7 - Substrate GGGCAUCCUGGAUUCCCCUCGCCU
Cis-cleaving hammerheads (cHHRz)
Stem-I ILR RNA sequence
sM- WT GGGAAGUGGAUAUCAACUCUGAGAUGCAGGUACAUCCAGCUGACGAGUCCCAAAUAGGA

CAAACGCGCGUCCUGGAUUCCACUGCUAUCCACUUCCC
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sM-0 GGGAAGUGGAUAUCAACUCUGAGAUGCAGGAAUCCAGCUGACGAGUCCCAAAUAGGACG
AAACGCGCGUCCUGGAUUCCACUGCUAUCCACUUCCC

sM-1 GGGAAGUGGAUAUCAACUCUGAGAUGCAGGUACAUCCAGCUGACGAGUCCCAAAUAGGA
CGAAACGCGCGUCCUGGAUUCCUGCUAUCCACUUCCC

sM-4 GGGAAGUGGAUAUCAACUCUGAGAUGCAGGUACAUCCAGCUGACGAGUCCCAAAUAGGA
CGAAACGCGCGUCCUGGAUUCCAAUGCUAUCCACUUCCC

sM-7 GGGAAGUGGAUAUCAACUCUGAGAUGCAGGUACAUCCAGCUGACGAGUCCCAAAUAGGA
CGAAACGCGCGUCCUGGAUUCCCCUGCUAUCCACUUCCC

Cis-cleaving hammerheads with stem-III insertion (uucgHHRz)
Stem-I ILR RNA sequence
sM- WT GGGAAGUGGAUAUCAACUCUGAGAUGCAGGUACAUCCAGCUGACGAGUCCCAAAUAGGA

CGAAACGCUUCGGCGUCCUGGAUUCCACUGCUAUCCACUUCCC
sM-0 GGGAAGUGGAUAUCAACUCUGAGAUGCAGGAAUCCAGCUGACGAGUCCCAAAUAGGACG

AAACGCUUCGGCGUCCUGGAUUCCACUGCUAUCCACUUCCC
sM-1 GGGAAGUGGAUAUCAACUCUGAGAUGCAGGUACAUCCAGCUGACGAGUCCCAAAUAGGA

CGAAACGCUUCGGCGUCCUGGAUUCCUGCUAUCCACUUCCC
sM-4 GGGAAGUGGAUAUCAACUCUGAGAUGCAGGUACAUCCAGCUGACGAGUCCCAAAUAGGA

CGAAACGCUUCGGCGUCCUGGAUUCCAAUGCUAUCCACUUCCC
sM-7 GGGAAGUGGAUAUCAACUCUGAGAUGCAGGUACAUCCAGCUGACGAGUCCCAAAUAGGA

CGAAACGCUUCGGCGUCCUGGAUUCCCCUGCUAUCCACUUCCC

Table 8.1: RNA sequences used in chapter 2
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HIV KL constructs
Name RNA sequence
4WJ_HVSM GGGAAUGGGUGACGGGAAUUGAAGGAGGCACGAUUCCCGCUUGUGAAGCCUCCACGCAAG

UCAUUCCC
4WJ_I GGGAAUGGGUGACGGGAAUUGAAGGAGGCACGAUUCCCGCUUGUGAAGGAGGCACGCAAG

UCAUUCCC
4WJ_II GGGAAUGGGUGACGGGAAUUGAAGCCUCCACGAUUCCCGCUUGUGAAGCCUCCACGCAAG

UCAUUCCC
S7-8_HVSM GGGAAUCCAAGGAGGCAGGAUUCCCGUCACAGAAGCCUCCACUGUGAC
S7-8_I GGGAAUCCAAGGAGGCAGGAUUCCCGUCACAGAAGGAGGCACUGUGAC
S7-8_II GGGAACGUAAGCCUCCAACGUUCCCGGAUGCUAAGCCUCCAAGCAUCC
RNAI/IIi KL constructs
Name RNA sequence
4WJ_SM GGGAAUGGGUGACGGAGAUUGGAUGGUUCGAUCUCCGCUUAUGAACCAUCCGUAAGUCAU

UCCC
4WJ_A GGGAAUGGGUGACGGAGAUUGGAUGGUUCGAUCUCCGCUUAUGGAUGGUUCGUAAGUCAU

UCCC
4WJ_B GGGAAUGGGUGACGGAGUAUCAACCAUCGGUACUCCGCUAGUCAACCAUCGGCUAGUCAU

UCCC
S7-8_SM GGGAAUCCGAUGGUUGGAUUCCCGUCACAGAACCAUCCUGUGAC
S7-8_A GGGAAUCCGAUGGUUGGAUUCCCGUCACAGGAUGGUUCUGUGAC
S7-8_B GGGAACGUAACCAUCACGUUCCCGGAUGCUAACCAUCAGCAUCC
-1nt_SM GGAAUCCGAUGGUUGGAUUCCCGUCACAGAACCAUCCUGUGAC
-1nt_A GGAAUCCGAUGGUUGGAUUCCCGUCACAGGAUGGUUCUGUGAC
-1nt_B GGAACGUAACCAUCACGUUCCCGGAUGCUAACCAUCAGCAUCC
-2nt_SM GGAAUCCGAUGGUUGGAUUCCCGUCACAGAACCAUCCUGUGA
-2nt_A GGAAUCCGAUGGUUGGAUUCCCGUCACAGGAUGGUUCUGUGA
-2nt_B GGAACGUAACCAUCACGUUCCCGGAUGCUAACCAUCAGCAUC
-3nt_SM GGAAUCGAUGGUUGAUUCCGCGUCACAGAACCAUCCUGUGA
-3nt_A GGAAUCGAUGGUUGAUUCCGCGUCACAGGAUGGUUCUGUGA
-3nt_B GGAACUAACCAUCAGUUCCGCGGAUGCUAACCAUCAGCAUC
S6-9_SM GGGAACUGCGAUGGUUGCAGUUCCCGUUCAGAACCAUCCUGAAC
S6-9_A GGGAACUGCGAUGGUUGCAGUUCCCGUUCAGGAUGGUUCUGAAC
S6-9_B GGGAACUGUAACCAUCACAGUUCCCGCUUGCAACCAUCGCAAGC
S5_10_SM GGGAACUGUCGAUGGUUGACAGUUCCCGUUCGAACCAUCCGAAC
S5_10_A GGGAACUGUCGAUGGUUGACAGUUCCCGUUCGGAUGGUUCGAAC
S5_10_B GGGAACUGGUAACCAUCACCAGUUCCCGCUUCAACCAUCGAAGC
SM constructs containing RNAI/IIi variant KLs
Name RNA sequence
S7-8_aa’ GGGAAUCCGUCCACUGGAUUCCCGUCACAGAGUGGACCUGUGAC
S7-8_aa’v1 GGGAAUCCGUCCAUGGGAUUCCCGUCACAGCAUGGACCUGUGAC
S7-8_aa’v2 GGGAAUCCAUCCACUGGAUUCCCGUCACAGAGUGGAUCUGUGAC
S7-8_aa’v3 GGGAAUCCUUCCACAGGAUUCCCGUCACAGUGUGGAACUGUGAC
S7-8_aa’v4 GGGAAUCCCUCCACGGGAUUCCCGUCACAGGUGGACGCUGUGAC
S7-8_aa’v5 GGGAAUCCGUCCACCGGAUUCCCGUCACAGGGUGGACCUGUGAC
S7-8_bb’ GGGAAUCCGUCCACAGGAUUCCCGUCACAGUGUGGACCUGUGAC
S7-8_cc’ GGGAAUCCGCAGGCUGGAUUCCCGUCACAGAGCCUGCCUGUGAC
S7-8_cc’v1 GGGAAUCCACAGGCUGGAUUCCCGUCACAGAGCCUGUCUGUGAC
S7-8_cc’v2 GGGAAUCCUCAGGCGGGAUUCCCGUCACAGCGCCUGACUGUGAC
S7-8_dd’ GGGAAUCCGCAGGCAGGAUUCCCGUCACAGUGCCUGCCUGUGAC
S7-8_dd’v1 GGGAAUCCUCAGGCUGGAUUCCCGUCACAGAGCCUGACUGUGAC
S7-8_dd’v2 GGGAAUCCACAGGCAGGAUUCCCGUCACAGUGCCUGUCUGUGAC
S7-8_d’d GGGAAUCCUGCCUGCGGAUUCCCGUCACAGGCAGGCACUGUGAC
S7-8_ee’ GGGAAUCCGCGUUCUGGAUUCCCGUCACAGAGAACGCCUGUGAC
S7-8_ff’ GGGAAUCCGGUGACUGGAUUCCCGUCACAGAGUCACCCUGUGAC
S7-8_ff’v1 GGGAAUCCUGUGACUGGAUUCCCGUCACAGAGUCACACUGUGAC
S7-8_ff’v2 GGGAAUCCCGUGACUGGAUUCCCGUCACAGAGUCACGCUGUGAC
S7-8_ff’v3 GGGAAUCCGGUGACCGGAUUCCCGUCACAGGGUCACCCUGUGAC
S7-8_gg’ GGGAAUCCGAGACGUGGAUUCCCGUCACAGACGUCUCCUGUGAC
S7-8_gg’v1 GGGAAUCCCAGACGUGGAUUCCCGUCACAGACGUCUGCUGUGAC
S7-8_gg’v2 GGGAAUCCGAGACGGGGAUUCCCGUCACAGCCGUCUCCUGUGAC
S7-8_hh’ GGGAAUCCGCGAAGUGGAUUCCCGUCACAGACUUCGCCUGUGAC
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S7-8_ii’ GGGAAUCCCAUGGAAGGAUUCCCGUCACAGUUCCAUGCUGUGAC
S7-8_ii’v1 GGGAAUCCGAUGGAAGGAUUCCCGUCACAGUUCCAUCCUGUGAC
S7-8_i’i GGGAAUCCUUCCAUGGGAUUCCCGUCACAGCAUGGAACUGUGAC
S7-8_jj’ GGGAAUCCCAUCGGAGGAUUCCCGUCACAGUCCGAUGCUGUGAC
S7-8_jj’v1 GGGAAUCCGAUCGGAGGAUUCCCGUCACAGUCCGAUCCUGUGAC
S7-8_jj’v2 GGGAAUCCAAUCGGAGGAUUCCCGUCACAGUCCGAUUCUGUGAC
S7-8_kk’ GGGAAUCCCAUUGGAGGAUUCCCGUCACAGUCCAAUGCUGUGAC
S7-8_kk’v1 GGGAAUCCGAUUGGAGGAUUCCCGUCACAGUCCAAUCCUGUGAC
S7-8_k’kv1 GGGAAUCCUCCAAUCGGAUUCCCGUCACAGGAUUGGACUGUGAC
S7-8_ll’ GGGAAUCCACCACGAGGAUUCCCGUCACAGUCGUGGUCUGUGAC
S7-8_ll’v1 GGGAAUCCACCACGGGGAUUCCCGUCACAGCCGUGGUCUGUGAC
S7-8_mm’ GGGAAUCCACCGGCUGGAUUCCCGUCACAGAGCCGGUCUGUGAC
S7-8_nn’ GGGAAUCCUCGGCCAGGAUUCCCGUCACAGUGGCCGACUGUGAC
S7-8_oo’ GGGAAUCCGAUAGUGGGAUUCCCGUCACAGCACUAUCCUGUGAC
S7-8_1-2iv1 GGGAAUCCCAUGGUUGGAUUCCCGUCACAGAACCAUGCUGUGAC
S7-8_1-2iv2 GGGAAUCCGAUGGUGGGAUUCCCGUCACAGCACCAUCCUGUGAC
S7-8_1-2iv3 GGGAAUCCGAUGGUAGGAUUCCCGUCACAGUACCAUCCUGUGAC
S7-8_1-2iv4 GGGAAUCCAAUGGUUGGAUUCCCGUCACAGAACCAUUCUGUGAC
S7-8_1-2iv5 GGGAAUCCGAUGGUCGGAUUCCCGUCACAGGACCAUCCUGUGAC
S7-8_2-1 GGGAAUCCAACCAUCGGAUUCCCGUCACAGGAUGGUUCUGUGAC
S7-8_1-2wt GGGAAUCCUUGGUAGGGAUUCCCGUCACAGCUACCAACUGUGAC
Hairpin loop constructs
Name RNA sequence
HP_a GGGAAUCCGUCCACUGGAUUCCCAUGACC
HP_c GGGAAUCCGCAGGCUGGAUUCCCAUGACC
HP_d GGGAAUCCGCAGGCAGGAUUCCCAUGACC
HP_e GGGAAUCCGCGUUCUGGAUUCCCAUGACC
HP_f GGGAAUCCGGUGACUGGAUUCCCAUGACC
HP_g GGGAAUCCGAGACGUGGAUUCCCAUGACC
HP_h GGGAAUCCGCGAAGUGGAUUCCCAUGACC
HP_l GGGAAUCCACCACGAGGAUUCCCAUGACC
HP_1 GGGAAUCCGAUGGUUGGAUUCCCAUGACC
HP_a’ GGGAAUCCGUCAAGUGGACUGACGGAUUCCCAUGACC
HP_c’ GGGAAUCCGUCAAGCCUGCUGACGGAUUCCCAUGACC
HP_d’ GGGAAUCCGUCAUGCCUGCUGACGGAUUCCCAUGACC
HP_e’ GGGAAUCCGUCAAGAACGCUGACGGAUUCCCAUGACC
HP_f’ GGGAAUCCGUCAAGUCACCUGACGGAUUCCCAUGACC
HP_g’ GGGAAUCCGUCAACGUCUCUGACGGAUUCCCAUGACC
HP_h’ GGGAAUCCGUCAACUUCGCUGACGGAUUCCCAUGACC
HP_l’ GGGAAUCCGUCAUCGUGGUUGACGGAUUCCCAUGACC
HP_2 GGGAAUCCGUCAAACCAUCUGACGGAUUCCCAUGACC
S7-8 Fully programmable monomers (C15 unit if ligated)
Name RNA sequence
S7-8_ GGGAAUCCGUCCACUGGAUUCCCGUCACAGAGCCUGCCUGUGAC
S7-8_ GGGAAUCCGCAGGCUGGAUUCCCGUCACAGAGAACGCCUGUGAC
S7-8_ GGGAAUCCGCGUUCUGGAUUCCCGUCACAGACGUCUCCUGUGAC
S7-8_ GGGAAUCCGAGACGUGGAUUCCCGUCACAGUCGUGGUCUGUGAC
S7-8_ GGGAAUCCACCACGAGGAUUCCCGUCACAGAACCAUCCUGUGAC
S7-8_ GGGAAUCCGAUGGUUGGAUUCCCGUCACAGAGUGGACCUGUGAC
S7-8_ GGGAAUCCGCGUUCUGGAUUCCCGUCACAGAGUGGACCUGUGAC
S7-8_ GGGAAUCCGAGACGUGGAUUCCCGUCACAGAGUGGACCUGUGAC
S7-8_ GGGAAUCCACCACGAGGAUUCCCGUCACAGAGUGGACCUGUGAC
S7-8_ GGGAAUCCGAUGGUUGGAUUCCCGUCACAGGUCCACUCUGUGAC
Extended helix monomer (C24, C25, C26, C27, C28 units once ligated)
Name RNA sequence
C24_SM GGGAAUCACAGGAAUCCGAUGGUUGGAUUCCUGUGAUUCCCGUCACAGAACCAUCCUGUG

AC
C24_A GGGAAUCACAGGAAUCCGAUGGUUGGAUUCCUGUGAUUCCCGUCACAGGAUGGUUCUGUG

AC
C24_B GGGAAUCACAGGAAUCCGAUGGUUGGAUUCCUGUGAUUCCCGUCACAGAACCAUCCUGUG

AC



1 7 2

C25_SM GGGAAUCGUCCUCGAUGGUUGAGGACGAUUCCCGACAUGUCACAGAACCAUCCUGUGACA
UGUC

C25_A GGGAAUCGUCCUCGAUGGUUGAGGACGAUUCCCGACAUGUCACAGGAUGGUUCUGUGACA
UGUC

C25_B GGGAAUCGUCCUCAACCAUCGAGGACGAUUCCCGACAUGUCACAGAACCAUCCUGUGACA
UGUC

C26_SM GGGAAUCGUCACUCGAUGGUUGAGUGACGAUUCCCGACAUGUCACAGAACCAUCCUGUGA
CAUGUC

C26_A GGGAAUCGUCACUCGAUGGUUGAGUGACGAUUCCCGACAUGUCACAGGAUGGUUCUGUGA
CAUGUC

C26_B GGGAAUCGUCACUCAACCAUCGAGUGACGAUUCCCGACAUGUCACAGAACCAUCCUGUGA
CAUGUC

C27_SM GGGAAUCGUCACAUCGAUGGUUGAUGUGACGAUUCCCGACAUGUCACAGAACCAUCCUGU
GACAUGUC

C27_A GGGAAUCGUCACAUCGAUGGUUGAUGUGACGAUUCCCGACAUGUCACAGGAUGGUUCUGU
GACAUGUC

C27_B GGGAAUCGUCACAUCAACCAUCGAUGUGACGAUUCCCGACAUGUCACAGAACCAUCCUGU
GACAUGUC

C28_SM GGGAAUCGUCACAUCCGAUGGUUGGAUGUGACGAUUCCCGACAUGUCACAGAACCAUCCU
GUGACAUGUC

C28_A GGGAAUCGUCACAUCCGAUGGUUGGAUGUGACGAUUCCCGACAUGUCACAGGAUGGUUCU
GUGACAUGUC

C28_B GGGAAUCGUCACAUCCAACCAUCGGAUGUGACGAUUCCCGACAUGUCACAGAACCAUCCU
GUGACAUGUC

Programmable si_S9-6 monomers and antisense
Name RNA sequence
si_S9-6_α GGCAAGCUGACCCUGAAGUUCAUCCAAGAUCACGUCCACUGUGAUCGCUCACUAGAACCA

UCCUAGUGAGC
si_S9-6_β GGCAAGCUGACCCUGAAGUUCAUCCAAGAUCACGGUGACUGUGAUCGCUCACUAGAGUGG

ACCUAGUGAGC
si_S9-6_γ GGCAAGCUGACCCUGAAGUUCAUCCAAGAUCACACCACGAGUGAUCGCUCACUAGAGUCA

CCCUAGUGAGC
si_S9-6_δ GGCAAGCUGACCCUGAAGUUCAUCCAAGAUCACGCGAAGUGUGAUCGCUCACUAGUCGUG

GUCUAGUGAGC
si_S9-6_ε GGCAAGCUGACCCUGAAGUUCAUCCAAGAUCACGAGACGUGUGAUCGCUCACUAGACUUC

GCCUAGUGAGC
si_S9-6_ζ GGCAAGCUGACCCUGAAGUUCAUCCAAGAUCACGAUGGUUGUGAUCGCUCACUAGACGUC

UCCUAGUGAGC
si_S9-6_AS GGAUGAACUUCAGGGUCAGCUUGCCAA

Table 8.2: RNA sequences used in chapter 3. Nucleotides in bold type
correspond to regions of kissing loop sequences
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11nt motif and variant tectoRNAs
Receptor/Loop RNA sequence
11nt WT-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCUAAGUUGGGUAGGUC

GUUUUCUCU
11nt U3A-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCAAAGUUGGGUAGGUC

GUUUUCUCU
11nt U3G-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCGAAGUUGGGUAGGUC

GUUUUCUCU
11nt U3C-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCCAAGUUGGGUAGGUC

GUUUUCUCU
11nt U3d-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACC_AAGUUGGGUAGGUC

GUUUUCUCU
11nt A4U-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCUUAGUUGGGUAGGUC

GUUUUCUCU
11nt A4G-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCUGAGUUGGGUAGGUC

GUUUUCUCU
11nt A4C-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCUCAGUUGGGUAGGUC

GUUUUCUCU
11nt A4d-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCU_AGUUGGGUAGGUC

GUUUUCUCU
11nt A5U-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCUAUGUUGGGUAGGUC

GUUUUCUCU
11nt A5G-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCUAGGUUGGGUAGGUC

GUUUUCUCU
11nt A5C-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCUACGUUGGGUAGGUC

GUUUUCUCU
11nt G6A-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCUA_GUUGGGUAGGUC

GUUUUCUCU
11nt G6U-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCUAAAUUGGGUAGGUC

GUUUUCUCU
11nt G6C-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCUAAUUUGGGUAGGUC

GUUUUCUCU
11nt G6d-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCUAA_UUGGGUAGGUC

