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ABSTRACT

KADY-ANN CAMELE STEEN-BURRELL: Methods for Comprehensive RNA Structure
and Dynamics Analysis using SHAPE Technologies

(Under the direction of Kevin M. Weeks)

The many important cellular functions of RNA molecules depend on formation of
complex RNA secondary and tertiary structures. The formation of these structures is
facilitated by the intrinsic motion of RNA nucleotides and can be influenced by various
ligand or protein interactions. RNA SHAPE technology has made the determination of many
RNA secondary structures facile. However, the applicability of traditional SHAPE
technology to short RNAs (less than 100 nucleotides) in their native state is limited by primer
extension detection. Additionally, it is often difficult to discern the structural context of
constrained nucleotides in a traditional SHAPE experiment. In this work, | first develop an
alternate SHAPE 2'-O-adduct detection method, termed RNase-detected SHAPE, which
takes advantage of the RNA-specific activity of an exoribonuclease, RNase R. In the
presence of a SHAPE 2’-O-adduct or adducts at the nucleotide base-pairing face, RNase R
stops three or four nucleotides 3’ of the modification site, respectively. RNase-detected
SHAPE allowed for the structural characterization of a small, biologically relevant
riboswitch in its ligand-free state and identification of a bulge register shift that facilitates
formation of the ligand-bound state. Second, | develop a method for the de novo

identification of nucleotides involved in, or adjacent to, key RNA tertiary structure



interactions, termed differential SHAPE reactivity analysis. This method uses two SHAPE
electrophiles, N-methylisatoic anhydride (NMIA) and 1-methyl-6-nitroisatoic anhydride
(1M6) that detect slowly dynamic and one-sided stacking nucleotides, respectively. Together,
both types of nucleotide behaviors provide a RNA tertiary structure “fingerprint” since both
tend to be over-represented in tertiary structure interactions and motifs. Third, | develop a
chemical method for the removal of SHAPE 2’-O-adducts by ester bond cleavage while
limiting RNA phosphodiester backbone degradation which allows for the downstream
manipulation of previously modified RNA. The extent of SHAPE 2’-O-adduct removal can
be modulated by varying the concentration of hydroxylamine and reaction times. Finally, |
evaluate the ability of SHAPE chemistry to detect ligand-induced conformational changes by
comparing SHAPE reactivities and NMR measurements. Dynamics as measured by SHAPE
reactivities and the NMR order parameter, S?, correlate well for small molecule binding to

RNA.
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CHAPTER 1

Towards Comprehensive, Single Nucleotide Analysis of RNA Structure
and Dynamics

1.1 Introduction

1.1.1 RNA structure and its importance to function

RNA serves dual roles as both an integral carrier of genetic information at the
primary nucleotide sequence level, and as an important biomolecular machine through
formation of higher-order structures that are central to almost every biological process in the
cell [1-3]. Many of these critical cellular functions including protein synthesis, catalysis,
gene expression and regulation, depend on the ability of RNA molecules to fold back on
itself to form complex and specific three-dimensional structures [3-5]. RNA three-
dimensional structures vary both in their size and complexity from small tRNAs to large
ribosomal RNAs [6-8]. Formation of these three-dimensional structures requires base-pairing
interactions to form secondary structures (Figure 1.1A) and long-range contacts including
hydrogen bonding and nucleobase stacking interactions to form tertiary structures (Figure
1.1B) [9, 10]. Understanding the molecule architecture of RNA structure is a key first step

towards explaining the functional role of RNA in the cell.
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Figure 1.1 RNA structure levels. (A) Secondary structure highlighting base-pairing
interactions and (B) tertiary structure highlighting the key tertiary motifs and interactions
that stabilize the global fold. Illustrated is the aptamer domain of the Escherichia coli
thiamine pyrophosphate (TPP) riboswitch [14, 15].



1.1.2 RNA ligand binding and dynamics

RNA structure, folding and function are also influenced by local nucleotide
dynamics. Many cellular functions, such as gene regulation by riboswitches, require RNA
molecule to undergo conformational changes in response to changes in ionic conditions or
external cofactors such as small molecules and proteins (compare A and B, Figure 1.1) [3,
11]. Additionally, RNAs in many ribonucleoprotein complexes rely on protein binding to
form the functional, active RNA conformation [12, 13]. These ligand-induced
conformational changes are facilitated by the inherent motion of RNA nucleotides. RNA
dynamics occur over a range of timescales from very fast bond vibrations to intermediate
helical and domain motions to very slow structural rearrangements [16, 17]. The ability to
biochemically evaluate ligand-induced conformational changes of individual RNA

nucleotides regardless of RNA size and complexity is an unmet experimental challenge.

1.1.3 RNA structure determination methods

RNA secondary structure determination is a key first step towards comprehensive
understanding of RNA structure-function relationships. Conventional biochemical methods
of secondary structure determination rely on small molecules or ribonucleases that primarily
modify or cleave the RNA in a base-specific manner including kethoxal, which modifies G
residues, and RNase T1, which cleaves after G residues [18, 19]. Additionally, some
ribonucleases cleave in a base non-specific manner such RNase V1, which cleaves base-
paired nucleotides [18]. While these biochemical methods have provided valuable
information about RNA structures, no single method is capable of completely mapping the
structure of any given RNA of interest.