GUUUUCUCU
11nt U7A-GGAA GGGAAAGCGAUUUACUCAAAAUGGUAGUUCCGGGGGAACUUGGUUCUACCUAAGUUGGGUAGGUC

GUUUUCUCU
11nt U7G-GGAA GGGAAAGCGAUUUACUCAAGAUGGUAGUUCCGGGGGAACUUGGUUCUACCUAAGUUGGGUAGGUC

GUUUUCUCU
11nt U7C-GGAA GGGAAAGCGAUUUACUCAACAUGGUAGUUCCGGGGGAACUUGGUUCUACCUAAGUUGGGUAGGUC

GUUUUCUCU
11nt U7d-GGAA GGGAAAGCGAUUUACUCAA_AUGGUAGUUCCGGGGGAACUUGGUUCUACCUAAGUUGGGUAGGUC

GUUUUCUCU
11nt A8U-GGAA GGGAAAGCGAUUUACUCAAUUUGGUAGUUCCGGGGGAACUUGGUUCUACCUAAGUUGGGUAGGUC

GUUUUCUCU
11nt A8G-GGAA GGGAAAGCGAUUUACUCAAUGUGGUAGUUCCGGGGGAACUUGGUUCUACCUAAGUUGGGUAGGUC

GUUUUCUCU
11nt A8C-GGAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGGAACUUGGUUCUACCUAAGUUGGGUAGGUC

GUUUUCUCU
11nt A8d-GGAA GGGAAAGCGAUUUACUCAAU_UGGUAGUUCCGGGGGAACUUGGUUCUACCUAAGUUGGGUAGGUC

GUUUUCUCU
11nt U9A-GGAA GGGAAAGCGAUUUACUCAAUAAGGUAGUUCCGGGGGAACUUGGUUCUACCUAAGUUGGGUAGGUC

GUUUUCUCU
11nt U9G-GGAA GGGAAAGCGAUUUACUCAAUAGGGUAGUUCCGGGGGAACUUGGUUCUACCUAAGUUGGGUAGGUC

GUUUUCUCU
11nt U9C-GGAA GGGAAAGCGAUUUACUCAAUACGGUAGUUCCGGGGGAACUUGGUUCUACCUAAGUUGGGUAGGUC

GUUUUCUCU
11nt U9d-GGAA GGGAAAGCGAUUUACUCAAUA_GGUAGUUCCGGGGGAACUUGGUUCUACCUAAGUUGGGUAGGUC

GUUUUCUCU
R1 and variant tectoRNAs
Receptor/Loop RNA sequence
R1 WT-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
R1 WT-GGAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGGAACUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
R1 U3A-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCAGUGUGGGUAGGUCG

UUUUUCUCU
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R1 U3G-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCGGUGUGGGUAGGUCG
UUUUUCUCU

R1 U3C-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCCGUGUGGGUAGGUCG
UUUUUCUCU

R1 U3d-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACC_GUGUGGGUAGGUCG
UUUUUCUCU

R1 G4A-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUAUGUGGGUAGGUCG
UUUUUCUCU

R1 G4U-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUUUGUGGGUAGGUCG
UUUUUCUCU

R1 G4C-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUCUGUGGGUAGGUCG
UUUUUCUCU

R1 G4d-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCU_UGUGGGUAGGUCG
UUUUUCUCU

R1 U5A-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGAGUGGGUAGGUCG
UUUUUCUCU

R1 U5G-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGGGUGGGUAGGUCG
UUUUUCUCU

R1 U5C-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGCGUGGGUAGGUCG
UUUUUCUCU

R1 U5d-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUG_GUGGGUAGGUCG
UUUUUCUCU

R1 G6A-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUAUGGGUAGGUCG
UUUUUCUCU

R1 G6U-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUUUGGGUAGGUCG
UUUUUCUCU

R1 G6C-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUCUGGGUAGGUCG
UUUUUCUCU

R1 G6d-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGU_UGGGUAGGUCG
UUUUUCUCU

R1 A7U-GAAA GGGAAAGCGAUUUACUCAUUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 A7U-GUAA GGGAAAGCGAUUUACUCAUUCUGGUAGUUCCGGGGUAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 A7G-GAAA GGGAAAGCGAUUUACUCAGUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 A7C-GAAA GGGAAAGCGAUUUACUCACUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 A7d-GAAA GGGAAAGCGAUUUACUCA_UCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 A7d-GGAA GGGAAAGCGAUUUACUCA_UCUGGUAGUUCCGGGGGAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 A7d-GUAA GGGAAAGCGAUUUACUCA_UCUGGUAGUUCCGGGGUAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 U8A-GAAA GGGAAAGCGAUUUACUCAAACUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 U8G-GAAA GGGAAAGCGAUUUACUCAAGCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 U8C-GAAA GGGAAAGCGAUUUACUCAACCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 U8d-GAAA GGGAAAGCGAUUUACUCAA_CUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 U8d-GGAA GGGAAAGCGAUUUACUCAA_CUGGUAGUUCCGGGGGAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 U8d-GUAA GGGAAAGCGAUUUACUCAA_CUGGUAGUUCCGGGGUAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 C9A-GAAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 C9A-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 C9A-GUAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGUAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 C9U-GAAA GGGAAAGCGAUUUACUCAAUUUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 C9G-GAAA GGGAAAGCGAUUUACUCAAUGUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 C9d-GAAA GGGAAAGCGAUUUACUCAAU_UGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU
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R1 U10A-GAAA GGGAAAGCGAUUUACUCAAUCAGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 U10G-GAAA GGGAAAGCGAUUUACUCAAUCGGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1U10C-GAAA GGGAAAGCGAUUUACUCAAUCCGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 U10d-GAAA GGGAAAGCGAUUUACUCAAUC_GGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 4A5A-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUAAGUGGGUAGGUCG
UUUUUCUCU

R1 4A5A-GGAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGGAACUUGGUUCUACCUAAGUGGGUAGGUCG
UUUUUCUCU

R1 4A5A-GUAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGUAACUUGGUUCUACCUAAGUGGGUAGGUCG
UUUUUCUCU

R1 4A9U-GAAA GGGAAAGCGAUUUACUCAAUUUGGUAGUUCCGGGGAAACUUGGUUCUACCUAUGUGGGUAGGUCG
UUUUUCUCU

R1 4C9G-GAAA GGGAAAGCGAUUUACUCAAUGUGGUAGUUCCGGGGAAACUUGGUUCUACCUCUGUGGGUAGGUCG
UUUUUCUCU

R1 4U9A-GAAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGAAACUUGGUUCUACCUUUGUGGGUAGGUCG
UUUUUCUCU

R1 6U7G-GAAA GGGAAAGCGAUUUACUCAGUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUUUGGGUAGGUCG
UUUUUCUCU

R1 6A7G-GAAA GGGAAAGCGAUUUACUCAGUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUAUGGGUAGGUCG
UUUUUCUCU

R1 7U9A-GAAA GGGAAAGCGAUUUACUCAUUAUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 7U9A-GGAA GGGAAAGCGAUUUACUCAUUAUGGUAGUUCCGGGGGAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1 7U9A-GUAA GGGAAAGCGAUUUACUCAUUAUGGUAGUUCCGGGGUAACUUGGUUCUACCUGUGUGGGUAGGUCG
UUUUUCUCU

R1.Ta-GAAA GGGAAAGCGAUUUACUCAAUUUGGUAGUUCCGGGGAAACUUGGUUCUACCUAAGUGGGUAGGUCG
UUUUUCUCU

R1.Tb-GAAA GGGAAAGCGAUUUACUCAAUUUGGUAGUUCCGGGGAAACUUGGUUCUACCUACGUGGGUAGGUCG
UUUUUCUCU

R5.58 and variant tectoRNAs
Receptor/Loop RNA sequence
R5.58-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCACGGUGGGUAGGUC

GUUUUUCUCU
R5.58-GGAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGGAACUUGGUUCUACCCACGGUGGGUAGGUC

GUUUUUCUCU
R5.58 C3A-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCAACGGUGGGUAGGUC

GUUUUUCUCU
R5.58 C3G-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCUACGGUGGGUAGGUC

GUUUUUCUCU
R5.58 C3U-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCGACGGUGGGUAGGUC

GUUUUUCUCU
R5.58 C3d-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACC_ACGGUGGGUAGGUC

GUUUUUCUCU
R5.58 A4U-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCUCGGUGGGUAGGUC

GUUUUUCUCU
R5.58 A4G-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCGCGGUGGGUAGGUC

GUUUUUCUCU
R5.58 A4C-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCCCGGUGGGUAGGUC

GUUUUUCUCU
R5.58 A4d-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCC_CGGUGGGUAGGUC

GUUUUUCUCU
R5.58 C5A-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCAAGGUGGGUAGGUC

GUUUUUCUCU
R5.58 C5U-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCAUGGUGGGUAGGUC

GUUUUUCUCU
R5.58 C5G-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCAGGGUGGGUAGGUC

GUUUUUCUCU
R5.58 C5d-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCA_GGUGGGUAGGUC

GUUUUUCUCU
R5.58 G6A-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCACAGUGGGUAGGUC

GUUUUUCUCU
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R5.58 G6A-GGAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGGAACUUGGUUCUACCCACAGUGGGUAGGUC
GUUUUUCUCU

R5.58 G6U-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCACUGUGGGUAGGUC
GUUUUUCUCU

R5.58 G6C-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCACCGUGGGUAGGUC
GUUUUUCUCU

R5.58 G6d-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCAC_GUGGGUAGGUC
GUUUUUCUCU

R5.58 G7A-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCACGAUGGGUAGGUC
GUUUUUCUCU

R5.58 G7U-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCACGUUGGGUAGGUC
GUUUUUCUCU

R5.58 G7C-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCACGCUGGGUAGGUC
GUUUUUCUCU

R5.58 A8U-GAAA GGGAAAGCGAUUUACUCAUCCGGGUAGUUCCGGGGAAACUUGGUUCUACCCACGGUGGGUAGGUC
GUUUUUCUCU

R5.58 A8G-GAAA GGGAAAGCGAUUUACUCAGCCGGGUAGUUCCGGGGAAACUUGGUUCUACCCACGGUGGGUAGGUC
GUUUUUCUCU

R5.58 A8C-GAAA GGGAAAGCGAUUUACUCACCCGGGUAGUUCCGGGGAAACUUGGUUCUACCCACGGUGGGUAGGUC
GUUUUUCUCU

R5.58 A8d-GAAA GGGAAAGCGAUUUACUCA_CCGGGUAGUUCCGGGGAAACUUGGUUCUACCCACGGUGGGUAGGUC
GUUUUUCUCU

R5.58 C9A-GAAA GGGAAAGCGAUUUACUCAAACGGGUAGUUCCGGGGAAACUUGGUUCUACCCACGGUGGGUAGGUC
GUUUUUCUCU

R5.58 C9U-GAAA GGGAAAGCGAUUUACUCAAUCGGGUAGUUCCGGGGAAACUUGGUUCUACCCACGGUGGGUAGGUC
GUUUUUCUCU

R5.58 C9G-GAAA GGGAAAGCGAUUUACUCAAGCGGGUAGUUCCGGGGAAACUUGGUUCUACCCACGGUGGGUAGGUC
GUUUUUCUCU

R5.58 C9d-GAAA GGGAAAGCGAUUUACUCAA_CGGGUAGUUCCGGGGAAACUUGGUUCUACCCACGGUGGGUAGGUC
GUUUUUCUCU

R5.58 C10A-GAAA GGGAAAGCGAUUUACUCAACAGGGUAGUUCCGGGGAAACUUGGUUCUACCCACGGUGGGUAGGUC
GUUUUUCUCU

R5.58 C10U-GAAA GGGAAAGCGAUUUACUCAACUGGGUAGUUCCGGGGAAACUUGGUUCUACCCACGGUGGGUAGGUC
GUUUUUCUCU

R5.58 C10G-GAAA GGGAAAGCGAUUUACUCAACGGGGUAGUUCCGGGGAAACUUGGUUCUACCCACGGUGGGUAGGUC
GUUUUUCUCU

R5.58 G11A-GAAA GGGAAAGCGAUUUACUCAACCAGGUAGUUCCGGGGAAACUUGGUUCUACCCACGGUGGGUAGGUC
GUUUUUCUCU

R5.58 G11U-GAAA GGGAAAGCGAUUUACUCAACCUGGUAGUUCCGGGGAAACUUGGUUCUACCCACGGUGGGUAGGUC
GUUUUUCUCU

R5.58 G11C-GAAA GGGAAAGCGAUUUACUCAACCCGGUAGUUCCGGGGAAACUUGGUUCUACCCACGGUGGGUAGGUC
GUUUUUCUCU

R5.58 G11d-GAAA GGGAAAGCGAUUUACUCAACC_GGUAGUUCCGGGGAAACUUGGUUCUACCCACGGUGGGUAGGUC
GUUUUUCUCU

TectoRNAs containing natural receptors
Receptor/Loop RNA sequence
RVc2-GAAA GGGAAAGCGAUUUACUCAGUAGGUAGUUCCGGGGAAACUUGGUUCUACCUAAACUGGGUAGGUCG

UUUUUCUCU
RVc2-GGAA GGGAAAGCGAUUUACUCAGUAGGUAGUUCCGGGGGAACUUGGUUCUACCUAAACUGGGUAGGUCG

UUUUUCUCU
RIC3-GAAA GGGAAAGCGAUUUACUCAGAGGGUAGUUCCGGGGAAACUUGGUUCUACCCUAACUGGGUAGGUCG

UUUUUCUCU
RIC3-GGAA GGGAAAGCGAUUUACUCAGAGGGUAGUUCCGGGGAAACUUGGUUCUACCCUAACUGGGUAGGUCG

UUUUUCUCU
hGYAA.a-GGAA GGGAAAGCGAUUUACUCAUUUGGGUAGUUCCGGGGGAACUUGGUUCUACCCAAGUGGGUAGGUCG

UUUUUCUCU
hGYAA.b-GAAA GGGAAAGCGAUUUACUCACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCGGUGGGUAGGUCGUU

UUUCUCU
hGYAA.c-GAAA GGGAAAGCGAUUUACUCAUCGGGUAGUUCCGGGGAAACUUGGUUCUACCCGGUGGGUAGGUCGUU

UUUCUCU
hGYAA.d-GAAA GGGAAAGCGAUUUACUCAUCGGGUAGUUCCGGGGAAACUUGGUUCUACCCGAUGGGUAGGUCGUU

UUUCUCU
hGYAA.f-GGAA GGGAAAGCGAUUUACUCAUUGGGUAGUUCCGGGGAAACUUGGUUCUACCCAAUGGGUAGGUCGUU

UUUCUCU
hGYAA.h-GAAA GGGAAAGCGAUUUACUCAUAGGGUAGUUCCGGGGAAACUUGGUUCUACCCUAUGGGUAGGUCGUU

UUUCUCU
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hGYgA.a-GGAA GGGAAAGCGAUUUACUCAUUUAGGUAGUUCCGGGGGAACUUGGUUCUACCUAAGUGGGUAGGUCG
UUUUUCUCU

Additional tectoRNAs containing GNRA receptors
Receptor/Loop RNA sequence
R1.75-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUCGUGGGUAGGUC

GUUUUUCUCU
R1.75b-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUCGGUGGGUAGGU

CGUUUUUCUCU
R2.24c-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCAUGUGGGUAGGUCG

UUUUUCUCU
R5.15b-GAAA GGGAAAGCGAUUUACUCAACCUGGUAGUUCCGGGGAAACUUGGUUCUACCGUCGGUGGGUAGGUC

GUUUUUCUCU
R5.15c-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCGUCGGUGGGUAGGUC

GUUUUUCUCU
R5.58c-GAAA GGGAAAGCGAUUUACUCAACCUGGUAGUUCCGGGGAAACUUGGUUCUACCGACGGUGGGUAGGUC

GUUUUUCUCU
R5.58m41-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCGGUGGGUAGGUCGU

UUUUCUCU
C7.10-GGAA GGGAAAGCGAUUUACUCAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCUGUGUGGGUAGGUCGU

UUUUCUCU
RIC3.b-GAAA GGGAAAGCGAUUUACUCAUAGGGUAGUUCCGGGGAAACUUGGUUCUACCCUAACUGGGUAGGUCG

UUUUUCUCU
RIC3.b-GGAA GGGAAAGCGAUUUACUCAUAGGGUAGUUCCGGGGGAACUUGGUUCUACCCUAACUGGGUAGGUCG

UUUUUCUCU
RIC3.c-GAAA GGGAAAGCGAUUUACUCAUAGGGUAGUUCCGGGGAAACUUGGUUCUACCCUAAGUGGGUAGGUCG

UUUUUCUCU
RIC3.c-GGAA GGGAAAGCGAUUUACUCAUAGGGUAGUUCCGGGGGAACUUGGUUCUACCCUAAGUGGGUAGGUCG

UUUUUCUCU
RIC3_U4A-GAAA GGGAAAGCGAUUUACUCAGAGGGUAGUUCCGGGGAAACUUGGUUCUACCCAAACUGGGUAGGUCG

UUUUUCUCU
RIC3_U4A-GGAA GGGAAAGCGAUUUACUCAGAGGGUAGUUCCGGGGGAACUUGGUUCUACCCAAACUGGGUAGGUCG

UUUUUCUCU
RVc2.a-GAAA GGGAAAGCGAUUUACUCAGUGGGUAGUUCCGGGGAAACUUGGUUCUACCUAAACUGGGUAGGUCG

UUUUUCUCU
RVc2.a-GGAA GGGAAAGCGAUUUACUCAGUGGGUAGUUCCGGGGGAACUUGGUUCUACCUAAACUGGGUAGGUCG

UUUUUCUCU
RVc2.b-GAAA GGGAAAGCGAUUUACUCAGUGGGUAGUUCCGGGGAAACUUGGUUCUACCCAAACUGGGUAGGUCG

UUUUUCUCU
RVc2.b-GGAA GGGAAAGCGAUUUACUCAGUGGGUAGUUCCGGGGGAACUUGGUUCUACCCAAACUGGGUAGGUCG

UUUUUCUCU
RVc2.c-GAAA GGGAAAGCGAUUUACUCAUUAGGUAGUUCCGGGGAAACUUGGUUCUACCUAAACUGGGUAGGUCG

UUUUUCUCU
RVc2.c-GGAA GGGAAAGCGAUUUACUCAUUAGGUAGUUCCGGGGGAACUUGGUUCUACCUAAACUGGGUAGGUCG

UUUUUCUCU
RVc2.d-GAAA GGGAAAGCGAUUUACUCAUUAGGUAGUUCCGGGGAAACUUGGUUCUACCUAAAGUGGGUAGGUCG

UUUUUCUCU
RVc2.d-GGAA GGGAAAGCGAUUUACUCAUUAGGUAGUUCCGGGGGAACUUGGUUCUACCUAAAGUGGGUAGGUCG

UUUUUCUCU
RVc2.e-GAAA GGGAAAGCGAUUUACUCAUAAGGUAGUUCCGGGGAAACUUGGUUCUACCUAAAGUGGGUAGGUCG

UUUUUCUCU
RVc2.e-GGAA GGGAAAGCGAUUUACUCAUAAGGUAGUUCCGGGGGAACUUGGUUCUACCUAAAGUGGGUAGGUCG

UUUUUCUCU
R1h1-GAAA GGGAAAGCGAUUUACUCAAUCGGGUAGUUCCGGGGAAACUUGGUUCUACCCGUGUGGGUAGGUCG

UUUUUCUCU
R1h2-GAAA GGGAAAGCGAUUUACUCAACCGGGUAGUUCCGGGGAAACUUGGUUCUACCCGUGUGGGUAGGUCG

UUUUUCUCU
R1h3-GAAA GGGAAAGCGAUUUACUCAAUCGGGUAGUUCCGGGGAAACUUGGUUCUACCCGGUGGGUAGGUCGU

UUUUCUCU
hGYAA.j-GAAA GGGAAAGCGAUUUACUCAUAGGGUAGUUCCGGGGAAACUUGGUUCUACCCGAUGGGUAGGUCGUU

UUUCUCU
h.int.4-GAAA GGGAAAGCGAUUUACUCAUAGGGUAGUUCCGGGGAAACUUGGUUCUACCCUAGUGGGUAGGUCGU

UUUUCUCU
Probe tectoRNAs utilizing a 11nt-GAAA anchor
Receptor/Loop RNA sequence
11nt-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCUAAGUUGGGUAGGUC

GUUUUCUCU
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11nt-GUAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGUAACUUGGUUCUACCUAAGUUGGGUAGGUC
GUUUUCUCU

11nt-GCAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGCAACUUGGUUCUACCUAAGUUGGGUAGGUC
GUUUUCUCU

11nt-GAGA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGAGACUUGGUUCUACCUAAGUUGGGUAGGUC
GUUUUCUCU

11nt-GGGA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGGACUUGGUUCUACCUAAGUUGGGUAGGUC
GUUUUCUCU

11nt-GUGA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGUGACUUGGUUCUACCUAAGUUGGGUAGGUC
GUUUUCUCU

11nt-GCGA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGCGACUUGGUUCUACCUAAGUUGGGUAGGUC
GUUUUCUCU

11nt-UUCG GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGUUCGCUUGGUUCUACCUAAGUUGGGUAGGUC
GUUUUCUCU

Probe tectoRNAs utilizing a R1-GGAA anchor
Receptor/Loop RNA sequence
R1-GUAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGUAACUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
R1-GCAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGCAACUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
R1-GAGA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAGACUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
R1-GGGA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGGGACUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
R1-GUGA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGUGACUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
R1-GCGA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGCGACUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
R1-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
R1-UUCG GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGUUCGCUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
Probe tectoRNAs utilizing a R5.16-GUAA anchor
Receptor/Loop RNA sequence
R5.16-GGAA GGGAAAGCGAUUUACUCAUAACGGUAGUUCCGGGGGAACUUGGUUCUACCUGCGCUGGGUAGGUC

GUUUUUCUCU
R5.16-GCAA GGGAAAGCGAUUUACUCAUAACGGUAGUUCCGGGGCAACUUGGUUCUACCUGCGCUGGGUAGGUC

GUUUUUCUCU
R5.16-GAGA GGGAAAGCGAUUUACUCAUAACGGUAGUUCCGGGGAGACUUGGUUCUACCUGCGCUGGGUAGGUC

GUUUUUCUCU
R5.16-GGGA GGGAAAGCGAUUUACUCAUAACGGUAGUUCCGGGGGGACUUGGUUCUACCUGCGCUGGGUAGGUC

GUUUUUCUCU
R5.16-GUGA GGGAAAGCGAUUUACUCAUAACGGUAGUUCCGGGGUGACUUGGUUCUACCUGCGCUGGGUAGGUC

GUUUUUCUCU
R5.16-GCGA GGGAAAGCGAUUUACUCAUAACGGUAGUUCCGGGGCGACUUGGUUCUACCUGCGCUGGGUAGGUC

GUUUUUCUCU
R5.16-GAAA GGGAAAGCGAUUUACUCAUAACGGUAGUUCCGGGGAAACUUGGUUCUACCUGCGCUGGGUAGGUC

GUUUUUCUCU
R5.16-UUCG GGGAAAGCGAUUUACUCAUAACGGUAGUUCCGGGUUCGCUUGGUUCUACCUGCGCUGGGUAGGUC

GUUUUUCUCU

Table 8.3: RNA sequences used in chapter 4. Nucleotides in red indicates
receptor nucleotides.  Nucleotides in green correspond to terminal tetraloop
sequences.
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Selection library tectoRNA sequences
N3-N3_library GGGAAAGCGAUUUACUCANNNGGAUGUUCCGGGGAAACUUGGUUCAUCCNNNUGGGUAGGUCGU

UUUUCUCUCGAUGUGGAUGCUAUGAUGC
N3-N4_library GGGAAAGCGAUUUACUCANNNGGAUGUUCCGGGGAAACUUGGUUCAUCCNNNNUGGGUAGGUCG

UUUUUCUCUCGAUGUGGAUGCUAUGAUGC
N4-N3_library GGGAAAGCGAUUUACUCANNNNGGAUGUUCCGGGGAAACUUGGUUCAUCCNNNUGGGUAGGUCG

UUUUUCUCUCGAUGUGGAUGCUAUGAUGC
N4-N4_library GGGAAAGCGAUUUACUCANNNNGGAUGUUCCGGGGAAACUUGGUUCAUCCNNNNUGGGUAGGUC

GUUUUUCUCUCGAUGUGGAUGCUAUGAUGC
N4-N5_library GGGAAAGCGAUUUACUCANNNNGGAUGUUCCGGGGAAACUUGGUUCAUCCNNNNNUGGGUAGGU

CGUUUUUCUCUCGAUGUGGAUGCUAUGAUGC
N5-N4_library GGGAAAGCGAUUUACUCANNNNGGAUGUUCCGGGGAAACUUGGUUCAUCCNNNNNUGGGUAGGU

CGUUUUUCUCUCGAUGUGGAUGCUAUGAUGC
Target tectoRNA sequences containing landscape receptors
Scaffold: GGGAAAGCGAUUUACUC_strandB_UAGUUCCGGGGNRACUUGGUUCUA_strand

A_GGGUAGGUCGUUUUCUCU
Receptor strand A strand B
R1 WT CCUGUGU AAUCUGG
R1 U3C CCCGUGU AAUCUGG
R1 G4A CCUAUGU AAUCUGG
R1 A7U CCUGUGU AUUCUGG
R1 A7del CCUGUGU AUCUGG
R1 U8del CCUGUGU AACUGG
R1 C9A CCUGUGU AAUAUGG
R1 U10G CCUGUGU AAUCGGG
R1 4A5A CCUAAGU AAUCUGG
R1 7U9A CCUGUGU AUUAUGG
R1.75 CCUGUCGU AAUCUGG
R1.75b CCUGUCGGU AAUCUGG
R1.76 CCUGUGGU AAUCUGG
R1.76b CCUGUUGU AAUCUGG
R2 CCCAGCCC GAUAGGG
R2.a CCCAGCCU GAUAGGG
R2.b CCCAGCCC AAUAGGG
R2-4U CCCUGCCU AAUAGGG
R2.7 CCCAUCU AAAGCGGG
R2.7b CCCAUCU AUAGCGGG
R2.7c CCUAUCU AAAGCCGG
R2.7d CCUAGCU AAAGCCGG
R2.7e CCCAUCU AAAGCCGG
R2.22 CCCGAUCU AACAGGG
R2.22b CCCUAUCU AACAGGG
R2.24 CCCUAUCU AACCGGG
R2.24b CCCAUCU AACCGGG
R2.24c CCCAUGU AACCGGG
R2.29 CCUCAUCU ACACAGG
R2.29a CCUCAUCU ACACAGGG
R2.29b CCUCAUCU ACACGGG
R2.29c CCCCAUCU ACACGGG
R2.35 CCUUAUCU AACGCGGG
R2.35b CCCUAUCU AACGCGGG
R2.61 CCCCACCU AAUAGGG
R2.61b CCCCACCU AACAGGG
R2.61c CCCCACCU AAAAGGG
R2.61c1 CCCUACCU AAUAGGG
R2.61d CCCUAACU AAUAGGG
R2.61e CCCUAACU AACAGGG
R2.61f CCCUACCU AACAGGG
R2.63 CCCAAUCU AACAGGG
R2.63b CCCAUCU AACAGGG
R2.64 CCCCAUCU AACAGGG
R2.64b CCCCAUCU ACAGGG
R2.64c CCCUAUCU ACAGGG
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R2.64d CCUCAUCU AACAGGG
R2.64e CCUCAUCU ACAGGG
R2.64f CCUCAUCU ACAAGG
R2.81 CCCAUCU AAUGCGGG
R2.81b CCCAAUCU AAUGCGGG
R2.81c CCCAAUCU AAUCGGG
R2.81d CCCAAUCU AAUAGGG
R2.81e CCCAACCU AAUAGGG
R2.82 CCCCUCU AACGCGGG
R2.83 CCCAUCU AACGCGGG
R2.94 CCCAGCCU AAUAGGG
R2.94b CCCCGCCU AAUAGGG
R3.5 CCCUGCCU AAUACCGG
R3.30 CCCUUCCCU ACAGCGG
R3.31b CCCUUCCU ACAGCGG
R3.31c CCCUUCCU ACAACGG
R3.74 CCCUGCCU ACUACGG
R3.74a CCCUGCCU ACAACGG
R3.77 CCCUGCCU AAUACGG
R3.77b CCCAGCCU AAUACGG
R4.1 CCUAGAU AAAGCCGG
R4.1b CCUAGAU AAAGCGG
R4.1c CCUAGAU AAAACGG
R4.1d CCUAGAU AUAACGG
R4.2 CCUAGAAU ACAACGG
R4.2b CCUAGAGU ACAACGG
R4.2c CCUAGAU ACAACGG
R4.3 CCUAGAGU AUAACGG
R4.3b CCUAGAGU AUAAUGG
R4.3b1 CCUGAGU AUAAUGG
R4.3c CCUGAGU AUAACGG
R4.3c2 CCUAGUGU AUAACGG
R4.3d CCUAGACU AUAACGG
R4.3e CCUAGGGU AUAACGG
R4.3f CCUGGAGU AUAACGG
R4.6 CCUAGCU AAAUGCGG
R4.6b CCUAGAU AAAUGCGG
R4.6c CCUAGCU AAAGCGG
R4.10 CCUUACU AAACGUCGG
R4.10a CCUUACU AAAUGUCGG
R4.10b CCUUACU AAAUGCGG
R4.10c CCUAACU AAAUGCGG
R4.11 CCUUACU AAACGUUGG
R4.36 CCUCAAGU AUAAUGG
R4.36b CCUAAGU AUAAUGG
R4.36c CCUCAAGU AUAUGG
R5.4 CCCAUGAU AUACCGGG
R5.4b CCCAUGGU AUACCGGG
R5.4c CCCAUGGU AUACCGG
R5.4d CCCAUGCU AUACCGGG
R5.4e CCCAUGCU AUAGCGGG
R5.8 CCCAUGGU ACACCGGG
R5.8b CCCAUGGU AACCGGG
R5.8c CCCAUGAU AACCGGG
R5.8d CCCAUGGU AGACCGGG
R5.8e CCAUGGU AGACCGGG
R5.8f CCCAUGGU AGACCGG
R5.12 CCACGGUU AGACCGG
R5.12b CCACGGCU AGACCGG
R5.12c CCACGGU AGACCGG
R5.12d CCACGGU AAACCGG
R5.12d1 CCACGGU AACCGG
R5.13 CCGUCGGU AGACCGG
R5.13b CCAUCGGU AGACCGG
R5.14 CCACGGUU AAACCGG
R5.15 CCGUCGU AACUGG
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R5.15b CCGUCGGU AACCUGG
R5.15c CCGUCGGU AAUCUGG
R5.15d CCGUCGU AAUCUGG
R5.15e CCGUCGGU AGACCUGG
R5.15f CCGUCGGU AACUGG
R5.16 CCUGCGCU AUAACGG
R5.16b CCUGCGU AUAACGG
R5.16c CCUGAGCU AUAACGG
R5.16c2 CCAUGCGCU AUAACGG
R5.16c3 CCUAGCGCU AUAACGG
R5.16c4 CCUAGCGU AUAACGG
R5.16c5 CCUAGAGCU AUAACGG
R5.16d CCUAGCU AUAACGG
R5.16e CCUGCGGU AUAACGG
R5.16f CCUGCAGU AUAACGG
R5.16g CCUACAGU AUAACGG
R5.16h CCUGCACU AUAACGG
R5.16i CCUGGGCU AUAACGG
R5.16j CCUACGCU AUAACGG
R5.16k CCUAGGCU AUAACGG
R5.16L CCUACACU AUAACGG
R5.16m CCUACGGU AUAACGG
R5.16N CCUGGACU AUAACGG
R5.16o CCUGGGGU AUAACGG
R5.21 CCAUGGU AUACCGG
R5.21b CCAUGGU AUAACGG
R5.21c CCAUGGU AGACCGG
R5.21d CCACGGU AUACCGG
R5.33 CCACGGU AUAACCGG
R5.33b CCAUGGU AUAACCGG
R5.34 CCAUGUGU AUAACGG
R5.34b CCUGUGU AUAACGG
R5.34b2 CCAAGUGU AUAACGG
R5.34b3 CCAUGCGU AUAACGG
R5.34c CCAUGUGU AUACCGG
R5.34d CCAUGUGU AUACGG
R5.58 CCCACGGU AACCGGG
R5.58 A4d CCCCGGU AACCGGG
R5.58 C5d CCCAGGU AACCGGG
R5.58 G11d CCCACGGU AACCGG
R5.58b CCCACGGU AACCUGG
R5.58c CCGACGGU AACCUGG
R5.58.5 CCCACCGU AACCGGG
R5.58.6 CCCACGGU AACGGGG
R5.58.7 CCCACCGU AACGGGG
R5.58.7i1 CCCACCGG AACGGGG
R5.58.12 CCCACGGU AACCCGG
R5.58.24 CCCACGUU AAACGGG
R5.58.24i1 CCCACGUG AAACGGG
R5.58.27 CCCACCGG UACGGGG
R5.58.27i1 CCCACCGG UAAGGGG
R5.58.28 CCCACGUG UAACGGG
R5.58.28i1 CCCACCUG UAACGGG
R5.58.31 CCCACGUU AACCGGG
R5.58.33 CCCACGGU AAACGGG
R5.58.41 CCCGGU AACCGGG
R6.9 CCCGAUGUU AGAAGGG
R6.9b CCCGACGUU AGAAGGG
R6.9c CCCUACGUU AGAAGGG
R6.26 CCCCAUGUU AGAAGGG
R6.26b CCCCGUGUU AGAAGGG
R6.27 CCCGGUGUU AGAAGGG
R6.28 CCACACGU AGAACGG
R6.28b CCCCACGU AGAACGG
C7.2 CCUGUAU AAUGG
R7.2b CCUGUGU AAUGG
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R7.8M5 CCCUAGUG UAACGGG
RS8.14 CCCAACUG UAAGGGG
RS8.15 CCCACCUG UAAGGGG
RS8.16 CCCUCCUG UAAGGGG
B7.8b CCCUACUG UAAGGGG
R7.8c CCCUACUG UAACGGG
R7.8d CCCUAGUG UAACGG
R7.8e CCUAGUG UAACGG
C7.10 CCUGUGU AUAUGG
R7.10a CCUAUGU AUAUGG
R7.10b CCUGAGU AUAUGG
R7.10c CCUGUGU AUACGG
R7.10d CCUGUGU AAAUGG
C7.34 CCCCACGCU AGAAGGG
R7.34b CCCCACGUU AGAAGGG
R7.34c CCCCACGCU AAAAGGG
R7.34c1 CCCCACGUU AGAAGGG
R7.34-4U CCCUACGCU AGAAGGG
R7.34-4Ua CCCUAAGCU AGAAGGG
11ntWT CCUAAGU AUAUGG
11ntb CCUAAGU AUAGGG
11nt A8C CCUAAGU AUCUGG
11nt U9A CCUAAGU AUAAGG
RIC3 CCCUAACU AGAGGG
RIC3b CCCUAACU AUAGGG
RIC3c CCCUAAGU AUAGGG
RIC3d CCCUAAGU ACAGGG
RIC3e CCCUAACU ACAGGG
RIC3f CCCUAACU AGAAGGG
RIC3g CCCUAAU AUAGGG
RIC3_U4A CCCAAACU AGAGGG
RVc2 CCUAAACU AGUAGG
RVc2a CCUAAACU AGUGGG
RVc2b CCCAAACU AGUGGG
RVc2c CCUAAACU AUUAGG
RVc2d CCUAAAGU AUUAGG
RVc2e CCUAAAGU AUAAGG
hGYAA.a CCCAAGU AUUUGG
hGYAA.b CCCGGU ACCGGG
hGYAA.c CCCGGU AUCGGG
hGYAA.d CCCGAU AUCGGG
hGYAA.e CCCGAU AUUGGG
hGYAA.f CCCAAU AUUGGG
hGYAA.g CCCAAU AUCGGG
hGYAA.h CCCUAU AUAGGG
hGYAA.i CCCUAU AUCGGG
hGYAA.j CCCGAU AUAGGG
hGYgA.a CCUAAGU AUUUAGG
hGYgA.b CCUAAGU AUUUGGG
hGYgA.c CCCAAGU AUUUAGG
h.int.1 CCUAAGU AUAUAGG
h.int.2 CCCAAGU AUAGGG
h.int.3 CCCAAGU AUUGGG
h.int.4 CCCUAGU AUAGGG
R1h1 CCCGUGU AAUCGGG
R1h2 CCCGUGU AACCGGG
R1h3 CCCGGU AAUCGGG
Probe tectoRNAs utilizing a 11nt-GAAA anchor
Receptor/Loop RNA sequence
11nt-GGAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGAACUUGGUUCUACCUAAGUUGGGUAGGUC

GUUUUCUCU
11nt-GUAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGUAACUUGGUUCUACCUAAGUUGGGUAGGUC

GUUUUCUCU
11nt-GCAA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGCAACUUGGUUCUACCUAAGUUGGGUAGGUC

GUUUUCUCU
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11nt-GAGA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGAGACUUGGUUCUACCUAAGUUGGGUAGGUC
GUUUUCUCU

11nt-GGGA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGGGACUUGGUUCUACCUAAGUUGGGUAGGUC
GUUUUCUCU

11nt-GUGA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGUGACUUGGUUCUACCUAAGUUGGGUAGGUC
GUUUUCUCU

11nt-GCGA GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGGCGACUUGGUUCUACCUAAGUUGGGUAGGUC
GUUUUCUCU

11nt-UUCG GGGAAAGCGAUUUACUCAAUAUGGUAGUUCCGGGUUCGCUUGGUUCUACCUAAGUUGGGUAGGUC
GUUUUCUCU

Probe tectoRNAs utilizing a R1-GGAA anchor
Receptor/Loop RNA sequence
R1-GUAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGUAACUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
R1-GCAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGCAACUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
R1-GAGA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAGACUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
R1-GGGA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGGGACUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
R1-GUGA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGUGACUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
R1-GCGA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGCGACUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
R1-GAAA GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGGAAACUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
R1-UUCG GGGAAAGCGAUUUACUCAAUCUGGUAGUUCCGGGUUCGCUUGGUUCUACCUGUGUGGGUAGGUCG

UUUUUCUCU
Probe tectoRNAs utilizing a R5.16-GUAA anchor
Receptor/Loop RNA sequence
R5.16-GGAA GGGAAAGCGAUUUACUCAUAACGGUAGUUCCGGGGGAACUUGGUUCUACCUGCGCUGGGUAGGUC