A relatively new chemical secondary structure probing method, Selective 2’-Hydroxyl
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Acylation analyzed by Primer Extension (SHAPE) takes advantage of the intrinsic reactivity
of the 2'-hydroxyl on the ribose sugar. This feature allows structural information to be
obtained for all nucleotides in a single experiment. The ability of the 2'-hydroxyl to
deprotonate and react with electrophiles is strongly influenced by local nucleotide flexibility
[20]. Conformationally flexible nucleotides preferentially react with SHAPE electrophiles
such as 1-methyl-7-nitroisatoic anhydride (1M7) resulting in the formation of ester adducts
(2'-O-adducts) (Figure 1.2A). Base-paired or otherwise constrained nucleotides are less
reactive towards SHAPE electrophiles [21, 22]. The resulting 2'-O-adducts are then
identified as stops in a primer extension reaction using 5’-end labeled primers (radiolabeled
or fluorescently labeled) that are annealed to the 3'-end of the RNA (Figure 1.2B). Reverse
transcriptase produces cDNAs that terminate one nucleotide before the modification site
resulting in a cDNA library whose fragment lengths correspond to the sites of modification
and whose amounts correspond to degree of flexibility. The cDNA fragments are then
separated by denaturing polyacrylamide gel electrophoresis (for radiolabeled fragments) or
capillary electrophoresis (for fluorescently-labeled fragments) [23, 24]. Dideoxy-terminated
sequencing reactions are performed concurrently in order to map the modification site to the
RNA sequence.

SHAPE allows for quantitative, robust, single nucleotide resolution structural
information to be obtained for most RNAs in a relatively short time using picomolar amounts
of RNA. As local nucleotide flexibility correlates with SHAPE reactivity [25], SHAPE
reactivities can be applied to the prediction of known and novel RNA structures by
interpreting the reactivities as pseudo free energies that can be used to improve computer-

based secondary structure prediction calculations [26, 27].



RNA tertiary structure determination has proven to be a more challenging
undertaking. Biophysical methods such as NMR and x-ray crystallography have been
primarily employed in the tertiary structure determination of RNA. X-ray crystallography
provides high quality atomic resolution of RNA structure and allows for the observation of
specific nucleotide conformations, tertiary structure motifs and contacts [8]. However, x-ray
crystallography provides a snapshot of a static RNA state so information about RNA
dynamics are difficult to detect. Additionally, many biologically relevant RNA states are too
dynamic to be crystallized. The most widely used method for studying RNA local nucleotide
dynamics is NMR spectroscopy [17, 28]. However, NMR spectroscopy is limited by the size
and complexity of the RNA being studied.

Along with x-ray crystallography and NMR, biochemical methods have been
employed to map the tertiary interactions in RNA. Current biochemical methods of RNA
tertiary structure analysis are primarily based on cleavage of the RNA backbone by hydroxyl
radicals. Hydroxyl radicals are usually generated in situ by reagents that are either free in
solution or tethered to the RNA [19]. In-solution, free hydroxyl radical experiments provide
information about solvent accessible nucleotides while tethered hydroxyl radical experiments
provide information about nucleotide distance in three-dimensional space. However, some of
these experiments tend to be difficult to implement due to the requirement of a modified
RNA sequence for tethering the reagent [29] and the results from hydroxyl radical

experiments can be technically challenging to interpret.



1.1.4 Research overview

Consequently, the overall goal of this project was to develop methods that address the
problem of characterization of RNA structure and dynamics for any given RNA all within the
framework of SHAPE technology.

SHAPE technology has revolutionized the RNA structure field by providing an
accessible, relatively straightforward method for analyzing RNA structure. With
improvements in reagent reaction time [22], electrophoresis separation [24] and data analysis
[30], SHAPE technology has allowed for the probing of a number of RNAs [26, 31-33].
Traditional SHAPE technology relies on primer extension as the method of detecting
modified nucleotides. Primer extension was ideal for probing long RNA structures, but the
requirement of a primer binding site adjacent to the RNA sequence of interest prevented the
application of traditional SHAPE to many important native short RNAs including
riboswitches and nucleotides at the ends of all RNAs.

In Chapter 2, I describe an alternate method of 2'-O-adduct detection using the
exoribonuclease Mycoplasma genitalium RNase R. This method, termed RNase-detected
SHAPE, is simple to use and allows for the structural analysis of short, authentic RNAs and
the ends of longer RNAs. RNase R is also capable of detecting covalent adducts on the base-
pairing face of nucleotides. I then applied this new method to develop a secondary structure
model for the ligand-free state of a biologically important RNA, the thiamine pyrophosphate-
sensing (TPP) riboswitch.

In Chapter 3, | develop a new method, termed Differential SHAPE Reactivity
Analysis, to identify nucleotides involved in key tertiary structure contacts in an RNA. This
method relies on subtle biases in reactivity between two different SHAPE reagents, N-

methylisatoic anhydride (NMIA) and 1-methyl-6-isatoic anhydride (1M6). NMIA reacts



preferentially with nucleotides undergoing slow dynamics while 1M6 reacts preferentially
with nucleotides that possess an unoccupied nucleobase face for stacking interactions with
IM6. The combined preferential reactivities allows for the “fingerprinting” of RNA tertiary
structure by identifying nucleotides involved in tertiary contacts in a simple, robust manner.

In Chapter 4, | develop a method to chemically cleave the ester linkage of the stable
2'-O-adduct while limiting phosphodiester backbone cleavage. This method results in
complete removal of the 2'-O-adduct and allows for downstream biochemical manipulations
of the previously modified RNA provided the structural information was previously encoded
by either primer extension or RNase R detection.

Finally, in Chapter 5, | characterize the correlation between SHAPE and RNA
dynamics for ligand-induced conformational changes. | compare SHAPE reactivities and
NMR measurements for ligands bound to the trans-activating region (TAR) of HIV RNA.
The absolute NMR measurements correlate strongly to SHAPE reactivities for binding of the
small molecule argininamide, but the absolute measurements did not correlate with binding
of a larger molecule, an 11 nucleotide linear peptide mimic of the Tat protein. However, both
SHAPE chemistry and NMR reflected the same changes in local nucleotide flexibility upon
linear peptide binding and suggests that SHAPE can detect changes in conformational

dynamics upon ligand binding.