GUUUUUCUCU
R5.16-GCAA GGGAAAGCGAUUUACUCAUAACGGUAGUUCCGGGGCAACUUGGUUCUACCUGCGCUGGGUAGGUC

GUUUUUCUCU
R5.16-GAGA GGGAAAGCGAUUUACUCAUAACGGUAGUUCCGGGGAGACUUGGUUCUACCUGCGCUGGGUAGGUC

GUUUUUCUCU
R5.16-GGGA GGGAAAGCGAUUUACUCAUAACGGUAGUUCCGGGGGGACUUGGUUCUACCUGCGCUGGGUAGGUC

GUUUUUCUCU
R5.16-GUGA GGGAAAGCGAUUUACUCAUAACGGUAGUUCCGGGGUGACUUGGUUCUACCUGCGCUGGGUAGGUC

GUUUUUCUCU
R5.16-GCGA GGGAAAGCGAUUUACUCAUAACGGUAGUUCCGGGGCGACUUGGUUCUACCUGCGCUGGGUAGGUC

GUUUUUCUCU
R5.16-GAAA GGGAAAGCGAUUUACUCAUAACGGUAGUUCCGGGGAAACUUGGUUCUACCUGCGCUGGGUAGGUC

GUUUUUCUCU
R5.16-UUCG GGGAAAGCGAUUUACUCAUAACGGUAGUUCCGGGUUCGCUUGGUUCUACCUGCGCUGGGUAGGUC

GUUUUUCUCU

Table 8.4: RNA sequences used in chapter 5. Nucleotides in red indicates
receptor nucleotides. Nucleotides in green correspond to terminal loop
sequences.
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Hairpins containing HIV-KLs
Name RNA sequence
HP_HIV-1 GGGAAUCCAAGAGGUCAGGAUUCCCAUGACC
HP_HIV-2 GGGAAUCCAAGAGUCCAGGAUUCCCAUGACC
HP_HIV-3 GGGAAUCCAAGGCAGCAGGAUUCCCAUGACC
HP_HIV-4 GGGAAUCCAAGCCGUCAGGAUUCCCAUGACC
HP_HIV-5 GGGAAUCCAAGCGUCGAGGAUUCCCAUGACC
HP_HIV-6 GGGAAUCCAAGUCGGCAGGAUUCCCAUGACC
HP_HIV-7 GGGAAUCCAAGGAGGCAGGAUUCCCAUGACC
HP_HIV-8 GGGAAUCCAAGCUCGCAGGAUUCCCAUGACC
HP_HIV-9 GGGAAUCCAAGAGCCUAGGAUUCCCAUGACC
HP_HIV-1’ GGGAAUCCGUCAAAGACCUCAUGACGGAUUCCCAUGACC
HP_HIV-2’ GGGAAUCCGUCAAAGGACUCAUGACGGAUUCCCAUGACC
HP_HIV-3’ GGGAAUCCGUCAAAGCUGCCAUGACGGAUUCCCAUGACC
HP_HIV-4’ GGGAAUCCGUCAAAGACGGCAUGACGGAUUCCCAUGACC
HP_HIV-5’ GGGAAUCCGUCAAACGACGCAUGACGGAUUCCCAUGACC
HP_HIV-6’ GGGAAUCCGUCAAAGCCGACAUGACGGAUUCCCAUGACC
HP_HIV-7’ GGGAAUCCGUCAAAGCCUCCAUGACGGAUUCCCAUGACC
HP_HIV-8’ GGGAAUCCGUCAAAGCGAGCAUGACGGAUUCCCAUGACC
HP_HIV-9’ GGGAAUCCGUCAAAAGGCUCAUGACGGAUUCCCAUGACC
Hairpins containing RNAI/IIi-KLs
Name RNA sequence
HP_a GGGAAUCCGUCCACUGGAUUCCCAUGACC
HP_c GGGAAUCCGCAGGCUGGAUUCCCAUGACC
HP_e GGGAAUCCGCGUUCUGGAUUCCCAUGACC
HP_f GGGAAUCCGGUGACUGGAUUCCCAUGACC
HP_g GGGAAUCCGAGACGUGGAUUCCCAUGACC
HP_h GGGAAUCCGCGAAGUGGAUUCCCAUGACC
HP_L GGGAAUCCACCACGAGGAUUCCCAUGACC
HP_1 GGGAAUCCGAUGGUUGGAUUCCCAUGACC
HP_m GGGAAUCCACCGGCUGGAUUCCCAUGACC
HP_o GGGAAUCCGAUAGUGGGAUUCCCAUGACC
HP_gv2 GGGAAUCCGAGACGGGGAUUCCCAUGACC
HP_jv1 GGGAAUCCGAUCGGAGGAUUCCCAUGACC
HP_a’ GGGAAUCCGUCAAGUGGACUGACGGAUUCCCAUGACC
HP_c’ GGGAAUCCGUCAAGCCUGCUGACGGAUUCCCAUGACC
HP_e’ GGGAAUCCGUCAUGCCUGCUGACGGAUUCCCAUGACC
HP_f’ GGGAAUCCGUCAAGAACGCUGACGGAUUCCCAUGACC
HP_g’ GGGAAUCCGUCAAGUCACCUGACGGAUUCCCAUGACC
HP_h’ GGGAAUCCGUCAACGUCUCUGACGGAUUCCCAUGACC
HP_L’ GGGAAUCCGUCAACUUCGCUGACGGAUUCCCAUGACC
HP_2 GGGAAUCCGUCAUCGUGGUUGACGGAUUCCCAUGACC
HP_m’ GGGAAUCCGUCAAGCCGGUUGACGGAUUCCCAUGACC
HP_o’ GGGAAUCCGUCACACUAUCUGACGGAUUCCCAUGACC
HP_gv2’ GGGAAUCCGUCACCGUCUCUGACGGAUUCCCAUGACC
HP_jv1’ GGGAAUCCGUCAUCCGAUCUGACGGAUUCCCAUGACC
Monomers for 8-unit nanoring
Name RNA sequence
S7-8_(a-c’) GGGAAUCCGUCCACUGGAUUCCCGUCACAGAGCCUGCCUGUGAC
S7-8_(c-e’) GGGAAUCCGCAGGCUGGAUUCCCGUCACAGAGAACGCCUGUGAC
S6-8_(e-HIV1’) GGGAAUCCGCGUUCUGGAUUCCCGUACAGAAGACCUCACUGUAC
S7-7_(HIV1-g’) GGGAAUCAAGAGGUCAGAUUCCCGUCACAGACGUCUCCUGUGAC
S7-8_(g-L’) GGGAAUCCGAGACGUGGAUUCCCGUCACAGUCGUGGUCUGUGAC
S7-8_(L-2) GGGAAUCCACCACGAGGAUUCCCGUCACAGAACCAUCCUGUGAC
S6-8_(1-HIV8’) GGGAAUCCGAUGGUUGGAUUCCCGUACAGAAGCGAGCACUGUAC
S7-7_(HIV8-a’) GGGAAUCAAGCUCGCAGAUUCCCGUCACAGAGUGGACCUGUGAC

Table 8.5: RNA sequences used in chapter 6. Nucleotides in bold type
correspond to regions of kissing loop sequences.
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8.2 Supplemental tables and figures

8.2.1 Supplemental documentation for chapter 3

S7-8 unit
name

KL signature 5' Loop 3' Loop G:C bp
Number

Kd
(nM)

Polygonal
assembly

1-2i SM GN5U:AN5C GAUGGUU AACCAUC 3 42 Yes
hh’ GCGAAGU ACUUCGC 4 82 Yes
ff’ GGUGACU AGUCACC 4 79 Yes
ee’ GCGUUCU AGAACGC 4 51 Yes
gg’ GAGACGU ACGUCUC 4 15 Yes
aa’ GUCCACU AGUGGAC 4 6 Yes
cc’ GCAGGCU AGCCUGC 5 18 Yes
oo' GN5G:CN5C GAUAGUG CACUAUC 3 - Yes

aa’v1 GUCCAUG CAUGGAC 4 - Yes
1-2i v2 GAUGGUG CACCAUC 4 - Yes
gg’v2 GAGACGG CCGUCUC 5 - Yes
kk'v1 GN5A:UN5C GAUUGGA UCCAAUC 3 - No

1-2i v3 GAUGGUA UACCAUC 3 - smear
ii’v1 GAUGGAA UUCCAUC 3 - smear
jj'v1 GAUCGGA UCCGAUC 4 - Yes
bb’ GUCCACA UGUGGAC 4 - Yes
dd’ GCAGGCA UGCCUGC 5 13 Yes

1-2wt UN5G:CN5A UUGGUAG CUACCAA 3 - No
ii' UUCCAUG CAUGGAA 3 - No
kk' UCCAAUG CAUUGGA 3 - No
jj' UCCGAUG CAUCGGA 4 - smear

cc’v2 UCAGGCG CGCCUGA 5 - Yes
ff'v1 AN5A:UN5U AGUCACA UGUGACU 3 - No
jj'v2 AAUCGGA UCCGAUU 3 - No
dd'v1 AGCCUGA UCAGGCU 4 - Yes

ll’ ACCACGA UCGUGGU 4 52 Yes
dd’v2 ACAGGCA UGCCUGU 4 - Yes
1-2iv4 AN5U:AN5U AACCAUU AAUGGUU 2 - No
aa’v2 AUCCACU AGUGGAU 3 - No
cc’v1 ACAGGCU AGCCUGU 4 - No
mm' ACCGGCU AGCCGGU 5 - Yes

1-2iv1 AN5G:CN5U AACCAUG CAUGGUU 3 - No
gg'v1 ACGUCUG CAGACGU 4 - No
ff'v2 AGUCACG CGUGACU 4 - No
ll'v1 ACCACGG CCGUGGU 5 - Yes
aa’v3 UN5A:UN5A UUCCACA UGUGGAA 3 - No

nn' UCGGCCA UGGCCGA 5 - No
1-2iv5 GN5C:GN5C GAUGGUC GACCAUC 4 - No
ffx'3 GGUGACC GGUCACC 5 - No
aa'v5 GUCCACC GGUGGAC 5 - No
oo' CN5G:CN5G GAUAGUG CACUAUC 3 - Yes

aa’v4 CUCCACG CGUGGAG 5 - No

Table 8.6: Characterization of RNAI/IIi variant kissing complexes. Kissing
complexes are grouped by sequence signatures defined by the 5’ and 3’
nucleotides of the loops.  The G/C content, Kd (if determined) and ability to
generate polygonal assemblies is indicated for each complex.
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Unit Name 5’ Loop 3’Loop
Name Sequence Name Sequence

C15 a 5’ GUCCACU 3’ c' 5’ AGCCUGC 3’
C15 c 5’ GCAGGCU 3’ e' 5’ AGAACGC 3’
C15 e 5’ GCGUUCU 3’ g' 5’ ACGUCUC 3’
C15 g 5’ GAGACGU 3’ l' 5’ UCGUGGU 3’
C15 l 5’ ACCACGA 3’ 2 5’ AACCAUC 3’
C15 1 5’ GAUGGUU 3’ a' 5’ AGUGGAC 3’
C15 e 5’ GCGUUCU 3’ a' 5’ AGUGGAC 3’
C15 g 5’ GAGACGU 3’ a' 5’ AGUGGAC 3’
C15 l 5’ ACCACGA 3’ a' 5’ AGUGGAC 3’
C15 1 5’ GAUGGUU 3’ a 5’ GUCCACU 3’

FP
assembly

Name
Number
of units

Assembly Type Assembly composition

Open Closed          

c6FP 6 X X X X X X X
o6FP 6 X X X X X X X
c5FP 5 X X X X X X
o5FP 5 X X X X X X
c4FP 4 X X X X X
o4FP 4 X X X X X
c3FP 3 X X X X
o3FP 3 X X X X
o2FP 2 X X X

Table 8.7: Nomenclature of programmable nanoring monomer subunits

Table 8.8: Monomer composition of various programmable assemblies.
Combinations of RNA monomer units used to make programmable "open" and
"closed" assemblies.  FP assembly names are as follows: “c” and “o” indicate
that the assembly is closed or open, respectively; the number indicates the
number of different C15 units entering into the composition of each assembly;
FP stands for Fully Programmable.
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8.2.2 Supplemental documentation for chapter 4

Kd (nM) of 11nt motif and variants GNRA interactions
Receptor GGAA GUAA GCAA GAGA GGGA GUGA GCGA GAAA

11nt 15095 49500 2071 200000 190000 200000 4.4
11nt U3A 200000 200000 85000 200000 200000 200000 200000
11nt U3G 90000 200000 100000 200000 200000 200000 49000
11nt U3C 200000 200000 80000 15000 50000 120000 11000
11nt U3d 200000 200000 200000 200000 50000 100000 200000
11nt A4U 43000 150000 120000 200000 200000 200000 286
11nt A4G 35000 75000 35000 200000 200000 200000 250
11nt A4C 50000 200000 80000 200000 200000 200000 444
11nt A4d 42000 120000 200000 200000 200000 200000 15000
11nt A5U 150000 200000 57897 200000 200000 98376 444
11nt A5G 47000 90000 80000 200000 200000 200000 778
11nt A5C 23000 25000 1067 200000 200000 200000 4.9
11nt G6A 3591 200000 2863 200000 70000 200000 21
11nt G6U 16147 42000 2511 200000 200000 200000 2.3
11nt G6C 10498 34000 3297 200000 190000 200000 7.6
11nt G6d 50000 200000 200000 200000 200000 200000 16000
11nt U7A 22000 95000 70000 150000 200000 200000 569
11nt U7G 17131 37000 5070 200000 200000 200000 5.1
11nt U7C 39500 200000 29500 200000 200000 200000 194
11n U7d 15000 43000 200000 200000 200000 200000 461
11nt A8U 200000 200000 200000 200000 200000 200000 37000
11nt A8G 200000 200000 200000 200000 200000 200000 30000
11nt A8C 34000 50000 200000 120000 200000 200000 7102
11nt A8d 20000 41000 90000 200000 70000 200000 2636
11nt U9A 44000 140000 6607 29000 140000 200000 14
11nt U9G 160000 200000 200000 200000 200000 10917 78
11nt U9C 37000 200000 3132 200000 200000 200000 7
11nt U9d 18000 31000 25000 15000 22000 34000 3576

Kd (nM) of R1 and variants GNRA interactions
Receptor GGAA GUAA GCAA GAGA GGGA GUGA GCGA GAAA

R1 WT 4.4 2610 8210 11000 5975 29500 32500 91
R1 U3A 968 5148 4255 200000 200000 5386 8316
R1 U3G 200000 26300 44100 200000 200000 200000 200000
R1 U3C 9 17800 31700 49990 562 9990 27900
R1 U3d 48500 29500 38500 200000 200000 77900 200000
R1 G4A 2709 18900 11297 200000 39000 200000 200000
R1 G4U 2250 8094 3126 200000 24400 41300 98000
R1 G4C 4566 22900 10804 160000 27800 53000 110000
R1 G4d 7225 11012 7717 200000 200000 34300 43800
R1 U5A 11000 3221 4538 6761 26600 5479 8745
R1 U5G 3057 1687 3297 2649 11018 3535 5783
R1 U5C 4746 2494 6692 8164 26700 7134 13051
R1 U5d 6115 1456 4065 4011 10466 4926 8195
R1 G6A 127 10461 20800 59000 112000 27800 59000
R1 G6U 539 5640 12000 20500 40500 21700 40500
R1 G6C 11 2664 6400 14700 17100 22100 24700
R1 G6d 12300 10900 4385 16550 24300 17650 32100
R1 A7U 2469 4560 7136 12600 47700 8865 20200 1046
R1 A7G 129 50701 11700 26200 30400 18100 33300
R1 A7C 7388 6983 10750 30400 46900 22700 48200
R1 A7d 3470 19300 24400 200000 200000 40400 112000 1582
R1 U8A 336 4629 5443 14200 28850 7131 13200
R1 U8G 167 4895 7812 8891 23800 10900 19200
R1 U8C 287 5435 11600 14800 31800 14100 34500
R1 U8d 410 11900 19600 34300 36200 29500 41000 1698
R1 C9A 2562 16000 20000 20000 28500 14750 7189 156
R1 C9U 1197 10700 10500 44500 53000 53000 40100
R1 C9G 10700 23900 8300 200000 200000 200000 200000
R1 C9d 3124 8158 11110 110000 91100 41500 48200
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R1 U10A 6877 2914 5586 15500 24120 2158 4785
R1 U10G 92000 10050 34100 113000 165000 32100 65000
R1 U10C 200 21200 183000 47700 12475 33500 200000
R1 U10d 12200 1115 45100 18500 14200 15900 42400
R1 4A5A 3286 25500 17500 160000 160000 40000 95000 2139
R1 4A9U 1786 13400 9600 200000 200000 200000 200000
R1 4C9G 228 12000 14000 200000 200000 42000 200000
R1 4U9A 1247 12200 17500 36000 41500 27500 32000
R16U7G 1052 6938 12100 17500 41000 12800 20500
R1 6A7G 5 1751 10300 16000 14750 28500 39500
R17U9A 7617 1953 2802 9193 11800 14800 14800 65
R1.Ta 22200 14700 17500 200000 200000 200000 200000
R1.Tb 1024 2209 4032 14100 28500 22000 27000

Kd (nM) of R5.58 and variants GNRA interactions
Receptor GGAA GUAA GCAA GAGA GGGA GUGA GCGA GAAA

R5.58 73.75 7 128.5 232 290 23.75 600.5 57
R5.58 C3A 15271 23911 105000 200000 200000 120000 180000
R5.58 C3G 1168 3990 15572 200000 200000 50000 85000
R5.58 C3U 2150 233 2150 6326 6650 6650 200000
R5.58 C3d 200000 30000 170000 100000 200000 30000 60000
R5.58 A4U 173 62 220 346 358 335 2305
R5.58 A4G 4185 767 4566 2159 6784 1445 3310
R5.58 A4C 1293 736 1796 1156 1129 1264 3250
R5.58 A4d 8228 2305 8616 4033 12000 4218 4743
R5.58 C5A 44 15 353 121 48 26 504
R5.58 C5U 162.96 20 764.37 732.82 648.47 10 1498.3
R5.58 C5G 687 1132 4016 2410 1308 1609 4222
R5.58 C5d 6.2 391 1932 899 153 801 2387
R5.58 G6A 199 1102 506 3266 625 8398 115
R5.58 G6U 421 233 801 751 927 656 2048
R5.58 G6C 364 50.1 666 728 671 370 1816
R5.58 G6d 148 175 1083 559 217 487 1568
R5.58 G7A 852 639 20000 1130 10000 1255 25000
R5.58 G7U 1536 637 1254 929 2752 1225 3411
R5.58 G7C 2063 805 1918 1553 2937 2404 5529
R5.58 A8U 717 270 877 845 2033 696 2227
R5.58 A8G 3280 114 2311 3400 6225 1344 6411
R5.58 A8C 1879 801 2207 2336 11801 1900 9540
R5.58 A8d 623 71.9 717 745 1242 335 1999
R5.58 C9A 182 74.8 337 320 260 222 1025
R5.58 C9U 693 14 733 704 930 363 2003
R5.58 C9G 1578 285.5 717 865 3739 764 1715
R5.58 C9d 290 156 813 604 530 646 2037
R5.58C10A 696 171 1074 1257 951 579 2331
R5.58C10U 938 305 1550 1549 2648 901 2856
R5.58C10G 6712 1106 50000 9250 50000 50000 50000
R5.58G11A 30000 35000 200000 200000 50000 200000 200000
R5.58G11U 276.9 381.82 583.8 1516.8 1679.4 1189.4 5551
R5.58G11C 71 1285.1 3007 892 45 1301 5331
R5.58 G11d 471 3163 3016 1150 621 3060 2439

Kd (nM) of additional GRNA-receptors interactions
NATURAL RECEPTORS
Receptor GGAA GUAA GCAA GAGA GGGA GUGA GCGA GAAA

RVc2 660 1086 2346 2839 3880 5336 11035 134
RIC3 70 30 800 80 160 100 800 619
hGYAA.a 2514 11000 19000 150000 6620 26000 29000
hGYAA.b 22000 900 1251 3073 22000 1989 4800
hGYAA.c 27000 1949 2652 5677 22000 3533 7377
hGYAA.d 26000 1227 2492 5330 28000 3540 6400
hGYAA.f_ 3094 10084 22000 200000 10311 29000 38000
hGYAA.h 43500 756 2508 4456 29150 2114 8218
hGYgA.a 16000 14500 47000 200000 3256 6608 28000
ARTIFICIAL RECEPTORS
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Receptor GGAA GUAA GCAA GAGA GGGA GUGA GCGA GAAA
R1.75 65 22000 40000 40000 20000 50000 100000
R1.75b 43.03 1729 5907 40000 40000 40000 40000
R2.24c 4 301 171 1687 137 507 1772
R5.15b 348 50 65 382 3179 51 383
R5.15c 1190 24 312 726 20000 187 1360
R5.58c 424 27 193 460 8302 147 973
R5.58m41 8244 366 711 2090 9811 1021 2042
C7.10 100000 50000 20000 50000 50000 50000 61
RIC3b 2004 690 2065 1933 2475 1594 3127 11055
RIC3c 1071 256 1543 544 8192 1503 1250 14796
RIC3_U4A 152 402 1871 1135 273 1108 4669 1214
RVc2a 4520 931 10250 22900 1995 14300 13200 14737
RVc2b 210 77 1077 369 456 269 2457 104
RVc2c 20500 4116 5236 14100 15700 2892 3010 3604
RVc2d 1473 1335 5131 6921 12000 2814 5131 284
RVc2e 548 1294 1311 753 867 1142 1187 9
R1h1 21500 1248 3082 4875 18100 2593 12400
R1h2 23800 790 1721 2340 21200 1459 9950
R1h3 14800 1048 1888 5238 23300 2724 6163
hGYAA.j 15700 2665 11150 13700 13600 2866 12900
h.int.4 27300 1146 4377 5882 24900 3111 13375

Table 8.9: Apparent equilibrium dissociation constants (Kd) of GNRA-
receptor interactions studied in chapter 4. All Kd values were determined
using a heterodimer tectoRNA system, assembled in presence of 15 mM
Mg(OAc)2 at 10oC.  Values are reported in nM.
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G (kcal mol-1) of 11nt motif and variants GNRA interactions
(Gref = 4M Kd at 10OC)
Receptor GGAA GUAA GCAA GAGA GGGA GUGA GCGA GAAA