1.1.5 Perspective

The principles of molecular biology, biochemistry, organic chemistry and physical
chemistry were integrated throughout this project to address the problem of accurate RNA
structure determination regardless of RNA size or complexity. I demonstrate that SHAPE 2'-

O-adducts and covalent adducts at the base-pairing face can be quantitatively detected using



an exoribonuclease; nucleotides involved in tertiary structure contacts can be detected using
the differences in SHAPE reactivities between NMIA and 1M6; the ester linkage of SHAPE
2'-O-adducts can be specifically cleaved with limited RNA degradation using
hydroxylamine; and changes in local nucleotide dynamics as a result of ligand binding can be
detected using SHAPE chemistry.

It is my hope that each of the methods that | have developed will be applied to
understanding structure-function relationships of RNAs in general, and specifically to
predicting the secondary and tertiary structures of novel RNAs. | expect that these methods
will contribute to the further development of SHAPE as a facile, high-throughput technology

capable of interrogating RNA structures at the transcriptome scale.
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CHAPTER 2

Selective 2'-Hydroxyl Acylation analyzed by Protection from
Exoribonuclease (RNase-detected SHAPE)

2.1 Introduction

The three-dimensional structures of RNAs play direct roles in gene expression and
regulation. The sizes of important regulatory elements vary enormously from large catalytic
and structural RNAs [1] to the small, compact structures of microRNA precursors, tRNAS,
and riboswitches [2-4]. The function of each of these motifs is dependent on the specific
local structures and dynamics that characterize each nucleotide.

The local structural environment at most nucleotides in large RNAs can be probed
using selective 2'-hydroxyl acylation analyzed by primer extension (SHAPE) [5, 6]. SHAPE
yields quantitative, nucleotide-resolution, structural information for RNAs ranging in size
from small tRNAs to entire RNA genomes [6-8]. SHAPE chemistry takes advantage of the
discovery that the reactivity of the 2'-hydroxyl position is highly sensitive to the precise
conformation of a given nucleotide. Flexible nucleotides adopt many different

conformations, a subset of which increases the nucleophilicity of the 2’-hydroxyl group while



constrained nucleotides sample fewer conformations [9, 10]. Dynamic or conformationally
flexible nucleotides react preferentially with electrophilic SHAPE reagents to form 2'-O-
adducts (Figure 2.1).

In principle, local nucleotide dynamics and flexibility can be assessed rapidly in a
simple chemical interrogation step since all four RNA nucleotides react similarly with the
acylating reagent [11] and the extent of reaction is quantitatively proportional to local
nucleotide dynamics [10, 12]. The sites of 2’-O-adduct formation are then detected by primer
extension [13].

The use of primer extension to detect 2'-O-adducts represents a weakness of SHAPE
technology, especially as applied to important short RNAs, and is also a shortcoming for
many other probing approaches for analyzing RNA modification chemistries and structure.
Using primer extension, RNA adducts are detected by annealing a labeled DNA primer to the
3’ end of a modified RNA and then a reverse transcriptase enzyme is used to extend these
primers to the sites of modification. Chemical information is thus read out indirectly, as the
lengths and frequency of a given cDNA product, instead of by direct analysis of the RNA
fragment. No structural data is obtained for the 40-60 nucleotides at the 3’ end of the RNA
due to overlap with the primer binding site and to incomplete enzyme processivity in the
early stages of extension. Structural data for 10-20 nucleotides at the 5’ end of the RNA are
also obscured due to overlap with full-length extension products. These two features make it
impossible to analyze the structures of biologically important short RNAs in their native
forms.

The limitations of primer extension-based structure probing are also evident in longer

RNA sequences where structural data is not obtained at the ends [6, 14]. A useful solution to
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this problem involves appending non-native flanking sequences, a “structure cassette”, on
both ends of the RNA to move the region of interest to the readable center of the RNA [13].
Finally, although powerful and highly quantitative, the primer extension process requires
multiple biochemical manipulations, RNA-specific primer design, and optimization of
annealing and extension conditions.

| developed a direct method for detecting covalent adducts in RNA, including the 2'-
O-adducts created by SHAPE, based on adduct-selective protection from exoribonuclease
degradation. The RNase R family of exoribonucleases processively and nonspecifically
hydrolyzes RNA in the 3'—5" direction to release 5’-nucleotide monophosphates [15-17]. |
screened RNase R enzymes from three organisms and determined that the RNase R enzyme
from Mycoplasma genitalium degrades structured RNAs, but cannot proceed past 2'-O-
methyl modifications [18], and is readily inactivated by heat treatment. | then evaluated
whether RNase R degradation could be used to detect sites of 2’-O-adduct formation in the
aptamer domain of the Escherichia coli thiM thiamine pyrophosphate (TPP) riboswitch
RNA, a small RNA (80 nts) that contains many features common to structured RNAs, such
as canonical and non-canonical base-pairing, local stacking, and long-range docking

interactions [19].

2.2 Results

2.2.1 RNase R detects sites of 2’-O-adduct formation in the TPP riboswitch RNA

| modified a 5'-end labeled TPP riboswitch using 1-methyl-7-nitroisatoic anhydride
(IM7) [20] under conditions that stabilize the native fold and in the absence of ligand (100
mM HEPES-NaOH (pH 8.0), 100 mM NacCl, 10 mM MgCly,; at 37 °C). The modified RNA

was then subjected to degradation by RNase R (20 mM Tris-HCI (pH 8.0), 100 mM KClI,
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0.25 mM MgCly; 30 min, 50 °C) and the resulting end-labeled RNA fragments were resolved
by gel electrophoresis (Figure 2.2A). Following the degradation step, the RNase R enzyme
can be completely heat inactivated by incubation at elevated temperature (95 °C, 3 min). The
half-life of M. genitalium RNase R is 18.4 s at 95 °C (Figure 2.3). To facilitate comparison
with conventional primer extension analysis of the sites of modification, these initial
experiments were performed using a TPP riboswitch RNA containing non-native 5" and 3’
“structure cassette” sequences of 14 and 43 nucleotides, respectively [13].