11nt 0.747 1.416 -0.370 2.201 2.172 2.201 -3.833
11nt U3A 2.201 2.201 1.720 2.201 2.201 2.201 2.201
11nt U3G 1.752 2.201 1.811 2.201 2.201 2.201 1.410
11nt U3C 2.201 2.201 1.686 0.744 1.421 1.914 0.569
11nt U3d 2.201 2.201 2.201 2.201 1.421 1.811 2.201
11nt A4U 1.336 2.039 1.914 2.201 2.201 2.201 -1.484
11nt A4G 1.220 1.649 1.220 2.201 2.201 2.201 -1.560
11nt A4C 1.421 2.201 1.686 2.201 2.201 2.201 -1.237
11nt A4d 1.323 1.914 2.201 2.201 2.201 2.201 0.744
11nt A5U 2.039 2.201 1.504 2.201 2.201 1.802 -1.237
11nt A5G 1.386 1.752 1.686 2.201 2.201 2.201 -0.921
11nt A5C 0.984 1.031 -0.744 2.201 2.201 2.201 -3.773
11nt G6A -0.061 2.201 -0.188 2.201 1.610 2.201 -2.954
11nt G6U 0.785 1.323 -0.262 2.201 2.201 2.201 -4.198
11nt G6C 0.543 1.204 -0.109 2.201 2.172 2.201 -3.526
11nt G6d 1.421 2.201 2.201 2.201 2.201 2.201 0.780
11nt U7A 0.959 1.782 1.610 2.039 2.201 2.201 -1.097
11nt U7G 0.818 1.252 0.133 2.201 2.201 2.201 -3.750
11nt U7C 1.289 2.201 1.124 2.201 2.201 2.201 -1.703
11n U7d 0.744 1.336 2.201 2.201 2.201 2.201 -1.216
11nt A8U 2.201 2.201 2.201 2.201 2.201 2.201 1.252
11nt A8G 2.201 2.201 2.201 2.201 2.201 2.201 1.134
11nt A8C 1.204 1.421 2.201 1.914 2.201 2.201 0.323
11nt A8d 0.906 1.310 1.752 2.201 1.610 2.201 -0.235
11nt U9A 1.349 2.001 0.282 1.115 2.001 2.201 -3.182
11nt U9G 1.811 2.201 -0.632 2.201 2.201 2.201 -2.201
11nt U9C 1.252 2.201 -0.138 2.201 2.201 2.201 -3.572
11nt U9d 0.846 1.152 1.031 0.744 0.959 1.204 -0.063

G (kcal mol-1) of R1 and variants GNRA interactions
(Gref = 4M Kd at 10OC)
Receptor GGAA GUAA GCAA GAGA GGGA GUGA GCGA GAAA

R1 WT -3.833 -0.240 0.405 0.569 0.226 1.124 1.179 -2.130
R1 U3A -0.798 0.142 0.035 2.201 2.201 0.167 0.412
R1 U3G 2.201 1.060 1.351 2.201 2.201 2.201 2.201
R1 U3C -3.431 0.840 1.165 1.421 -1.104 0.515 1.093
R1 U3d 1.404 1.124 1.274 2.201 2.201 1.671 2.201
R1 G4A -0.219 0.874 0.584 2.201 1.281 2.201 2.201
R1 G4U -0.324 0.397 -0.139 2.201 1.017 1.314 1.800
R1 G4C 0.074 0.982 0.559 2.076 1.091 1.454 1.865
R1 G4d 0.333 0.570 0.370 2.201 2.201 1.209 1.347
R1 U5A 0.569 -0.122 0.071 0.295 1.066 0.177 0.440
R1 U5G -0.151 -0.486 -0.109 -0.232 0.570 -0.070 0.207
R1 U5C 0.096 -0.266 0.290 0.401 1.068 0.326 0.665
R1 U5d 0.239 -0.569 0.009 0.002 0.541 0.117 0.404
R1 G6A -1.941 0.541 0.928 1.514 1.875 1.091 1.514
R1 G6U -1.128 0.193 0.618 0.919 1.303 0.951 1.303
R1 G6C -3.318 -0.229 0.264 0.732 0.817 0.962 1.024
R1 G6d 0.632 0.564 0.052 0.799 1.015 0.835 1.172
R1 A7U -0.271 0.074 0.326 0.646 1.395 0.448 0.911 -0.755
R1 A7G -1.932 1.429 0.604 1.058 1.141 0.849 1.192
R1 A7C 0.345 0.314 0.556 1.141 1.385 0.977 1.401
R1 A7d -0.080 0.886 1.017 2.201 2.201 1.301 1.875 -0.522
R1 U8A -1.394 0.082 0.173 0.713 1.112 0.325 0.672
R1 U8G -1.787 0.114 0.377 0.449 1.003 0.564 0.883
R1 U8C -1.482 0.172 0.599 0.736 1.167 0.709 1.212
R1 U8d -1.282 0.613 0.894 1.209 1.239 1.124 1.310 -0.482
R1 C9A -0.251 0.780 0.906 0.906 1.105 0.734 0.330 -1.824
R1 C9U -0.679 0.554 0.543 1.356 1.454 1.454 1.297
R1 C9G 0.554 1.006 0.411 2.201 2.201 2.201 2.201
R1 C9d -0.139 0.401 0.575 1.865 1.759 1.316 1.401
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R1 U10A 0.305 -0.178 0.188 0.762 1.011 -0.347 0.101
R1 U10G 1.764 0.518 1.206 1.880 2.093 1.172 1.569
R1 U10C -1.686 0.938 2.151 1.395 0.640 1.196 2.201
R1 U10d 0.627 -0.719 1.363 0.862 0.713 0.777 1.328
R1 4A5A -0.111 1.042 0.830 2.076 2.076 1.296 1.782 -0.352
R1 4A9U -0.454 0.680 0.493 2.201 2.201 2.201 2.201
R1 4C9G -1.612 0.618 0.705 2.201 2.201 1.323 2.201
R1 4U9A -0.656 0.627 0.830 1.236 1.316 1.085 1.170
R16U7G -0.752 0.310 0.623 0.830 1.310 0.654 0.919
R1 6A7G -3.761 -0.465 0.532 0.780 0.734 1.105 1.289
R17U9A 0.362 -0.403 -0.200 0.468 0.609 0.736 0.736 -2.319
R1.Ta 0.964 0.732 0.830 2.201 2.201 2.201 2.201
R1.Tb -0.767 -0.334 0.004 0.709 1.105 0.959 1.074

G (kcal mol-1) of R5.58 and variants GNRA interactions
(Gref = 4M Kd at 10OC)
Receptor GGAA GUAA GCAA GAGA GGGA GUGA GCGA GAAA

R5.58 -2.247 -3.572 -1.935 -1.602 -1.477 -2.885 -1.067 -2.390
R5.58 C3A 0.754 1.006 1.839 2.201 2.201 1.914 2.142
R5.58 C3G -0.693 -0.001 0.765 2.201 2.201 1.421 1.720
R5.58 C3U -0.349 -1.600 -0.349 0.258 0.286 0.286 2.201
R5.58 C3d 2.201 1.134 2.110 1.811 2.201 1.134 1.524
R5.58 A4U -1.767 -2.345 -1.632 -1.377 -1.358 -1.395 -0.310
R5.58 A4G 0.025 -0.929 0.074 -0.347 0.297 -0.573 -0.107
R5.58 A4C -0.635 -0.953 -0.451 -0.698 -0.712 -0.648 -0.117
R5.58 A4d 0.406 -0.310 0.432 0.005 0.618 0.030 0.096
R5.58 C5A -2.538 -3.143 -1.366 -1.968 -2.489 -2.834 -1.166
R5.58 C5U -1.801 -2.981 -0.931 -0.955 -1.024 -3.371 -0.553
R5.58 C5G -0.991 -0.710 0.002 -0.285 -0.629 -0.512 0.030
R5.58 C5d -3.640 -1.308 -0.409 -0.840 -1.836 -0.905 -0.290
R5.58 G6A -1.688 -0.725 -1.163 -0.114 -1.044 0.417 -1.997
R5.58 G6U -1.267 -1.600 -0.905 -0.941 -0.823 -1.017 -0.377
R5.58 G6C -1.349 -2.465 -1.009 -0.959 -1.005 -1.339 -0.444
R5.58 G6d -1.855 -1.761 -0.735 -1.107 -1.640 -1.185 -0.527
R5.58 G7A -0.870 -1.032 0.906 -0.711 0.516 -0.652 1.031
R5.58 G7U -0.539 -1.034 -0.653 -0.821 -0.210 -0.666 -0.090
R5.58 G7C -0.373 -0.902 -0.414 -0.532 -0.174 -0.286 0.182
R5.58 A8U -0.967 -1.517 -0.854 -0.875 -0.381 -0.984 -0.330
R5.58 A8G -0.112 -2.002 -0.309 -0.091 0.249 -0.614 0.265
R5.58 A8C -0.425 -0.905 -0.335 -0.303 0.609 -0.419 0.489
R5.58 A8d -1.046 -2.261 -0.967 -0.946 -0.658 -1.395 -0.390
R5.58 C9A -1.739 -2.239 -1.392 -1.421 -1.538 -1.627 -0.766
R5.58 C9U -0.986 -3.182 -0.955 -0.978 -0.821 -1.350 -0.389
R5.58 C9G -0.523 -1.485 -0.967 -0.862 -0.038 -0.932 -0.477
R5.58 C9d -1.477 -1.825 -0.897 -1.064 -1.137 -1.026 -0.380
R5.58C10A -0.984 -1.774 -0.740 -0.651 -0.808 -1.088 -0.304
R5.58C10U -0.816 -1.448 -0.533 -0.534 -0.232 -0.839 -0.190
R5.58C10G 0.291 -0.723 1.421 0.472 1.421 1.421 1.421
R5.58G11A 1.134 1.220 2.201 2.201 1.421 2.201 2.201
R5.58G11U -1.503 -1.322 -1.083 -0.546 -0.488 -0.682 0.184
R5.58G11C -2.268 -0.639 -0.161 -0.844 -2.525 -0.632 0.162
R5.58 G11d -1.204 -0.132 -0.159 -0.701 -1.048 -0.151 -0.278

G (kcal mol-1) of additional GNRA-receptors interactions
(Gref = 4M Kd at 10OC)

NATURAL RECEPTORS
Receptor GGAA GUAA GCAA GAGA GGGA GUGA GCGA GAAA

RVc2 -1.014 -0.734 -0.300 -0.193 -0.017 0.162 0.571 -1.910
RIC3 -2.276 -2.753 -0.906 -2.201 -1.811 -2.076 -0.906 -1.050
hGYAA.a -0.261 0.569 0.877 2.039 0.283 1.053 1.115
hGYAA.b 0.959 -0.839 -0.654 -0.148 0.959 -0.393 0.103
hGYAA.c 1.074 -0.405 -0.231 0.197 0.959 -0.070 0.344
hGYAA.d 1.053 -0.665 -0.266 0.162 1.095 -0.069 0.264
hGYAA.f_ -0.145 0.520 0.959 2.201 0.533 1.115 1.267
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hGYAA.h 1.343 -0.937 -0.263 0.061 1.118 -0.359 0.405
hGYgA.a 0.780 0.725 1.386 2.201 -0.116 0.282 1.095
ARTIFICIAL RECEPTORS
Receptor GGAA GUAA GCAA GAGA GGGA GUGA GCGA GAAA

R1.75 -2.318 0.959 1.296 1.296 0.906 1.421 1.811
R1.75b -2.550 -0.472 0.219 1.296 1.296 1.296 1.296
R2.24c -3.887 -1.455 -0.477 -0.486 -1.898 -1.162 -0.458
R5.15b -1.373 -2.466 -2.313 -1.321 -0.129 -2.450 -1.320
R5.15c -0.682 -2.867 -1.435 -0.960 0.906 -1.723 -0.607
R5.58c -1.262 -2.804 -1.705 -1.217 0.411 -1.857 -0.795
R5.58m41 0.407 -1.346 -0.972 -0.365 0.505 -0.768 -0.378
C7.10 1.811 1.421 0.906 1.421 1.421 1.421 -2.354
RIC3b -0.389 -0.988 -0.372 -0.409 -0.270 -0.517 -0.138 0.572
RIC3c -0.741 -1.547 -0.536 -1.122 0.403 -0.551 -0.654 0.736
RIC3_U4A -1.840 -1.293 -0.428 -0.709 -1.511 -0.722 0.087 -0.671
RVc2a 0.069 -0.820 0.529 0.982 -0.391 0.717 0.672 0.734
RVc2b -1.658 -2.223 -0.738 -1.341 -1.222 -1.519 -0.274 -2.055
RVc2c 0.919 0.016 0.152 0.709 0.769 -0.183 -0.160 -0.059
RVc2d -0.562 -0.617 0.140 0.308 0.618 -0.198 0.140 -1.488
RVc2e -1.118 -0.635 -0.628 -0.940 -0.860 -0.705 -0.684 -3.417
R1h1 0.946 -0.655 -0.147 0.111 0.849 -0.244 0.637
R1h2 1.003 -0.913 -0.475 -0.302 0.938 -0.567 0.513
R1h3 0.736 -0.754 -0.422 0.152 0.992 -0.216 0.243
hGYAA.j 0.769 -0.228 0.577 0.693 0.689 -0.188 0.659
h.int.4 1.081 -0.703 0.051 0.217 1.029 -0.141 0.679

Table 8.10:  Calculated G of GNRA-receptor interactions studied in
chapter 4. All values are calculated from the Kd values in table 8.8, in reference
to a Kd of 4 M at 10OC. G is reported in terms of kcal mol-1.
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8.2.3 Supplemental documentation for chapter 5

Name RNA sequence
Class R1

R1 GGGAAAGCGAUUUACUCA--AUCU-GGAUGUUCCGGGGAAACUUGGUUCAUCC--UGUG-UGGGUAGGUA-G-UUUUUCUCUCGAUGU
R1.75

R1.76

GGGAAAGCGAUUUACUCA--AUCU-GGAUGUUCCGGGGAAACUUGGUUCAUCC-UGUCGUGGGUAGGU--AGUUUUU-CUCUCGAUGU
R1.76

R1.76

b

GGGAAAGCGAUUUACUCA--AUCU-GGAUGUUCCGGGGAAACUUGGUUCAUCC-UGUGG-UGGGUAGG--CGUUUUU-CUCUCGAUGU
R1.76b GGGAAAGCGAUUUACUCA--AUCU-GGAUGUUCCGGGGAAACUUGGUUCAACC-UGUUG-UGGGUAGGUCCG-UUUUUCUCUCGAUGU

Class R2a
R2.22

R23

GGGAAAGCGAUUUACUCA--ACAG-GGAUGUUCCGGGGAAACUUGAUUCAUCC-CGAUC-UGGGUAGG--CG-UUUUUCUCUCGAUGU
R2.24 GGGAAAGCGAUUUACUCA--ACCG-GGAUGUUCCGGGGAAACUUGGUUCAUCC-CUAUC-UGGAUAGG--UG-UUUUUCUCUCGAUGU
R2.29 GGGAAAGCGAUUUACUCA-CAC-A-GGAUGUUCCGGGGAAACUUGGUUCAUCC-UCAUC-UGGGUAGGUUCG-UUUUUCUCUCGAUGU
R2.61 GGGAAAGCGAUUUACUCA-AUA-G-GGAUGUUCCGGGGAAACUUGGUUCAUCC-CCACC-UGGGUAGGU-CA-UUUUUCUCUCGAUGU
R2.61b GGGAAAGCNAUUUACUCA-ACAG--GGAUGUUCCGGGGAAACUUGGUUCAUCC-CCACC-UGGGUAGGU-C-AUUUUUCUCUCGAUGU
R2.63 GGGAAAGCGAUUUACUCA-ACA-G-GGAUGUUUCGGGGAAACUUGGUUCAUCC-CAAUC-UGGGUAGGG-CG-UUUUUCUCUCGAUGU
R2.64 GGGAAAGCGAUUUACUCA-ACA-G-GGAUGUUCCGGGGAAACUUGGUUCAUCC-CCAUC-UGGGUAGGU-C--UUUUUCUCUCGAUGU
R2.64b GGGAAACGGAUUUCUUCA--CAG--GGAAGUUCCGGGGAAACUUGGUUCAUCC-CCAUC-UGGGUAG-U--CGUUUUUCUCUCGAUGU
R2.94b GGGAAAGCGAUUUACUCA-AUAG--GGAUGUUCCGGGGAAACUUGGUUCAACC-CCGCC-UGGGUAGGA-CG-UUUUUCUCUCGAUGU

Class R2b
R2.7 GGGAAAGCGAUUUACUCA-AAGCG-GGAUGUUCCGGGGAAACUUGGUUCAUCC-C-AUC-UGGGUAGGU--G-UUUUUCUCUCGAUGU
R2.7b GGGAAAGCGAUUUACUCA-UAGCG-GGAUGUUCCGGG-AAA-UUGGUUC-UCC-C-AUC-UGGGUAGGUUCGUUUUU-CUCUCGAUGU
R2.35 GGGAAAGCGAUUUACUCA-ACGCG-GGAUGUUCCGGGGAAACUUGGUUCAUCC-UUAUC-UGGGUAGGU--G-UUUUUCUCUCGAUGU
R2.81 GGGAAAGCGAUUUACUCA-AUGCG-GGAUGUUCCGGGGAAACUUGGUUCAUCC-C-AUC-UGGGUAGGU-CG-UUUUUCUCUCGAUGU
R2.81b GGGAAAGCGAUUUACUCA-AUGCG-GGAUGUUCCGGGGAAACUUGGUUCAUCC-CAAUC-UGGGUAGGU-CA-UUUUUCUCUCGAUGU
R2.82 GGGAAAGCGAUUUACUCA-ACGCG-GGAUGUUCCGGGGAAACUUGGUUCAUCC-C-CUC-UGGGUAGGUCCG-UUUUUCUCUCGAUGU
R2.83 GGGAAAGCGAUUUACUCA-ACGCG-GGAUGUUCCGGGGAAACUUGGUUCAUCC-C-AUC-UGGGUAGGU-CG-UUUUUCUCUCGAUGU

Class R2c
R2.9 GGGAAAGCGAUUUACUCA--GAAG-GGAUGUUCCGGGGAAACUUGGUUCAAUC-CGAUGUUGGGUAAGUUCGUUUUU-CUCUCGAUGU
R2.26 GGGAAAGCGAUUUACUCA--GAAG-GGAUGUUCCGGGGAAACUUGGUUCAUCC-CCAUGUUGGGUAGGU-CG-UUUUUCUCUCGAUGU
R2.27 GGGAAAGCGAUUUACUCA--GAAG-GGAUGUUCCGGGGAAACUUGGUUCCUCC-CGGUGUUGGGUAGGU-CA-UUUUUCUCUCGAUGU
R2.28 GGGAAAGCGAUUUACUCA--GAAC-GGAUGUUCCGGGGAAACUUGGUUCAUCC-ACACG-UGGCUAGGU-CG-UUUUUCUCUCGAUGU

Class R3
R3.5 GGGAAAGCGAUUUACUCA--AUACCGGAUGUUCCGGGGAAACUUGGUUCAUCC-CUGCC-UGGAUAGG--CGUUUUUUCUCUCGAUGU
R3.30 GGGAAAGCGAUUUACUCA--CA-GCGGAUGUUCCGGGGAAACUUGGUUUAUCC-CUUCCCUGGGUAGGU-CG-UUUUUCUCUCGGUGU
R3.74 GGGAAAGCGAUUUACUCA--CUAC-GGAUGUUCCGGGGAAACUUGGUUCAUCC-CUGCC-UGGGUAGGU-CGUUCUU-CUCUCGAUGU
R3.77 GGGAAAGCGAUUUACUCA--AUAC-GGAUGUUUCGGGGAAACUUGGUUCAUCC-CUGCC-UGGGUAGGU-CGUUUUU-CUCUCGAUGU

Class R4a
R4.2 GGGAAAGCGAUUUACUCA--CAAC-GGAUGUUCCGGGGAAACUUGGUUCAUCC-UAGAA-UGGGUAGGUCCG-UUUUUCUCUCGAUGU
R4.3 GGGAAAGCGAUUUACUCA--UAAC-GGAUGUUCCGGGGAAACUUGGUUCAUCC-UAGAG-UGGGUAGG--CG-UUUUUCUCUCGAUGU
R4.36 GGGAAAGCGAUUUACUCA--UAAU-GGAUGUUCCGGGGAAACUUAGUUCAUCC-UCAAG-UGGGUAGGUUCGUUUUUUCUCUCGAUGU

Class R4b
R4.1 GGGAAAGCGAUUUACUCA-AAGCC-GGAUGUUCCGGGGAAACUUGGUUCAUCC-UAGA--UGGGUAGGU-CG-UUUUUCUC-CGAUGU
R4.6 GGGAAAGCGAUUUACUCA-AAUGC-GGAUGUUCCGGGGAAACUUGGUUCAUCC--UAGC-UGGGUAGGUU-GUUUUU-CUCUCGAUGU

Class R4c
R4.10 GGGAAAGCGAUUUACUCA-AACGUCGGAUGUUCCGGGGAAACUUGGUUCAUCC--UUAC-UGGGUAGGUUCGUUUUU-CUCUCGAUGU
R4.11 GGGAAGGCGAUUUACUCA-AACGUUGGAUGUUCCGGGGAAACUUGGUUCAUCC--UUAC-UGGGUAGGU-CCUUUUU-CUCUCGAUGU

Class R5a
R5.8b GGGAAAGCGAUUUACUCA--ACCG-GGAUGUUCCGGGGAAACUUGGUUCAUCC-CAUGG-UGGGUAGG-CCGC-UUUUCUCUCGAUGU
R5.58 GGGAAAGCGAUUUACUCA--ACCG-GGAUGUUCCGGGGAAACUUGGUUCAUCC-CACGG-UGGGUAGGU-CG-UUCUUCUCUCGAUGU

Class R5b
R5.12 GGGAAAGCGAUUUACUCA-GACC--GGAUGUUCCGGGGAAACUUGGUUCAUCC--ACGGUUGGGU-GGUUCG-UUUUUCUCUCGAUGU
R5.12b GGGAAAGCGAUUUACUCA-GACC--GGAUGUCCCGGGGAAACUUGGUUCAUCC--ACGGCUGGGCUUUGCCA-UUGAUCAUUCGAUCU
R5.14 GGGAAAGCGAUUUACUCA-AACC--GGAUGUUCCGGGGAAACUUGGUUCAUCC--ACGGUUGGGUAGGU-CGG-UUUUCUCUCGAUGU
R5.33 GGGAAAGCGAUUUACUCAUAACC--GGAUGUUCCGGGGAAACUUGGUUCAUCC--ACGG-AGGGUAGGUCCG-UUUUUCUCUCGAUG
R5.34 GGGAAAGCGAUUUACUCAUAAC---GGAUGUUCCGGGGAAACUUGGUUCAUCC--AUGUGUGGGUAGGU-AG-UUUUUCUCUCGAUGU

Class R5c
R5.13 GGGAAAGCGAUUUACUCA-GACC--GGAUGUUCCGGGGAAACUUGGUUCAUCC-GUCGG-UGGGUAGGU-CA-UUUUUCUCUCGAUGU
R5.15 GGGAAAGCGAUUUACUCA--A-CU-GGAUGUUCCGGGGAAACUUAGUUCAUCC-GUCG--UAGGUAGGU-AG-UUUUUCUCUCGAUGU
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R5.15b GGGAAAGCGAUUUACUCA--ACCU-GGAUGUUCCGGGGAAACUUGGUUCAUCC-GUCGG-UGGGUAGGUCCG-UUUUUCUCUCGAUGU
Class R5d

R5.16 GGGAAAGCGAUUUACUCAUAAC---GGAUGUUCCGGGGAAACUUGGUUCAUCC-UGCGC-UGGGUAGGU-CG-UUCUUCUCUCGAUGU
Class R5e

R5.4 GGGAAAGCGAUUUACUCA-UACCG-GGAUGUUCUGGGGAAACUUGGUUCAUCC-C-AUGAUGGGUAGGU-CG--UUUUCUCUCGAUGU
R5.8 GGGAAAGCGAUUUACUCA-CACCG-GGAUGUUCCGGGGAAACUUGGUUCAUCC-C-AUGGUGGGUAGGU-CGUU-CU-CUC--GAUGU
R5.21 GGGAAAGCGAUUUACUCA--UACC-GGAUGUUCCGGGGAAACUUGGUUCAUCC--AUGG-UGGGGAGGU-CG-UUUUUCUCUCGAUGU

Class R0
R0.17

18

GGGAAAGCGAUUUACUCA--UCCUCGGAUGUUCCGGGGAAACUUGGUUCAUCC-AAAU--UGGGUAGGU-CG-UUUUUCUCUCGAUGU
R0.18 GGGAAAGCGAUUUACUCA-AAG-U-GGAUGUUCCGGGGAAACUUGGUUCAUCC-UACAA-UGGGUAC-U-CAUCUCAUGUCGCGAUGU
R0.20 GGGAAAGCGAUUUACUCA--CGGA-GGAUGUUCCGGGGAAACUUGGUUCAUCC-U-GAC-UGGGGAGGU-CG-UUUUUCUCUCGAUGU
R0.23 GGGAAAGCGAUUUACUCA--A-CCC-GAUGUUCCGGGGAAACUUGGUUCAUCC-UUUCA-UGGGUAGGU-CG-UUUUUCUCUCGAUGU
R0.25 GGGAAAGCGAUUUACUCA-UUA---GGAUGUUCCGGGGAAACUUGGUUCAUCC-CCCCCCUGGGUAGGU-CA-UUUUUCUCUCGAUGU
R0.31 GGGAAAGCGAUUUACUCA-UUAU--GGAUGUUCCGGGGAAACUUGGUUCAUCC-CCCCCCUGGGUAGGU-CG-UUUUUCUUUCGAUGU
R0.37 GGGAAAGCGAUUUACUCA--UGGA-GGAUGUUCCGGGGAAACUUGGUUCAUCC-U-GAUAUGGGUAGGUACG-UUUUUCUCUCGAUGU
R0.38 GGGAAAGCGAUUUACUCA---CCAU-GAUGUUCCGGGGAAACUUGGUUCAUCC-CCCCU-UGGGUAGGU-CG-UUUUUCUCUCGAUGU
R0.39 GGGAAAGCGAUUUACUCA-CCCAC-GGAUGUCCCGGGGAAACUUGGUUCAUCC-CCUA--UGGGUAGGU--CGUUUUUCUCUCGAUGU
R0.40 GGGAAAGCGAUUUACUCA--AUCCCGGAUUUUCCGGGGAAACUUGAUUCAUCC--CCC--UGGGUAGGU-CG-UUCUUCUCUCGAUGU

Table 8.11: Sequences resulting from GNRA receptor in vitro selection. 59
unique receptors resulted from 206 sequences after six rounds of selection.
Shaded regions of the sequences correspond to randomized regions in the initial
selection library.  Receptors are groups within receptor classes, defined by
similarities in GNRA preferences and sequence/proposed secondary structure.
Class R0 receptors were found to be dead receptors after further characterization.
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Name
RNA Selection Lineage Total

OccurrenceGUAA GNAA GGAA GNGA GGGA
Class R1

R1 1 1
R1.75

R1.76

3 3
R1.76

R1.76b

2 2
R1.76b 1 1

Class R2a
R2.22

R23

1 1
R2.24 5 5
R2.29 1 1
R2.61 1 5 5 11
R2.61b 1 1
R2.63 1 3 9 7 20
R2.64 2 1 10 25 38
R2.64b 1 1
R2.94b 1 1

Class R2b
R2.7 1 3 4
R2.7b 1 1
R2.35 1 1
R2.81 5 1 6
R2.81b 1 1
R2.82 1 1
R2.83 9 1 10

Class R2c
R2.9 1 1
R2.26 1 1
R2.27 1 1 2
R2.28 1 1

Class R3
R3.5 1 1
R3.30 1 1
R3.74 1 1
R3.77 5 2 1 8

Class R4a
R4.2 2 3 5
R4.3 1 3 4
R4.36 2 2

Class R4b
R4.1 5 8 13
R4.6 1 1

Class R4c
R4.10 1 1
R4.11 1 1

Class R5a
R5.8b 1 1
R5.58 15 1 16

Class R5b
R5.12 9 9
R5.12b 2 2
R5.14 1 1
R5.33 1 1
R5.34 1 1

Class R5c
R5.13 1 1
R5.15 1 1
R5.15b 2 2
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Class R5d
R5.16 1 1

Class R5e
R5.4 1 1
R5.8 1 1
R5.21 1 1

Class R0
R0.17

18

4 1 5
R0.18 1 1
R0.20 1 1
R0.23 1 1
R0.25 1 1
R0.31 1 1
R0.37 1 1
R0.38 1 1
R0.39 1 1
R0.40 1 1

TOTAL 41 42 40 41 42 206

Table 8.12: Occurrence of each receptor sequence within each selection
lineage. The occurrence of each receptor sequence within each of the 5 GNRA
selection lineages is reported, along with the total occurrence of each receptor.
The number of receptors sequenced from each lineage is indicated at the bottom
of the table.
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R1.75 1 1 1 6 5 6 7 7 6 6 6 7 7 8 7 5 6 7 6 5 6 3 2 5 6 6 6 6 5 6 6 5 6 7 7 8 6 7 6 6 5 6 5 8 8 9 6 7
R1.76 1 1 1 6 5 6 7 6 6 6 6 6 6 7 7 5 5 6 5 4 5 3 3 5 7 7 7 7 6 7 7 6 7 8 8 9 7 8 7 7 6 7 6 7 7 8 7 8
R1.76b 1 1 1 6 6 6 7 7 7 6 6 7 6 7 8 5 6 7 6 5 6 4 3 6 7 7 7 7 6 6 6 6 6 7 7 8 6 8 7 7 6 7 6 7 7 8 7 8
R1 1 1 1 6 5 5 6 6 6 6 6 6 6 7 7 4 5 6 6 5 6 4 3 6 6 6 6 6 5 6 6 5 6 7 7 8 6 8 7 6 5 6 5 7 7 8 7 8
R4.36 6 6 6 6 5 3 5 7 6 7 7 5 7 7 7 5 6 6 7 7 7 6 5 6 8 9 7 6 8 8 8 8 7 6 6 6 5 6 6 7 8 8 8 7 6 5 4 8
R5.16 5 5 6 5 5 3 5 6 5 7 7 4 6 6 5 3 4 6 7 7 6 6 6 5 8 7 7 6 8 8 7 7 6 7 7 7 6 7 7 6 4 4 4 6 6 7 5 5
R4.3 6 6 6 5 3 3 2 4 5 7 7 4 6 6 6 3 4 5 6 6 6 6 7 5 8 9 7 6 8 8 8 7 7 7 8 8 7 8 8 7 6 6 6 6 6 7 4 7
R4.2 7 7 7 6 5 5 2 4 5 7 7 6 6 6 6 5 6 6 6 7 7 7 7 6 8 9 7 7 8 8 8 7 7 7 8 7 6 8 8 7 6 5 7 7 7 7 5 6
R4.1 7 6 7 6 7 6 4 4 3 5 6 5 5 6 6 7 5 5 6 6 6 6 6 5 5 6 4 5 5 6 5 6 7 7 7 7 6 7 7 7 7 8 6 8 7 7 7 7
R4.6 6 6 7 6 6 5 5 5 3 4 5 6 6 7 6 7 6 7 7 6 6 7 6 6 5 6 4 5 4 5 5 5 6 6 6 6 6 6 6 6 5 6 6 8 7 7 7 6
R4.10 6 6 6 6 7 7 7 7 5 4 1 7 7 8 7 8 6 8 8 7 7 7 6 7 6 6 6 7 7 7 4 5 7 7 7 7 6 7 7 8 7 7 6 9 9 9 7 6
R4.11 6 6 6 6 7 7 7 7 6 5 1 8 8 9 8 8 7 8 8 7 7 7 6 8 6 6 6 7 7 7 4 5 7 7 7 7 6 7 7 8 7 8 7 9 9 9 7 7
R5.33 7 6 7 6 5 4 4 6 5 6 7 8 2 3 3 3 2 5 5 5 4 5 6 4 8 7 7 6 8 8 9 8 8 8 8 8 7 8 8 7 7 7 6 7 7 7 4 8
R5.14 7 6 6 6 7 6 6 6 5 6 7 8 2 1 2 5 3 6 5 5 4 5 6 4 7 7 6 7 7 7 8 6 6 7 7 7 6 7 7 6 6 7 5 6 6 6 5 8
R5.12 8 7 7 7 7 6 6 6 6 7 8 9 3 1 1 5 3 6 5 5 4 5 6 3 7 7 7 7 8 8 8 6 6 7 7 7 6 7 8 7 7 7 6 5 5 5 4 8
R5.12b 7 7 8 7 7 5 6 6 6 6 7 8 3 2 1 5 3 6 5 5 4 5 6 3 6 6 6 6 7 8 7 6 6 7 6 6 5 6 7 6 6 6 5 6 6 6 4 7
R5.34 5 5 5 4 5 3 3 5 7 7 8 8 3 5 5 5 2 5 5 5 6 6 6 5 8 8 7 6 8 8 7 6 7 7 7 7 7 8 8 7 5 5 5 5 5 5 4 7
R5.21 6 5 6 5 6 4 4 6 5 6 6 7 2 3 3 3 2 3 3 3 4 4 4 3 6 7 6 5 6 7 7 6 7 7 7 7 6 8 8 7 5 5 4 7 6 6 5 7
R5.4 7 6 7 6 6 6 5 6 5 7 8 8 5 6 6 6 5 3 2 2 3 6 7 6 4 5 4 3 5 6 6 4 5 5 5 6 6 6 7 7 6 6 5 6 5 5 6 7
R5.8 6 5 6 6 7 7 6 6 6 7 8 8 5 5 5 5 5 3 2 1 2 5 6 5 4 5 4 4 5 6 6 4 5 5 5 5 5 6 7 7 7 6 6 6 5 5 6 6
R5.8b 5 4 5 5 7 7 6 7 6 6 7 7 5 5 5 5 5 3 2 1 1 4 5 5 3 4 4 4 4 5 5 3 4 4 4 5 6 5 6 6 6 7 6 6 5 5 6 7
R5.58 6 5 6 6 7 6 6 7 6 6 7 7 4 4 4 4 6 4 3 2 1 3 5 4 4 4 5 5 5 5 6 4 5 4 5 6 7 4 5 5 7 8 7 7 6 6 5 7
R5.15b 3 3 4 4 6 6 6 7 6 7 7 7 5 5 5 5 6 4 6 5 4 3 2 2 6 6 7 7 7 8 6 5 6 7 7 8 7 7 8 7 7 8 7 8 8 9 7 7
R5.15 2 3 3 3 5 6 7 7 6 6 6 6 6 6 6 6 6 4 7 6 5 5 2 3 6 6 6 6 6 7 7 6 5 6 6 7 6 6 7 7 6 6 6 7 7 8 6 7
R5.13 5 5 6 6 6 5 5 6 5 6 7 8 4 4 3 3 5 3 6 5 5 4 2 3 7 7 7 7 8 9 7 6 7 8 8 8 6 8 9 8 7 7 6 6 6 7 5 6
R2.83 6 7 7 6 8 8 8 8 5 5 6 6 8 7 7 6 8 6 4 4 3 4 6 6 7 1 1 2 1 2 2 2 3 3 3 4 4 4 5 6 6 7 6 8 7 7 7 6
R2.82 6 7 7 6 9 7 9 9 6 6 6 6 7 7 7 6 8 7 5 5 4 4 6 6 7 1 2 3 2 3 3 3 4 4 3 4 5 4 5 5 6 7 6 8 8 7 7 6
R2.7 6 7 7 6 7 7 7 7 4 4 6 6 7 6 7 6 7 6 4 4 4 5 7 6 7 1 2 1 1 2 3 3 4 4 4 4 4 5 5 6 6 7 6 7 6 6 6 5
R2.7b 6 7 7 6 6 6 6 7 5 5 7 7 6 7 7 6 6 5 3 4 4 5 7 6 7 2 3 1 2 3 4 3 4 4 4 4 4 5 5 6 6 6 6 7 6 6 6 5
R2.81 5 6 6 5 8 8 8 8 5 4 7 7 8 7 8 7 8 6 5 5 4 5 7 6 8 1 2 1 2 1 3 3 4 4 4 5 5 5 4 5 5 6 5 8 7 7 7 6
R2.81b 6 7 6 6 8 8 8 8 6 5 7 7 8 7 8 8 8 7 6 6 5 5 8 7 9 2 3 2 3 1 3 3 4 3 4 5 6 5 4 5 5 6 5 8 7 7 8 7
R2.35 6 7 6 6 8 7 8 8 5 5 4 4 9 8 8 7 7 7 6 6 5 6 6 7 7 2 3 3 4 3 3 2 4 4 4 5 4 5 6 7 6 7 6 9 8 8 8 6
R2.24 5 6 6 5 8 7 7 7 6 5 5 5 8 6 6 6 6 6 4 4 3 4 5 6 6 2 3 3 3 3 3 2 2 2 2 3 5 3 4 5 5 6 5 7 6 6 7 6
R2.22 6 7 6 6 7 6 7 7 7 6 7 7 8 6 6 6 7 7 5 5 4 5 6 5 7 3 4 4 4 4 4 4 2 1 1 2 4 2 3 4 5 6 6 5 4 5 7 6
R2.63 7 8 7 7 6 7 7 7 7 6 7 7 8 7 7 7 7 7 5 5 4 4 7 6 8 3 4 4 4 4 3 4 2 1 1 2 4 2 3 4 5 6 6 6 5 5 7 6
R2.64 7 8 7 7 6 7 8 8 7 6 7 7 8 7 7 6 7 7 5 5 4 5 7 6 8 3 3 4 4 4 4 4 2 1 1 1 3 1 2 3 5 6 6 6 5 4 6 6
R2.64b 8 9 8 8 6 7 8 7 7 6 7 7 8 7 7 6 7 7 6 5 5 6 8 7 8 4 4 4 4 5 5 5 3 2 2 1 3 2 3 4 6 5 7 6 5 4 6 5
R2.29 6 7 6 6 5 6 7 6 6 6 6 6 7 6 6 5 7 6 6 5 6 7 7 6 6 4 5 4 4 5 6 4 5 4 4 3 3 4 5 6 7 6 7 8 7 6 6 6
R2.61b 7 8 8 8 6 7 8 8 7 6 7 7 8 7 7 6 8 8 6 6 5 4 7 6 8 4 4 5 5 5 5 5 3 2 2 1 2 4 1 2 4 5 5 7 6 5 5 5
R2.61 6 7 7 7 6 7 8 8 7 6 7 7 8 7 8 7 8 8 7 7 6 5 8 7 9 5 5 5 5 4 4 6 4 3 3 2 3 5 1 1 3 4 4 7 6 5 5 6
R2.94b 6 7 7 6 7 6 7 7 7 6 8 8 7 6 7 6 7 7 7 7 6 5 7 7 8 6 5 6 6 5 5 7 5 4 4 3 4 6 2 1 2 3 3 6 7 6 6 6
R3.77 5 6 6 5 8 4 6 6 7 5 7 7 7 6 7 6 5 5 6 7 6 7 7 6 7 6 6 6 6 5 5 6 5 5 5 5 6 7 4 3 2 1 1 7 7 7 6 5
R3.74 6 7 7 6 8 4 6 5 8 6 7 8 7 7 7 6 5 5 6 6 7 8 8 6 7 7 7 7 6 6 6 7 6 6 6 6 5 6 5 4 3 1 2 7 7 7 6 4
R3.5 5 6 6 5 8 4 6 7 6 6 6 7 6 5 6 5 5 4 5 6 6 7 7 6 6 6 6 6 6 5 5 6 5 6 6 6 7 7 5 4 3 1 2 8 8 8 7 5
R2.27 8 7 7 7 7 6 6 7 8 8 9 9 7 6 5 6 5 7 6 6 6 7 8 7 6 8 8 7 7 8 8 9 7 5 6 6 6 8 7 7 6 7 7 8 1 2 6 8
R2.9 8 7 7 7 6 6 6 7 7 7 9 9 7 6 5 6 5 6 5 5 5 6 8 7 6 7 8 6 6 7 7 8 6 4 5 5 5 7 6 6 7 7 7 8 1 1 5 8
R2.26 9 8 8 8 5 7 7 7 7 7 9 9 7 6 5 6 5 6 5 5 5 6 9 8 7 7 7 6 6 7 7 8 6 5 5 4 4 6 5 5 6 7 7 8 2 1 4 8
R2.28 6 7 7 7 4 5 4 5 7 7 7 7 4 5 4 4 4 5 6 6 6 5 7 6 5 7 7 6 6 7 8 8 7 7 7 6 6 6 5 5 6 6 6 7 6 5 4 7
R3.30 7 8 8 8 8 5 7 6 7 6 6 7 8 8 8 7 7 7 7 6 7 7 7 7 6 6 6 5 5 6 7 6 6 6 6 6 5 6 5 6 6 5 4 5 8 8 8 7