The RNase R enzyme efficiently degraded the unmodified riboswitch RNA. In
contrast, when the RNA was treated with 1M7 and then incubated with RNase R, a strong
pattern of banding was observed [compare (—) and (+) 1M7 lanes, Figure 2.2A]. The lengths
of these 1M7-modified fragments were determined by comparison with sequencing ladders
generated by iodine-mediated cleavage of phosphorothioate-substituted RNA [21] and by
RNase R degradation of kethoxal-modified RNA (sequencing lanes, Figure 2.2A).
Unexpectedly, bands corresponding to guanosine residues in the two sequencing reactions
were offset by 5 nucleotide positions on the gel. Phosphorothioate cleavage results in a 2’,3'-
cyclic phosphate fragment [21] that is one nucleotide shorter than the guanosine-terminated
fragment, when visualized using 5'-labeled RNA. Taking into account this offset for
phosphorothioate cleavage, the net offset for the phosphorothioate- and kethoxal-mediated
sequencing reactions is 4 nucleotides.

To determine if RNase R degradation, in fact, recapitulated RNA 1M7 reactivity and
to understand the large offset in the sequencing reactions, | performed identical SHAPE
reactions on the TPP riboswitch but analyzed the results by conventional primer extension.

Absolute reactivities were calculated by subtracting the no-reagent intensities from the 1M7-
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modified intensities for reactions analyzed by both RNase R degradation and primer
extension, (blue and red, Figure 2.2B). Absolute reactivities detected by RNase R
degradation were almost identical to those obtained by primer extension (Pearson’s linear r =
0.92; Figure 2.2C). However, in order to superimpose the reactivity profiles, RNase R
detected bands in the 1M7 reaction and in kethoxal-mediated sequencing required 3- and 4-
nucleotide offsets, respectively, to yield agreement with the primer extension-detected
reactions.

2.2.2 RNase R detects covalent 2'-O- and kethoxal adducts in a two-site model in
the enzyme catalytic site

To understand the chemical basis of these offsets, | created a homology model [22,
23] for the M. genitalium RNase R enzyme based on the known structures of two close
homologs, E. coli RNase Il (2ix0, 2ix1) [24] and S. cerevisiae Rrp44 (2vnu) [25]. The M.
genitalium RNase R enzyme consists of four major domains: two N-terminal cold shock
domains, CSD1 and CSD2; a central, highly conserved, RNA binding (RNB) domain; and a
C-terminal S1 domain (Figure 2.4A). The RNB domain contains the RNA substrate-binding
channel and the active site for hydrolytic degradation of RNA (Figure 2.4B). The RNA
strand is threaded into the RNB domain through an opening between the CSD1 and RNB
domains (black strand, Figure 2.4A); makes numerous contacts with protein residues in the
RNB domain (Figure 2.4B) and ultimately occupies the active site where phosphate cleavage
occurs (see green sphere, Figure 2.4B).

Critically, the enzyme also makes several contacts with RNA nucleotides 5’ of the
active site. First, the RNase R enzyme forms a hydrogen bond between the 2'-OH group at
nucleotide N-3 (red sphere, Figure 2.4B) and glutamic acid 463, consistent with studies [26]

showing this residue is essential for RNA cleavage specificity. Second, serine 433 forms a
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hydrogen bond with the base-pairing face of nucleotide N-4 (blue nucleotide, Figure 2.4B).
Thus, the RNase structure is consistent with a model in which a 1M7-mediated 2'-O-adduct
or a kethoxal-mediated cyclic adduct at guanosine [27] cause RNase R degradation to stop
either 3 or 4 nucleotides, respectively, 3’ of the site of modification (Figure 2.4B). In sum,
RNase R-mediated degradation of end-labeled RNA vyields quantitative detection (Figures
2.2B and C) of covalent adducts at both the ribose 2'-OH position in the backbone and at the
base-pairing face of guanosine. Sites of adduct formation can be readily assigned by noting
that kethoxal-mediated sequencing bands are exactly 1 nucleotide shorter than the
corresponding 2'-O-adduct (Figure 2.4B). RNase R degradation thus provides a novel, direct

and efficient one-step approach for detecting covalent adducts in RNA.

2.2.3 RNase-detected SHAPE yields quantitative structural information for the
folding of the TPP riboswitch

Crystallographic and biochemical analyses have yielded a wealth of information
about the secondary and tertiary structures of the ligand-bound state of the TPP riboswitch
[19, 28-32]. However, a single nucleotide resolution structure of the ligand-free state and the
changes in RNA dynamics that occur upon ligand binding are unknown. 1, therefore, used
RNase-detected SHAPE to analyze the structure of the native TPP riboswitch aptamer
domain in the absence and presence of the TPP ligand. Significant differences in SHAPE
reactivities for the free and ligand-bound states were observed (Figure 2.5). Kethoxal-
mediated sequencing at guanosine nucleotides were used to assign bands observed in the (+)
and (-) SHAPE reagent lanes (Figure 2.5A). Bands at the top of the gel correspond to
undigested full-length RNA and larger RNA fragments that are not fully resolved in this

particular electrophoresis run (Figure 2.5A). Bright bands at the bottom of the gel are short
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Figure 2.4 Model of M. genitalium RNase R and the interactions that mediate covalent
adduct detection in RNA. (A) The path of the RNA strand (in dark gray) is shown
relative to the major enzyme domains. (B) The substrate-binding channel of the
ribonuclease (RNB) domain. Modification of a 2’-hydroxyl group prevents
exoribonuclease digestion; the modified residue is shown as a red sphere at N-3. The
nucleobase whose base-pairing face is recognized by hydrogen bonding with serine 433
is shown in blue at N-4. The site of RNA strand hydrolysis is shown as a green sphere
and a catalytic Mg®* ion is yellow. The homology model was generated using I-TASSER
[23].
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oligonucleotide fragments that reflect the short RNA ‘“handle” by which RNase R binds
RNA, and correspond to the end products of 3'—5' exoribonuclease digestion. Using RNase
R-detected SHAPE, SHAPE reactivities for both the ligand-free and the ligand-bound
riboswitch RNA states were resolved and quantified (Figure 2.5B).