Table 8.13: Hamming distance between receptors resulting from in vitro
selection.
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Kd (nM) of landscape receptors-GNRA interactions
Receptor GGAA GUAA GCAA GAGA GGGA GUGA GCGA GAAA

R1 WT 4 2610 8210 11000 5975 29500 32500 91
R1 U3C 9 17800 31700 49990 562 9990 27900
R1 G4A 2709 18900 11297 200000 39000 200000 200000
R1 A7U 2469 4560 7136 12600 47700 8865 20200 1046
R1 A7del 3470 19300 24400 200000 200000 40400 112000 1582
R1 U8del 410 11900 19600 34300 36200 29500 41000 1698
R1 C9A 2562 16000 20000 20000 28500 14750 7189 156
R1 U10G 92000 10050 34100 113000 165000 32100 65000
R1 4A5A 3286 25500 17500 160000 160000 40000 95000 2139
R1 7U9A 7617 1953 2802 9193 11800 14800 14800 65
R1.75 65 22000 40000 40000 20000 50000 100000
R1.75b 43 1729 5907 40000 40000 40000 40000 614
R1.76 5 30000 100000 200000 40000 200000 200000
R1.76b 2 30000 50000 200000 25000 200000 200000
R2 20 493 1995 793 54 1862 4645
R2.a 539 1874 2803 1528 735 1376 1497
R2.b 248 1821 5859 1916 443 4154 7664
R2-4U 460 1470 3500 3500 387 3400 4300
R2.7 7 392 1337 1633 76 1485 3386
R2.7b 3900 279 860 4000 200000 1097 40000
R2.7c 27000 35000 75000 200000 200000 35000 35000
R2.7d 1802 50000 150000 200000 200000 27000 35000
R2.7e 20000 16275 21461 1906 7277 4130 3024
R2.22 15 195 604 112 5 544 1384
R2.22b 5 2500 10000 10000 500 10000 10000 6302
R2.24 5 103 389 109 12 462 610 66
R2.24b 1267 1798 4684 5428 4036 4445 12500 2596
R2.24c 4 302 1714 1688 137 507 1773 621
R2.29 504 1693 10000 1096 6326 10000 10000
R2.29a 12800 10900 135000 200000 24400 182000 200000
R2.29b 9950 627 41000 49000 25000 16000 39000
R2.29c 317 1496 6381 2412 489 2472 9313
R2.35 15000 15000 50000 200000 100000 15000 50000
R2.35b 408 606 2794 1865 660 958 4069
R2.61 25 50 500 43 18 281 587
R2.61b 75 525 1000 501 50 1000 1522 347
R2.61c 4 311 1139 140 13 705 2356 266
R2.61c1 126 844 2508 3381 220 3194 9757
R2.61d 7786 515 1674 2835 17500 1864 8094
R2.61e 844 555 2217 1164 905 1315 6535 731
R2.61f 32 374 1757 795 37 1159 5208 637
R2.63 1 582 807 200 1 760 1675 245
R2.63b 1148 1993 6369 5890 5890 4598 14800
R2.64 14 75 500 90 17 505 402 108
R2.64b 155 3001 7558 3775 514 5037 10000
R2.64c 307 378 1941 1200 478 1108 5050 1809
R2.64d 246 508 6854 14900 1808 16200 25550
R2.64e 1250 480 23500 16000 10800 15000 29000
R2.64f 89 2373 7265 3980 682 5663 11300
R2.81 8 50 1391 778 23 746 2100 576
R2.81b 401 25000 30000 200000 5018 30000 30000
R2.81c 293 552 1569 1275 857 1251 3772
R2.81d 119 525 4125 1212 186 958 5795
R2.81e 12 3974 5762 1732 81 6405 11700
R2.82 12 185 1391 576 185 1077 1504
R2.83 7 32 1391 281 25 1158 1279 383
R2.94 13 220 500 284 15 426 477
R2.94b 1 788 1835 915 5 1512 2118
R3.5 890 45000 30000 316 1421 4412 10000
R3.30 1538 2335 10000 607 200000 10000 10000 25770
R3.31b 10700 2122 11550 282 2213 2122 449
R3.31c 10700 27400 33400 4440 2296 6415 5423
R3.74 70 9351 35813 1714 69 5026 40000
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R3.74a 842 28900 28900 2867 1150 12200 11450
R3.77 15 20000 40000 28000 200 3000 3000 13678
R3.77b 25 3703 39838 1523 71 730 40000
R4.1 5 3820 27000 15000 140 27000 27000 3617
R4.1b 547 27204 40000 200000 3201 40000 45000
R4.1c 858 21314 27000 200000 200000 27000 27000
R4.1d 2615 15684 27000 200000 200000 27000 27000
R4.2 10 1337 23000 4005 229 25000 25000 130
R4.2b 30 2674 7697 7712 823 200000 200000 72
R4.2c 617 13200 14300 25100 10800 47500 47500
R4.3 10 1339 3308 2958 255 8445 8445 59
R4.3b 437 3120 40000 40000 10000 200000 200000 264
R4.3b1 27400 21300 14900 200000 200000 77000 163000 500
R4.3c 150000 150000 175000 40000 200000 75000 150000
R4.3c2 7513 13510 50000 40000 50000 200000 200000 901
R4.3d 227 5700 19000 14500 1734 30000 28500
R4.3e 3 3533 16000 4394 545 23000 22000
R4.3f 649 1052 22000 10300 5560 10200 13500
R4.6 5 5500 40000 20000 274 40000 50000
R4.6b 746 6016 12500 12500 4173 25000 30000
R4.6c 287 20200 48800 67000 1091 29800 43100
R4.10 1 267 1570 182 50 983 1583
R4.10a 5 7665 45500 13700 75 31200 40000
R4.10b 2617 31500 77900 37200 343 17300 47800
R4.10c 5078 33800 158000 200000 1183 36100 110000
R4.11 1 1822 2200 5500 67 40000 40000 1871
R4.36 5 1126 1791 1126 160 2198 2198 9
R4.36b 1498 50000 50000 50000 200000 200000 200000 598
R4.36c 2565 200000 200000 200000 200000 200000 200000 219
R5.4 1 909 2390 1992 120 2556 10000
R5.4b 1 1118 5000 5000 198 7500 35000
R5.4c 3979 100000 100000 15000 2509 50000 50000
R5.4d 303 1450 4504 3558 1155 2273 5448
R5.4e 715 1522 4253 7677 1421 2441 11800
R5.8 1 7575 5000 3000 402 7500 10000 1479
R5.8b 163 20 764 733 648 10 1498 748
R5.8c 318 786 1549 1351 851 1057 8478
R5.8d 186 3 3979 1165 547 145 5365
R5.8e 88500 20550 153500 200000 200000 182000 200000
R5.8f 846 12500 14750 1346 784 3134 5271
R5.12 23000 810 30000 200000 200000 25000 200000 200000
R5.12b 23000 601 20000 200000 200000 27000 200000
R5.12c 14600 1362 43000 200000 160000 36000 71000 200000
R5.12d 4407 19000 200000 200000 200000 200000 200000
R5.12d1 17800 1722 28300 200000 200000 49700 200000
R5.13 10000 5000 10000 10000 100000 10000 15000
R5.13b 2583 6121 10508 40000 100000 15000 40000
R5.14 15000 601 30000 200000 200000 45000 200000
R5.15 1600 50 648 1665 10000 406 6326
R5.15b 349 50 66 382 3180 51 383 146
R5.15c 1190 25 312 726 20000 187 1361
R5.15d 30000 7250 30000 200000 200000 20000 50000
R5.15e 440 1 110 944 4130 286 640
R5.15f 611 116 272 509 1774 302 1026
R5.16 8665 12 30000 5909 150000 687 30000 1170
R5.16b 200000 100000 200000 200000 200000 27000 50000
R5.16c 30100 114 37500 27600 25000 2914 40000
R5.16c2 2612 13147 50000 11486 6064 30000 200000
R5.16c3 20000 40000 200000 40000 40000 100000 100000 5982
R5.16c4 13826 3769 200000 200000 200000 50000 200000 621
R5.16c5 446 8034 22700 9349 2565 24900 35400
R5.16d 1726 19300 43500 200000 8750 30900 35700
R5.16e 30500 277 200000 46600 57000 3448 30500
R5.16f 41000 4162 66000 200000 200000 43800 41000
R5.16g 44397 42000 200000 29500 34000 120000 200000 342
R5.16h 27000 1117 46000 38000 49000 16000 29500
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R5.16i 31000 151 50000 25000 43000 6300 38000
R5.16j 2295 2052 12000 4388 4872 12000 11200
R5.16k 2 11000 30000 20000 764 41000 41000
R5.16L 9975 1632 15000 12600 12600 20500 17000
R5.16m 384 328 538 188 250 519 477
R5.16N 27000 5145 110000 57000 91000 57000 110000
R5.16o 5911 282 22500 12500 14000 6537 17000
R5.21 96 15000 50000 200000 200000 50000 50000
R5.21b 50000 56785 55000 200000 200000 50000 50000
R5.21c 168 50000 150000 200000 200000 50000 50000
R5.21d 21600 4605 40500 48500 28300 41000 41000
R5.33 30000 23000 150000 200000 200000 50000 50000
R5.33b 1050 28300 200000 40500 27100 95000 120000
R5.34 50000 1241 200000 200000 200000 35000 200000 200000
R5.34b 60000 60000 60000 200000 200000 60000 70000 3002
R5.34b2 404 17000 175000 30000 10000 200000 200000 200000
R5.34b3 200000 50000 100000 200000 200000 50000 50000
R5.34c 100000 100000 200000 200000 25000 100000 100000
R5.34d 20000 25000 50000 200000 200000 50000 100000 200000
R5.58 74 7 129 232 290 24 601 57
R5.58 A4d 8228 2305 8616 4033 12000 4218 4743
R5.58 C5d 6 391 1932 899 153 801 2387
R5.58 G11d 471 3163 3016 1150 621 3060 2439
R5.58b 277 382 584 1517 1679 1189 5551
R5.58c 425 27 193 460 8302 147 973
R5.58.5 364 50 666 728 671 370 1816
R5.58.6 6712 1106 50000 9250 50000 50000 50000
R5.58.7 378 97 799 525 636 544 2170
R5.58.7i1 772 21400 5990 588 481 11950 5324
R5.58.12 71 1285 3007 892 45 1301 5331
R5.58.24 266 49 311 179 541 135 763
R5.58.24i1 72 1 114 173 86 1 381
R5.58.27 121 82 196 116 153 107 432
R5.58.27i1 2132 624 1663 2055 2949 1328 4059
R5.58.28 146 3 46 221 307 37 380
R5.58.28i1 795 188 1403 798 1502 467 3148
R5.58.31 1536 637 1254 929 2752 1225 3411
R5.58.33 182 75 337 320 260 222 1025
R5.58.41 8244 366 711 2090 9811 1021 2042
R6.9 1 5830 10000 2804 20 9812 10000
R6.9b 73 205 365 149 85 704 762
R6.9c 80 186 978 378 130 760 2111
R6.26 1 2818 10000 3262 60 10000 10000 3259
R6.26b 3 1737 4806 1472 5 4746 9581
R6.27 10 515 1320 237 20 657 1254
R6.28 10000 50000 200000 25000 10000 30000 100000
R6.28b 1085 41450 118500 1776 619 14200 13550
C7.2 9530 100000 50000 8000 50000 50000 50000 6.9
R7.2b 12602 40000 200000 200000 200000 200000 200000 283
R7.8M5 200 41 866 543 360 385 3466
RS8.14 54 7 311 106 74 28 352
RS8.15 513 26 212 280 898 125 788
RS8.16 9669 38 314 201 10913 205 9663
B7.8b 138 19 786 228 376 81 1462 66
R7.8c 357 1462 14000 5742 2831 5460 15000
R7.8d 615 40000 40000 10755 3344 45000 200000 6163
R7.8e 4852 12500 30000 35000 26000 90000 100000 1004
C7.10 200000 100000 50000 20000 50000 50000 50000 61
R7.10a 200000 150000 200000 100000 200000 200000 200000 950
R7.10b 25000 40000 25000 100000 40000 50000 290
R7.10c 100000 8702 200000 200000 200000 75000 200000 2179
R7.10d 37404 19000 110000 37000 200000 58000 158000 363
C7.34 25 109 549 231 76 252 932 246
R7.34b 9 171 400 163 38 257 565 72
R7.34c 43 352 1083 376 115 850 2065 288
R7.34c1 471 880 3541 2097 972 1674 5632



2 0 1

R7.34-4U 120 189 725 342 164 378 1291
R7.34-4Ua 163 247 1612 1152 393 1042 6535
11ntWT 200000 15095 49500 2071 200000 190000 200000 4.4
11ntb 200000 100000 200000 1300 200000 200000 200000 80
11nt A8C 34000 50000 200000 120000 200000 200000 7102
11nt U9A 12744 44000 140000 6607 29000 140000 200000 14
RIC3 70 30 800 80 160 100 800 619
RIC3b 2004 691 2066 1933 2475 1595 3128 11055
RIC3c 1072 256 1543 544 8192 1503 1250 14796
RIC3d 225 57 370 198 499 210 702 66
RIC3e 892 362 2212 1219 7000 1714 10000 2221
RIC3f 489 87 924 142 1520 273 2045
RIC3g 4302 349 2403 918 10500 1080 7833
RIC3_U4A 152 402 1871 1135 273 1108 4669 1214
RVc2 660 1086 2346 2839 3880 5336 11035 134
RVc2a 4520 931 10250 22900 1995 14300 13200 14737
RVc2b 210 77 1077 369 456 269 2457 104
RVc2c 20500 4116 5236 14100 15700 2892 3010 3604
RVc2d 1473 1335 5131 6921 12000 2814 5131 284
RVc2e 548 1294 1311 753 867 1142 1187 9
hGYAA.a 2514 11000 19000 150000 6620 26000 29000
hGYAA.b 22000 900 1251 3073 22000 1989 4800
hGYAA.c 27000 1949 2652 5677 22000 3533 7377
hGYAA.d 26000 1227 2492 5330 28000 3540 6400
hGYAA.e 22000 4250 6170 12712 24000 8130 12635
hGYAA.f 3094 10084 22000 200000 10311 29000 38000
hGYAA.g 22400 904 2735 3104 18900 1471 6820
hGYAA.h 43500 756 2508 4456 29150 2114 8218
hGYAA.i 24400 1970 4595 13800 23200 2984 10850
hGYAA.j 15700 2665 11150 13700 13600 2866 12900
hGYgA.a 16000 14500 47000 200000 3256 6608 28000
hGYgA.b 200000 200000 200000 200000 200000 200000 200000
hGYgA.c 200000 200000 200000 200000 200000 200000 200000
h.int.1 27000 27500 44000 200000 14500 20500 18000
h.int.2 5245 6570 14750 8289 5924 12050 17300
h.int.3 16000 1059 3817 8108 20450 2076 16000 13577
h.int.4 27300 1146 4377 5882 24900 3111 13375
R1h1 21500 1248 3082 4875 18100 2593 12400
R1h2 23800 790 1721 2340 21200 1459 9950
R1h3 14800 1048 1888 5238 23300 2724 6163

Table 8.14: Apparent equilibrium dissociation constants (Kd) of GNRA-
receptor interactions studied in chapter 5. All Kd values were determined
using a heterodimer tectoRNA system, assembled in presence of 15 mM
Mg(OAc)2 at 10oC.  Values are reported in nM.



2 0 2

G (kcal mol-1) of landscape receptors-GNRA interactions
(Gref = 4M Kd at 10OC)
Receptor GGAA GUAA GCAA GAGA GGGA GUGA GCGA GAAA

R1 WT -3.833 -0.240 0.405 0.569 0.226 1.124 1.179 -2.130
R1 U3C -3.431 0.840 1.165 1.421 -1.104 0.515 1.093
R1 G4A -0.219 0.874 0.584 2.201 1.281 2.201 2.201
R1 A7U -0.271 0.074 0.326 0.646 1.395 0.448 0.911 -0.755
R1 A7del -0.080 0.886 1.017 2.201 2.201 1.301 1.875 -0.522
R1 U8del -1.282 0.613 0.894 1.209 1.239 1.124 1.310 -0.482
R1 C9A -0.251 0.780 0.906 0.906 1.105 0.734 0.330 -1.824
R1 U10G 1.764 0.518 1.206 1.880 2.093 1.172 1.569
R1 4A5A -0.111 1.042 0.830 2.076 2.076 1.296 1.782 -0.352
R1 7U9A 0.362 -0.403 -0.200 0.468 0.609 0.736 0.736 -2.319
R1.75 -2.318 0.959 1.296 1.296 0.906 1.421 1.811
R1.75b -2.550 -0.472 0.219 1.296 1.296 1.296 1.296 -1.055
R1.76 -3.761 1.134 1.811 2.201 1.296 2.201 2.201
R1.76b -4.439 1.134 1.421 2.201 1.031 2.201 2.201
R2 -2.981 -1.178 -0.391 -0.911 -2.422 -0.430 0.084
R2.a -1.128 -0.427 -0.200 -0.541 -0.953 -0.600 -0.553
R2.b -1.565 -0.443 0.215 -0.414 -1.238 0.021 0.366
R2-4U -1.217 -0.563 -0.075 -0.075 -1.314 -0.091 0.041
R2.7 -3.572 -1.307 -0.617 -0.504 -2.230 -0.557 -0.094
R2.7b -0.014 -1.498 -0.865 0.000 2.201 -0.728 1.296
R2.7c 1.074 1.220 1.649 2.201 2.201 1.220 1.220
R2.7d -0.449 1.421 2.039 2.201 2.201 1.074 1.220
R2.7e 0.906 0.790 0.945 -0.417 0.337 0.018 -0.157
R2.22 -3.143 -1.699 -1.064 -2.013 -3.761 -1.123 -0.597
R2.22b -3.761 -0.264 0.516 0.516 -1.170 0.516 0.516 0.256
R2.24 -3.761 -2.059 -1.311 -2.025 -3.269 -1.214 -1.059 -2.306
R2.24b -0.647 -0.450 0.089 0.172 0.005 0.059 0.641 -0.243
R2.24c -3.887 -1.455 -0.477 -0.486 -1.898 -1.162 -0.458 -1.048
R2.29 -1.166 -0.484 0.516 -0.728 0.258 0.516 0.516
R2.29a 0.654 0.564 1.980 2.201 1.017 2.148 2.201
R2.29b 0.513 -1.043 1.310 1.410 1.031 0.780 1.281
R2.29c -1.426 -0.553 0.263 -0.285 -1.183 -0.271 0.476
R2.35 0.744 0.744 1.421 2.201 1.811 0.744 1.421
R2.35b -1.284 -1.062 -0.202 -0.429 -1.014 -0.804 0.010
R2.61 -2.856 -2.466 -1.170 -2.551 -3.041 -1.494 -1.080
R2.61b -2.238 -1.143 -0.780 -1.169 -2.466 -0.780 -0.544 -1.375
R2.61c -3.887 -1.437 -0.707 -1.885 -3.224 -0.976 -0.298 -1.526
R2.61c1 -1.946 -0.875 -0.263 -0.095 -1.632 -0.127 0.502
R2.61d 0.375 -1.153 -0.490 -0.194 0.830 -0.430 0.397
R2.61e -0.875 -1.111 -0.332 -0.695 -0.836 -0.626 0.276 -0.956
R2.61f -2.717 -1.333 -0.463 -0.909 -2.635 -0.697 0.148 -1.034
R2.63 -4.667 -1.085 -0.901 -1.686 -4.667 -0.934 -0.490 -1.572
R2.63b -0.702 -0.392 0.262 0.218 0.218 0.078 0.736
R2.64 -3.182 -2.238 -1.170 -2.135 -3.073 -1.164 -1.293 -2.034
R2.64b -1.829 -0.162 0.358 -0.033 -1.155 0.130 0.516
R2.64c -1.445 -1.328 -0.407 -0.678 -1.195 -0.722 0.131 -0.447
R2.64d -1.569 -1.161 0.303 0.740 -0.447 0.787 1.043
R2.64e -0.654 -1.193 0.996 0.780 0.559 0.744 1.115
R2.64f -2.141 -0.294 0.336 -0.003 -0.995 0.196 0.584
R2.81 -3.497 -2.466 -0.594 -0.921 -2.903 -0.945 -0.363 -1.090
R2.81b -1.294 1.031 1.134 2.201 0.128 1.134 1.134
R2.81c -1.471 -1.114 -0.527 -0.643 -0.867 -0.654 -0.033
R2.81d -1.978 -1.143 0.017 -0.672 -1.726 -0.804 0.209
R2.81e -3.269 -0.004 0.205 -0.471 -2.194 0.265 0.604
R2.82 -3.269 -1.729 -0.594 -1.090 -1.729 -0.738 -0.550
R2.83 -3.572 -2.717 -0.594 -1.494 -2.856 -0.697 -0.642 -1.321
R2.94 -3.224 -1.632 -1.170 -1.488 -3.143 -1.260 -1.197
R2.94b -4.667 -0.914 -0.438 -0.830 -3.761 -0.547 -0.358
R3.5 -0.846 1.362 1.134 -1.429 -0.582 0.055 0.516
R3.30 -0.538 -0.303 0.516 -1.061 2.201 0.516 0.516 1.048
R3.31b 0.554 -0.357 0.597 -1.492 -0.333 -0.357 -1.231



2 0 3

R3.31c 0.554 1.083 1.194 0.059 -0.312 0.266 0.171
R3.74 -2.276 0.478 1.233 -0.477 -2.284 0.128 1.296
R3.74a -0.877 1.113 1.113 -0.187 -0.701 0.627 0.592
R3.77 -3.143 0.906 1.296 1.095 -1.686 -0.162 -0.162 0.692
R3.77b -2.856 -0.043 1.293 -0.543 -2.268 -0.957 1.296
R4.1 -3.761 -0.026 1.074 0.744 -1.887 1.074 1.074 -0.057
R4.1b -1.120 1.079 1.296 2.201 -0.125 1.296 1.362
R4.1c -0.866 0.941 1.074 2.201 2.201 1.074 1.074
R4.1d -0.239 0.769 1.074 2.201 2.201 1.074 1.074
R4.2 -3.371 -0.617 0.984 0.001 -1.609 1.031 1.031 -1.929
R4.2b -2.756 -0.227 0.368 0.369 -0.890 2.201 2.201 -2.264
R4.2c -1.052 0.672 0.717 1.033 0.559 1.392 1.392
R4.3 -3.371 -0.616 -0.107 -0.170 -1.550 0.420 0.420 -2.369
R4.3b -1.246 -0.140 1.296 1.296 0.516 2.201 2.201 -1.530
R4.3b1 1.083 0.941 0.740 2.201 2.201 1.664 2.086 -1.170
R4.3c 2.039 2.039 2.126 1.296 2.201 1.649 2.039
R4.3c2 0.355 0.685 1.421 1.296 1.421 2.201 2.201 -0.839
R4.3d -1.614 0.199 0.877 0.725 -0.470 1.134 1.105
R4.3e -4.030 -0.070 0.780 0.053 -1.122 0.984 0.959
R4.3f -1.023 -0.752 0.959 0.532 0.185 0.527 0.684
R4.6 -3.761 0.179 1.296 0.906 -1.509 1.296 1.421
R4.6b -0.945 0.230 0.641 0.641 0.024 1.031 1.134
R4.6c -1.482 0.911 1.408 1.586 -0.731 1.130 1.338
R4.10 -4.667 -1.523 -0.526 -1.739 -2.466 -0.790 -0.522
R4.10a -3.761 0.366 1.368 0.693 -2.238 1.156 1.296
R4.10b -0.239 1.161 1.671 1.255 -1.382 0.824 1.396
R4.10c 0.134 1.201 2.069 2.201 -0.685 1.238 1.865
R4.11 -4.667 -0.442 -0.336 0.179 -2.299 1.296 1.296 -0.428
R4.36 -3.761 -0.713 -0.452 -0.713 -1.810 -0.337 -0.337 -3.402
R4.36b -0.553 1.421 1.421 1.421 2.201 2.201 2.201 -1.069
R4.36c -0.250 2.201 2.201 2.201 2.201 2.201 2.201 -1.635
R5.4 -4.667 -0.834 -0.290 -0.392 -1.973 -0.252 0.516
R5.4b -4.667 -0.717 0.126 0.126 -1.691 0.354 1.220
R5.4c -0.003 1.811 1.811 0.744 -0.262 1.421 1.421
R5.4d -1.452 -0.571 0.067 -0.066 -0.699 -0.318 0.174
R5.4e -0.969 -0.544 0.035 0.367 -0.582 -0.278 0.609
R5.8 -4.667 0.359 0.126 -0.162 -1.293 0.354 0.516 -0.560
R5.8b -1.801 -2.981 -0.931 -0.955 -1.024 -3.371 -0.553 -0.943
R5.8c -1.426 -0.916 -0.534 -0.611 -0.871 -0.749 0.423
R5.8d -1.726 -4.108 -0.003 -0.694 -1.120 -1.867 0.165
R5.8e 1.742 0.921 2.052 2.201 2.201 2.148 2.201
R5.8f -0.874 0.641 0.734 -0.613 -0.917 -0.137 0.155
R5.12 0.984 -0.899 1.134 2.201 2.201 1.031 2.201 2.201
R5.12b 0.984 -1.067 0.906 2.201 2.201 1.074 2.201
R5.12c 0.729 -0.606 1.336 2.201 2.076 1.236 1.618 2.201
R5.12d 0.055 0.877 2.201 2.201 2.201 2.201 2.201
R5.12d1 0.840 -0.474 1.101 2.201 2.201 1.418 2.201
R5.13 0.516 0.126 0.516 0.516 1.811 0.516 0.744
R5.13b -0.246 0.239 0.543 1.296 1.811 0.744 1.296
R5.14 0.744 -1.067 1.134 2.201 2.201 1.362 2.201
R5.15 -0.516 -2.466 -1.024 -0.493 0.516 -1.287 0.258
R5.15b -1.373 -2.466 -2.313 -1.321 -0.129 -2.450 -1.320 -1.862
R5.15c -0.682 -2.867 -1.435 -0.960 0.906 -1.723 -0.607
R5.15d 1.134 0.335 1.134 2.201 2.201 0.906 1.421
R5.15e -1.242 -4.667 -2.022 -0.812 0.018 -1.484 -1.031
R5.15f -1.057 -1.992 -1.513 -1.160 -0.457 -1.454 -0.766
R5.16 0.435 -3.293 1.134 0.220 2.039 -0.991 1.134 -0.692
R5.16b 2.201 1.811 2.201 2.201 2.201 1.074 1.421
R5.16c 1.136 -2.002 1.259 1.087 1.031 -0.178 1.296
R5.16c2 -0.240 0.670 1.421 0.594 0.234 1.134 2.201
R5.16c3 0.906 1.296 2.201 1.296 1.296 1.811 1.811 0.226
R5.16c4 0.698 -0.033 2.201 2.201 2.201 1.421 2.201 -1.048
R5.16c5 -1.234 0.392 0.977 0.478 -0.250 1.029 1.227
R5.16d -0.473 0.886 1.343 2.201 0.440 1.150 1.232
R5.16e 1.143 -1.502 2.201 1.382 1.495 -0.084 1.143
R5.16f 1.310 0.022 1.577 2.201 2.201 1.347 1.310



2 0 4

R5.16g 1.354 1.323 2.201 1.124 1.204 1.914 2.201 -1.384
R5.16h 1.074 -0.718 1.374 1.267 1.410 0.780 1.124
R5.16i 1.152 -1.844 1.421 1.031 1.336 0.256 1.267
R5.16j -0.313 -0.376 0.618 0.052 0.111 0.618 0.579
R5.16k -4.198 0.569 1.134 0.906 -0.932 1.310 1.310
R5.16L 0.514 -0.504 0.744 0.646 0.646 0.919 0.814
R5.16m -1.319 -1.407 -1.129 -1.720 -1.560 -1.149 -1.197
R5.16N 1.074 0.142 1.865 1.495 1.758 1.495 1.865
R5.16o 0.220 -1.492 0.972 0.641 0.705 0.276 0.814
R5.21 -2.096 0.744 1.421 2.201 2.201 1.421 1.421
R5.21b 1.421 1.493 1.475 2.201 2.201 1.421 1.421
R5.21c -1.783 1.421 2.039 2.201 2.201 1.421 1.421
R5.21d 0.949 0.079 1.303 1.404 1.101 1.310 1.310
R5.33 1.134 0.984 2.039 2.201 2.201 1.421 1.421
R5.33b -0.753 1.101 2.201 1.303 1.077 1.782 1.914
R5.34 1.421 -0.659 2.201 2.201 2.201 1.220 2.201 2.201
R5.34b 1.524 1.524 1.524 2.201 2.201 1.524 1.610 -0.161
R5.34b2 -1.290 0.814 2.126 1.134 0.516 2.201 2.201 2.201
R5.34b3 2.201 1.421 1.811 2.201 2.201 1.421 1.421
R5.34c 1.811 1.811 2.201 2.201 1.031 1.811 1.811
R5.34d 0.906 1.031 1.421 2.201 2.201 1.421 1.811 2.201
R5.58 -2.247 -3.572 -1.935 -1.602 -1.477 -2.885 -1.067 -2.390
R5.58 A4d 0.406 -0.310 0.432 0.005 0.618 0.030 0.096
R5.58 C5d -3.640 -1.308 -0.409 -0.840 -1.836 -0.905 -0.290
R5.58 G11d -1.204 -0.132 -0.159 -0.701 -1.048 -0.151 -0.278
R5.58b -1.503 -1.322 -1.083 -0.546 -0.488 -0.682 0.184
R5.58c -1.262 -2.804 -1.705 -1.217 0.411 -1.857 -0.795
R5.58.5 -1.349 -2.465 -1.009 -0.959 -1.005 -1.339 -0.444
R5.58.6 0.291 -0.723 1.421 0.472 1.421 1.421 1.421
R5.58.7 -1.327 -2.095 -0.906 -1.143 -1.035 -1.123 -0.344
R5.58.7i1 -0.926 0.944 0.227 -1.079 -1.192 0.616 0.161
R5.58.12 -2.268 -0.639 -0.161 -0.844 -2.525 -0.632 0.162
R5.58.24 -1.525 -2.475 -1.437 -1.748 -1.126 -1.907 -0.932
R5.58.24i1 -2.260 -4.667 -2.002 -1.767 -2.161 -4.667 -1.323
R5.58.27 -1.968 -2.190 -1.697 -1.992 -1.836 -2.038 -1.252
R5.58.27i1 -0.354 -1.045 -0.494 -0.375 -0.172 -0.620 0.008
R5.58.28 -1.863 -4.129 -2.513 -1.629 -1.445 -2.635 -1.324
R5.58.28i1 -0.909 -1.720 -0.590 -0.907 -0.551 -1.208 -0.135
R5.58.31 -0.539 -1.034 -0.653 -0.821 -0.210 -0.666 -0.090
R5.58.33 -1.739 -2.239 -1.392 -1.421 -1.538 -1.627 -0.766
R5.58.41 0.407 -1.346 -0.972 -0.365 0.505 -0.768 -0.378
R6.9 -4.667 0.212 0.516 -0.200 -2.981 0.505 0.516
R6.9b -2.253 -1.672 -1.347 -1.851 -2.167 -0.978 -0.933
R6.9c -2.201 -1.726 -0.793 -1.327 -1.928 -0.934 -0.360
R6.26 -4.667 -0.197 0.516 -0.115 -2.362 0.516 0.516 -0.115
R6.26b -4.049 -0.469 0.103 -0.562 -3.808 0.096 0.491
R6.27 -3.371 -1.153 -0.624 -1.590 -2.981 -1.016 -0.653
R6.28 0.516 1.421 2.201 1.031 0.516 1.134 1.811
R6.28b -0.734 1.316 1.907 -0.457 -1.050 0.713 0.687
C7.2 0.488 1.811 1.421 0.390 1.421 1.421 1.421 -3.580
R7.2b 0.646 1.296 2.201 2.201 2.201 2.201 2.201 -1.490
R7.8M5 -1.686 -2.577 -0.861 -1.124 -1.355 -1.317 -0.081
RS8.14 -2.422 -3.572 -1.437 -2.043 -2.245 -2.792 -1.368
RS8.15 -1.156 -2.834 -1.653 -1.496 -0.841 -1.950 -0.914
RS8.16 0.497 -2.620 -1.432 -1.683 0.565 -1.672 0.496
B7.8b -1.894 -3.010 -0.916 -1.612 -1.330 -2.194 -0.566 -2.306
R7.8c -1.360 -0.566 0.705 0.203 -0.194 0.175 0.744
R7.8d -1.054 1.296 1.296 0.557 -0.101 1.362 2.201 0.243
R7.8e 0.109 0.641 1.134 1.220 1.053 1.752 1.811 -0.778
C7.10 2.201 1.811 1.421 0.906 1.421 1.421 1.421 -2.354
R7.10a 2.201 2.039 2.201 1.811 2.201 2.201 2.201 -0.809
R7.10b 1.031 1.296 1.031 1.811 1.296 1.421 -1.477
R7.10c 1.811 0.437 2.201 2.201 2.201 1.649 2.201 -0.342
R7.10d 1.258 0.877 1.865 1.252 2.201 1.505 2.069 -1.350
C7.34 -2.856 -2.027 -1.117 -1.605 -2.230 -1.556 -0.820 -1.568
R7.34b -3.431 -1.774 -1.296 -1.801 -2.620 -1.545 -1.102 -2.264
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R7.34c -2.548 -1.368 -0.735 -1.331 -1.997 -0.871 -0.372 -1.480
R7.34c1 -1.204 -0.852 -0.069 -0.363 -0.796 -0.490 0.193
R7.34-4U -1.972 -1.718 -0.961 -1.384 -1.798 -1.327 -0.636
R7.34-4Ua -1.801 -1.567 -0.511 -0.700 -1.306 -0.757 0.276
11ntWT 2.201 0.747 1.416 -0.370 2.201 2.172 2.201 -3.833
11ntb 2.201 1.811 2.201 -0.632 2.201 2.201 2.201 -2.201
11nt A8C 1.204 1.421 2.201 1.914 2.201 2.201 0.323
11nt U9A 0.652 1.349 2.001 0.282 1.115 2.001 2.201 -3.182
RIC3 -2.276 -2.753 -0.906 -2.201 -1.811 -2.076 -0.906 -1.050
RIC3b -0.389 -0.988 -0.372 -0.409 -0.270 -0.517 -0.138 0.572
RIC3c -0.741 -1.547 -0.536 -1.122 0.403 -0.551 -0.654 0.736
RIC3d -1.619 -2.392 -1.339 -1.691 -1.171 -1.658 -0.979 -2.306
RIC3e -0.844 -1.352 -0.333 -0.669 0.315 -0.477 0.516 -0.331
RIC3f -1.183 -2.154 -0.825 -1.878 -0.544 -1.511 -0.377
RIC3g 0.041 -1.372 -0.287 -0.828 0.543 -0.737 0.378
RIC3_U4A -1.840 -1.293 -0.428 -0.709 -1.511 -0.722 0.087 -0.671
RVc2 -1.014 -0.734 -0.300 -0.193 -0.017 0.162 0.571 -1.910
RVc2a 0.069 -0.820 0.529 0.982 -0.391 0.717 0.672 0.734
RVc2b -1.658 -2.223 -0.738 -1.341 -1.222 -1.519 -0.274 -2.055
RVc2c 0.919 0.016 0.152 0.709 0.769 -0.183 -0.160 -0.059
RVc2d -0.562 -0.617 0.140 0.308 0.618 -0.198 0.140 -1.488
RVc2e -1.118 -0.635 -0.628 -0.940 -0.860 -0.705 -0.684 -3.417
hGYAA.a -0.261 0.569 0.877 2.039 0.283 1.053 1.115
hGYAA.b 0.959 -0.839 -0.654 -0.148 0.959 -0.393 0.103
hGYAA.c 1.074 -0.405 -0.231 0.197 0.959 -0.070 0.344
hGYAA.d 1.053 -0.665 -0.266 0.162 1.095 -0.069 0.264
hGYAA.e 0.959 0.034 0.244 0.651 1.008 0.399 0.647
hGYAA.f -0.145 0.520 0.959 2.201 0.533 1.115 1.267
hGYAA.g 0.969 -0.837 -0.214 -0.143 0.874 -0.563 0.300
hGYAA.h 1.343 -0.937 -0.263 0.061 1.118 -0.359 0.405
hGYAA.i 1.017 -0.399 0.078 0.697 0.989 -0.165 0.561
hGYAA.j 0.769 -0.228 0.577 0.693 0.689 -0.188 0.659
hGYgA.a 0.780 0.725 1.386 2.201 -0.116 0.282 1.095
hGYgA.b 2.201 2.201 2.201 2.201 2.201 2.201 2.201
hGYgA.c 2.201 2.201 2.201 2.201 2.201 2.201 2.201
h.int.1 1.074 1.085 1.349 2.201 0.725 0.919 0.846
h.int.2 0.152 0.279 0.734 0.410 0.221 0.621 0.824 0.400
h.int.3 0.780 -0.748 -0.026 0.398 0.918 -0.369 0.780 0.688
h.int.4 1.081 -0.703 0.051 0.217 1.029 -0.141 0.679
R1h1 0.946 -0.655 -0.147 0.111 0.849 -0.244 0.637
R1h2 1.003 -0.913 -0.475 -0.302 0.938 -0.567 0.513
R1h3 0.736 -0.754 -0.422 0.152 0.992 -0.216 0.243

Table 8.15:  Calculated G of GNRA-receptor interactions studied in
chapter 5. All values are calculated from the Kd values in table 8.4, in reference
to a Kd of 4 M at 10oC. G is reported in terms of kcal mol-1.
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Figure 8.1: GGAA fitness landscape of GNRA receptors. Receptor affinity is
defined by node color.  Active connections established through GGAA binding
are indicated by blue lines.  Receptor classes associated to selected and natural
receptors are indicated. G values are calculated with respect to the 4 M Kd
activity threshold, at 10oC.
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Figure 8.2: GUAA fitness landscape of GNRA receptors. Receptor affinity is
defined by node color.  Active connections established through GUAA binding
are indicated by red lines.  Receptor classes associated to selected and natural
receptors are indicated. G values are calculated with respect to the 4 M Kd
activity threshold, at 10oC.
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Figure 8.3: GCAA fitness landscape of GNRA receptors. Receptor affinity is
defined by node color.  Active connections established through GCAA binding
are indicated by dark green lines.  Receptor classes associated to selected and
natural receptors are indicated. G values are calculated with respect to the
4M Kd activity threshold, at 10oC.
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Figure 8.4: GAGA fitness landscape of GNRA receptors. Receptor affinity is
defined by node color.  Active connections established through GAGA binding
are indicated by pink lines.  Receptor classes associated to selected and natural
receptors are indicated. G values are calculated with respect to the 4 M Kd
activity threshold, at 10oC.
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Figure 8.5: GGGA fitness landscape of GNRA receptors. Receptor affinity is
defined by node color.  Active connections established through GGGA binding
are indicated by light blue lines.  Receptor classes associated to selected and
natural receptors are indicated. G values are calculated with respect to the
4M Kd activity threshold, at 10oC.
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Figure 8.6: GUGA fitness landscape of GNRA receptors. Receptor affinity is
defined by node color.  Active connections established through GUGA binding
are indicated by orange lines.  Receptor classes associated to selected and natural
receptors are indicated. G values are calculated with respect to the 4 M Kd
activity threshold, at 10oC.
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Figure 8.7: GCGA fitness landscape of GNRA receptors. Receptor affinity is
defined by node color.  Active connections established through GCGA binding
are indicated by lime green lines.  Receptor classes associated to selected and
natural receptors are indicated. G values are calculated with respect to the
4M Kd activity threshold, at 10oC.
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Figure 8.8: Positions of point mutations and insertion/deletions within
GNRA receptor sequence space. Receptor phenotypes (preferred GNRA loop)
are indicated by node color.  Connections are defined by point mutation (blue) or
insertion/deletions (orange).  Receptor classes associated to selected and natural
receptors are indicated.  Inactive receptors displayed no GNRA binding with a
Kd below 4 M. “Dead” receptors displayed no GNRA binding with a Kd below
40 M.
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Figure 8.9: Specificity of HIV derived kissing loops. Sequences derived from
the HIV kissing complex were assessed for the specificity towards (a) other HIV-
KL loops and (b) RNAI/IIi-like kissing loops.  Specificity was determined by
equimolar assembly of two kissing loop containing hairpins at 1M [each RNA].
Reactions were conducted in presence of either 2 mM or 0.2 mM Mg(OAc)2, as
indicated. The extent of binding was evaluated based on electrophoretic mobility
during native PAGE assays.  Boxes left white indicate loop pairs that were not
tested.  Kissing loop sequences tested can be found in table 8.5
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