Absolute SHAPE reactivities for the ligand-free state were used to create an
experimentally supported secondary structure model using RNAStructure [14] (Figure 2.6A).
The ligand-free secondary structure is characterized by three significant changes relative to
the ligand-bound state. First, all loops in the ligand-free RNA were highly flexible. Second,
with the exception of the G19-A47 and A56-G83 base pairs, non-canonical base pairs did not
form stably in the ligand-free structure. Third, the P3 helix showed a significant register shift
in the ligand-free relative to the ligand-bound state. In the TPP-bound state, nucleotides in P3
have SHAPE reactivities that are exactly consistent with their crystallographically visualized
structure: C24 is reactive while all base-paired positions are unreactive (see C24 in Figure
2.6B). In contrast, in the ligand-free state, C24 is unreactive while C22 is reactive, indicating
the latter nucleotide is the bulged nucleotide (Figure 2.6A). In sum, the SHAPE data
emphasize that, in the ligand-free state, the TPP riboswitch consists of five well-formed and
stable helices that are linked by highly dynamic single-stranded regions, suggestive of a
structure with little or no stable tertiary interactions.

Upon addition of TPP, large changes in local nucleotide dynamics occur throughout
the riboswitch RNA, especially in P3, J3-2, J2-4, L5, and nucleotides 60-62 (compare panels,
Figure 2.5B). Several regions that became more constrained in the ligand-bound state reflect
direct interactions between the ligand (specifically with the TPP aminopyrimidine and

pyrophosphate moieties) and the RNA. These elements include J3-2 and nucleotides 60-61
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Figure 2.5 Representative RNase-detected SHAPE experiment. (A) SHAPE reactions,
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kethoxal-mediated sequencing (indicated with a G) resolved by denaturing
polyacrylamide gel electrophoresis. The guanosine sequencing marker is one nucleotide
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are indicated at left; structural landmarks in the RNA are highlighted on the right. (Lanes
are from the same gel) (B) Absolute SHAPE reactivities in the absence (top) and
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(Figures 2.6B and 2.7A). A few nucleotides near the TPP binding site became more flexible
in the ligand-bound state. For example, the SHAPE reactivity of nucleotide 62 increased,
consistent with becoming extrahelical to form the pyrophosphate binding pocket for TPP [19,
28] (Figures 2.5B and 2.7B).

Critically, regions that are spatially distant from the ligand binding site also showed
large changes in SHAPE reactivity. L5 was highly dynamic in the ligand-free state but
became completely constrained in the ligand-bound state, consistent with L5 docking into the
minor groove of P3 (Figure 2.5B). The register shift in P3 results in the bulged nucleotide
migrating from C22 to C24 and allows C24 to stack with A69 (Figure 2.6B). The L5-P3
interaction forms early during TPP binding [29] and the C24-A69 stacking interaction makes
a significant contribution to the stability of the RNA-ligand complex [31]. The large change
in SHAPE reactivity observed in L5 nucleotides thus implies that the C22 to C24 bulge
migration functions to direct riboswitch folding and to stabilize the structure of the ligand-
bound state.

The J2-4 region also undergoes large conformational changes to form interactions
that stabilize the three-way junction (Figures 2.5 and 2.6). A53 becomes less reactive in the
ligand-bound state, consistent with formation of the A53-G84 non-canonical base pair that
stabilizes the three-way junction [19]. The crystallographic data indicate that U54 and U79
form a stacking interaction in the ligand-bound state [19]; SHAPE data indicated that these
nucleotides are highly flexible in both free and ligand-bound states. The flexibility in this
stacking interaction suggests that, while the interaction may occur transiently, it does not

stabilize the ligand-bound state in the isolated aptamer domain.
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2.3 Discussion

Selective 2'-hydroxyl acylation analyzed by protection from exoribonuclease (RNase-
detected SHAPE) combines quantitative and robust structure-selective RNA acylation with a
simple one-tube exoribonuclease degradation step for detecting sites of covalent modification
in RNA. Degradation by M. genitalium RNase R was inhibited by 2’-O-adducts and adducts
at the base-pairing face of guanosine due to specific, but distinct, interactions in the substrate
binding channel of the enzyme (Figure 2.4). RNase-detected SHAPE is thus likely to be
broadly useful for identifying and quantifying many additional classes of chemical adducts in
RNA. Using this technology, | generated single-nucleotide resolution secondary structure
models for both the ligand-free and ligand-bound states of the 80 nt native sequence TPP
riboswitch aptamer domain (Figures 2.6A and B); determined the nucleotides undergoing the
largest conformational changes upon ligand binding, and characterized a single nucleotide
bulge shift from C22 in the ligand-free state to C24 in the ligand-bound state that is partly
responsible for stabilizing the ligand-bound RNA structure.

The usefulness of RNase-detected SHAPE is general and it is anticipated that this
approach will make possible structural analysis of mMiRNAs and their precursors,
riboswitches, and small non-coding RNAs in their native forms. RNase-detected SHAPE will
also facilitate complete analysis of functionally important structures at the 5’ and 3’ ends of

large RNAs, including the genomes of RNA viruses.

2.4 Experimental

2.4.1 Screening of candidate RNases

Recombinant RNase R enzymes from Escherichia coli [33], Mycoplasma genitalium

[18] and Aquifex aeolicus were evaluated to identify an enzyme that efficiently and non-
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specifically degrades RNA (including highly structured RNA), is quantitatively inhibited by
2'-O-adducts, and can be fully and permanently inactivated. All three enzymes efficiently
degraded structured RNA. The E. coli and M. genitalium enzymes are additionally readily
inactivated by a simple heating step (95 °C, 3 min) whereas the A. aeolicus enzyme is very
difficult to heat inactivate. 2’-O-adducts caused significantly stronger stops with the M.
genitalium enzyme than with the E. coli version. For these reasons, | focused on using the M.
genitalium enzyme for detection of covalent adducts in RNA. RNase R from M. genitalium
was purified as described [18] and used for all subsequent experiments. Enzyme purification

should be performed using equipment separate from that used for RNA-based research.

2.4.2 Heat inactivation of RNase R

RNase R enzymes require Mg®* for activity and can be immediately inactivated by
addition of excess EDTA. The enzyme is also permanently inactivated by heat denaturation.
To assess the thermal inactivation of M. genitalium RNase R, individual 1 pL aliquots of the
enzyme (1.5 pg/uL stock) were incubated at 95 °C [in 20 mM Tris-HCI (pH 8.0), 100 mM
KCI]. Each aliquot was removed at specific time points ranging from 15 s to 10 min and
placed on ice. To the heat-treated RNase, 8 pL of 5'-[*?P]-labeled RNA (~ 1 pmol) in the
same buffer containing 0.25 mM MgCl, were added. Reactions were subjected to the
standard exoribonuclease digestion step [20 mM Tris-HCI (pH 8.0), 100 mM KClI, 0.25 mM
MgCl; and 0.45 pg/uL M. genitalium RNase R; incubation at 50 °C for 30 min] and resolved
on a 10% denaturing polyacrylamide gel. RNase R activity was quantified as the fraction of
remaining full length RNA. Although the RNase-detected SHAPE experiment does not
require that the enzyme be inactivated, it is recommended that all RNase R-containing

solutions are heated for 3 min at 95 °C (~10 half-lives) to prevent introduction of RNase to
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other RNA experiments in the laboratory.

2.4.3 Synthesis of E. coli thiamine pyrophosphate (TPP) riboswitch RNAs
DNA templates for the aptamer domain of the E. coli thiamine pyrophosphate (TPP)

riboswitch [19] both with and without 5’ and 3’ structure cassette flanking sequences [13]
were generated by PCR [1 mL; 20 mM Tris-HCI (pH 8.4), 50 mM KCI, 2.5 mM MgCl,, 0.2
mM each dNTP, 250 nM each forward and reverse primer (IDT), 40 nM template (IDT), and
0.025 units/uL. Taq polymerase; denaturation at 95 °C, 45 s; annealing at 55 °C, 30 s;
elongation at 72 °C, 1 min; 35 cycles]. The PCR product was recovered by ethanol
precipitation and resuspended in 200 pL TE [10 mM Tris-HCI (pH 8.0), 1 mM EDTA]. RNA
constructs were synthesized by in vitro transcription [1 mL; 40 mM Tris-HCI (pH 8.0), 10
mM MgCl,, 10 mM dithiothreitol, 2 mM spermidine, 0.01% (v/v) Triton X-100, 4% (w/v)
poly(ethylene) glycol 8000, 2 mM each NTP, 40 uL PCR-generated template, 0.1 mg/mL T7
RNA polymerase; 37 °C; 4 h]. Phosphorothioate-containing RNAs for sequencing were
synthesized with the same protocol in 100 puL volumes using 10 uLL PCR-generated template
and contained 0.2 mM guanosine or cytidine a-thiotriphosphate (Glen Research). RNAs were
purified by denaturing polyacrylamide gel electrophoresis (8% polyacrylamide, 7 M urea,
29:1 acrylamide:bisacrylamide, 0.4 mm x 28.5 cm x 23 cm; 32 W, 1.5 h), excised from the
gel, recovered by overnight passive elution at 4 °C, and precipitation with ethanol. Purified
RNAs were resuspended in TE and stored at -20 °C.

Purified RNAs were 5'-[*?P]-radiolabeled by: (1) dephosphorylation [300 pL; 50 mM
Tris-HCI (pH 8.5), 0.1 mM EDTA, 10 uM RNA (TPP RNA) or 1 uM (phosphorothioate-
containing TPP RNA), 300 units SUPERase-In (Ambion), 200 units alkaline phosphatase

(Roche); 50 °C; 1 h]; (2) phenol:.chloroform:isoamyl alcohol extraction, ethanol
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precipitation, and resuspension in TE (storage at -20 °C); and (3) treatment with T4
polynucleotide kinase [20 pL; 80 pmol dephosphorylated RNA, 70 mM Tris-HCI (pH 7.6),
10 mM MgCl,, 5 mM DTT, 2 uL T4 polynucleotide kinase (NEB, 10,000 units/mL), 80 pCi
[y-*2P]-ATP; 37 °C; 30 min]. Phosphorothioate RNA radiolabeling reactions contained 20-30
pmol RNA, 1 puL T4 polynucleotide kinase (10,000 units/mL), and 20 pCi [y-SZP]-ATP.
Radiolabeled RNAs were purified by denaturing (8%) gel electrophoresis, excised from the
gel, and recovered by overnight passive elution at 4 °C. The purified 5'-[**P]-labeled RNAs
were precipitated with ethanol, resuspended in 10 mM HEPES-NaOH (pH 8.0), and stored at

-20 °C.

2.4.4 Structure-selective RNA modification

Unlabeled RNA with flanking sequences (5 pmol) or 5'-[*2P]-labeled RNA with and
without flanking sequences (~1 pmol) in 5 pL 1/2x TE (for modified RNAs analyzed by
primer extension) or sterile water (for modified RNAs analyzed by RNase R degradation)
was heated at 95 °C for 2 min, cooled on ice, treated with 3 pL 3.3% folding buffer [333 mM
HEPES-NaOH (pH 8.0), 333 mM NacCl, 33.3 mM MgCl;], and incubated at 37 °C for 10
min. The ligand (1 pL; 50 uM TPP) or sterile water was added and incubated at 37 °C for 20
min. After incubation, 9 pL of the folded RNA (+/— TPP) was added to 1 uLL. 80 mM 1M7 (in
DMSO) [20] and incubated at 37 °C for 2 min. No-reagent control reactions were performed
with 1 uL neat DMSO. The RNA was recovered by ethanol precipitation. For the 5'-[*P]-
labeled RNA, a five-fold molar excess of EDTA was added to chelate Mg®* before ethanol
precipitation. Unlabeled RNA was resuspended in 10 pL 1/2x TE and 5'-[**P]-labeled RNA

was resuspended in 8 pL sterile water after being washed twice with 70% ethanol.
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2.4.5 RNase R digestion
5'-[**P]-labeled RNA from the 1M7 or kethoxal modification reaction (8 pL) was

supplemented with 1 puLL 10x reaction buffer [200 mM Tris-HCI (pH 8.0), 1 M KCI, 2.5 mM
MgCl,] and 1 uLL M. genitalium RNase R [18] (4.5 ug/uL) and incubated at 50 °C for 30 min.
[Note: M. genitalium RNase R activity is very sensitive to Mg®* concentration.] The RNase R
enzyme was inactivated by the addition of 1 uL 100 mM EDTA followed by incubation at 95
°C for 3 min. The RNA fragments were recovered by precipitation with 2.5 vol ethanol plus
1 vol isopropanol, washed once with 70% ethanol, and resuspended in 2 pL sterile water and
7 uL stop dye [96% formamide, 1 mM EDTA (pH 8.0), bromophenol blue and xylene
cyanol]. RNA fragments were separated by denaturing polyacrylamide gel electrophoresis
(10% polyacrylamide, 29:1 acrylamide:bisacrylamide, 7 M urea, 1x TBE, 0.75 mm x 31 cm
x 38.5 cm; 70 W) and visualized by phosphorimaging. Fragments were run for both 1.5 and

3.5-4 h to resolve most nucleotide positions.

2.4.6 Kethoxal modification

5'-[¥P]-labeled RNA (1 pL) in 15 pL sterile water was heated at 95 °C for 2 min,
cooled on ice, mixed with 2 uL. 1 M HEPES-NaOH (pH 8.0), and incubated at 70 °C for 3
min. The RNA was then treated with 2 pLL 20 mM kethoxal (in sterile water, from USB) and
incubated at 70 °C for 5 min [34]. The reaction was quenched with 20 uL. 10 mM boric acid
followed by ethanol precipitation, washed twice with 70% ethanol, and resuspended in 8 pL

sterile water.

2.4.7 Cleavage of phosphorothioate-containing RNA
5'-[*P]-labeled phosphorothioate-containing RNA was treated with 3 pL 85 mM

iodine in ethanol for 3 min at room temperature [21]. The reaction was quenched with stop
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dye, and used directly for sequencing.

2.4.8 Primer extension

DNA primers were 5-end labeled with VIC or NED fluorophores (from Applied
Biosystems). Unlabeled RNA from the 1M7 modification reaction (10 uL) was added to a
fluorescently labeled DNA primer (5’-VIC-labeled GAA CCG GAC CGA AGC CCG; 3 uL,
0.3 uM) and allowed to anneal at 65 °C for 6 min and then cooled on ice. Reverse
transcription buffer [6 pL; 167 mM Tris-HCI (pH 8.3), 250 mM KCI, 10 mM MgCl,, 1.67
mM each dNTP] and Superscript III (1 pL, 200 units) were added and incubated at 45 °C for
2 min, 52 °C for 20 min then 65 °C for 5 min. The reactions were quenched with 4 uL 50
mM EDTA. The cDNAs were recovered by ethanol precipitation, washed twice with 70%
ethanol, dried in a SpeedVac for 5 min, and resuspended in 10 pL deionized formamide.
Dideoxy sequencing ladders were produced using unlabeled, unmodified RNA, annealing a
5'-NED-labeled fluorescently labeled DNA primer (same sequence as above) (3 uL, 0.3 uM),
and by adding 1 pL 2',3’-dideoxycytosine triphosphate (10 mM) before addition of
Superscript 11l. cDNA fragments were separated by capillary electrophoresis using an

Applied Biosystems 3130 DNA sequencing instrument.

2.4.9 Data analysis

Band intensities of fragments separated by gel electrophoresis were quantified using
SAFA (Semi-Automated Footprinting Analysis) [35] and raw capillary electrophoresis traces
were analyzed using SHAPEFinder [36]. SHAPE reactivity profiles for both the RNase R
degradation- and primer extension-detected experiments were obtained by subtracting the no-
reagent background from the (+) reaction intensities. All data sets were normalized by

excluding the top 2% of the reactive nucleotides, averaging the next 10% of reactive
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nucleotides, and then dividing all intensities by this averaged value.

2.4.10 RNase R structure modeling

A homology model for the M. genitalium RNase R was generated using I-TASSER
[22, 23, 37] with 2ix0 [24] and 2vnu [25] as the template structures. The center-most model
(by RMSD) is shown in Figure 2.4. The RNA strand was generated from the RNAs in the
2ix1 [24] and 2vnu structures; the adenosine residue visualized in the 2ix1 structure at
position N-4 was changed to a guanosine residue. RNase R likely uses a two Mg
mechanism for hydrolytic cleavage. Only one Mg®" ion has been visualized
crystallographically and is shown, along with its coordinating aspartic acid residues, in
Figure 2.4. Images were composed using Pymol (Delano Scientific). The secondary structure

for the ligand-bound TPP riboswitch aptamer domain was adapted from Lescoute and

Westhof [38].
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CHAPTER 3

Fingerprinting RNA Tertiary Structure by Differential SHAPE
Reactivity Analysis

3.1 Introduction

RNA molecules are involved in essentially every aspect of cellular information
transfer and regulation [1, 2]. The information encoded in RNA, through which it carries out
these functions, is encoded in both the primary sequence and the higher-order secondary and
tertiary structure of the RNA [3]. RNA three-dimensional structure is comprised of defined
secondary structure elements typically held together by a few key tertiary interactions [4, 5].
These tertiary interactions include long-range stacking interactions, loop-loop and loop-helix
contacts, pseudoknots, and well-defined turns in the RNA backbone [5-8]. The regions of an
RNA that contain significant tertiary structures play numerous important functional roles, as
elegantly revealed in the dramatic increase in available high resolution structures [7, 8].
However, de novo detection of nucleotides involved in specific tertiary structure interactions,
especially for long RNAs in their native biological environments, remains an unmet

challenge.



Nucleotides that participate in either base-pairing or higher-order tertiary structure
interactions can often be detected using chemical probing strategies. In general, nucleotides
that base-pair or form key tertiary structure motifs tend to be unreactive to solution phase
reagents while single-stranded and relatively unstructured elements are reactive [9]. Selective
2'-Hydroxyl Acylation analyzed by Primer Extension (SHAPE) has become an especially
informative approach for probing the structure of RNA [9-11]. SHAPE chemistry exploits
the discovery that the reactivity of the ribose 2'-hydroxyl is highly sensitive to local
nucleotide flexibility (Figure 3.1A). Flexible nucleotides sample many conformations, a few
of which preferentially react with hydroxyl-selective, electrophilic reagents to form a 2'-O-
adduct (Figure 3.1A). The strong relationship between SHAPE reactivity and molecular
motion [12] makes it possible to use this chemistry to achieve accurate secondary structure
predictions, to monitor RNA dynamics and folding, and to explore RNA-protein interactions
[10, 13-15].

SHAPE thus provides a robust measure of molecular motion and makes it
straightforward to detect local conformational changes due to base-pairing, formation of
tertiary interactions, or induced by protein or small molecule binding. However, in the
absence of additional information, it is often not obvious whether a given constraining
interaction reflects base-pairing or higher-order tertiary interactions. Consequently, there is a
pressing need for a biochemical method that precisely and reliably identifies specific
nucleotides involved in tertiary interactions.

To this end, | have developed an approach for rapidly “fingerprinting” RNA tertiary
structure derived from additional, orthogonal, chemical reactivity information based on the

SHAPE framework. The key insight is that nucleotides with unusual features tend to be
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highly overrepresented in RNA motifs that form tertiary structures. Such features include
unusual backbone and stacking geometries [5, 7], prevalence of syn nucleotides [16], and
nucleotides that undergo local conformational changes on slow timescales [14]. Thus,
identification of chemical probes that react selectively with nucleotides in these diagnostic
categories would make possible de novo discovery of tertiary structures in arbitrary RNAs.
Here | explore two such distinctive features using RNAs of known structures.

First, nucleotides that undergo local conformational changes on slow timescales can
be selectively detected using SHAPE reagents that also react slowly. These nucleotides are
usually in the relatively rare C2'-endo conformation [13] and, in some cases, govern the
folding of entire RNA domains [14]. Second, nucleotide base moieties typically form strong,
stacking interactions that are almost fully saturated in well folded RNAs [5]. Nucleotides
whose bases stack on only one side (one-sided stackers) can be robustly detected using a
SHAPE reagent that binds at the unoccupied stacking face.

Using two reagents, N-methylisatoic anhydride (NMIA) and 1-methyl-6-nitroisatoic
anhydride (1M6), that differ from each other only in the identity of a single functional group
(compare NMIA and 1M6, Figure 3.1B), nucleotides displaying slow, local dynamics and
one-sided stacking interactions can be selectively detected. The reactivities of these two
reagents can be combined to make possible very concise analysis and discovery of tertiary
structure elements by simply calculating the difference in their reactivities. The resulting
differential reactivities provide an information-rich “fingerprint” for RNA tertiary structure,
as exemplified by the ability to recapitulate tertiary structure information for four RNAs of
known structure. Differential SHAPE reactivity analysis was then applied to detect sites of

preformed tertiary structure in the E. coli thiamine pyrophosphate (TPP) riboswitch as a
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function of ionic environment and ligand binding and to understand the formation of tertiary

structure contacts in loosely structured RNAS.

3.2 Results

3.2.1 Differential SHAPE analysis of the TPP riboswitch

| initially screened potential SHAPE reagents with the ability to “fingerprint” RNA
tertiary structure motifs using the aptamer domain of the TPP riboswitch in the ligand-bound
state. The TPP riboswitch has been extensively characterized by x-ray crystallography [17-
19], in-solvent dynamics [20-22] and SHAPE chemistry [23]. This RNA contains tertiary
structure features that are common to highly structured RNAs including stacking interactions
and long-range docking interactions, especially in the ligand binding pocket [17, 19].

Two reagents proved especially promising. NMIA, one of the first reagents used in
the SHAPE approach [24], reacts slowly with RNA and correspondingly undergoes the self-
inactivating hydrolysis reaction with a half-life of 260 s (Figure 3.1B). The second reagent,
1MB6, differs from NMIA by the addition of a nitro (NO;) group at one end of the double ring
system (Figure 3.1B). This modification changes the chemical behavior of the reagent in two
ways relative to that of NMIA. First, addition of the electron-withdrawing group increases
the electrophilicity of 1M6. Consequently, 1M6 reacts fairly rapidly with both RNA and
water with a hydrolysis half-life of 31 s. Second, the NO, group significantly changes the
electronic distribution of the double ring system. | will show below that this change in
electronic profile increases the ability of 1M6 to stack with RNA nucleobases.

When the folded, ligand-bound state of the TPP riboswitch was allowed to react with
the slow SHAPE reagent, NMIA, the observed reactivities recapitulate the known structure

for the ligand-bound TPP riboswitch (NMIA panels, Figures 3.2 and 3.3A). Similarly, when
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the same RNA was treated with the fast, stacking SHAPE reagent, 1M6, the overall SHAPE
reactivity profile was very similar to that for NMIA (1M6 panels, Figures 3.2 and 3.3B). In
particular, all base-paired nucleotides are unreactive and many single-stranded nucleotides
exhibit similar reactivity towards both reagents (compare structures, Figures 3.3A and B).
However, a few nucleotides exhibit strongly enhanced reactivity towards one of the two
reagents (asterisks, Figure 3.2). SHAPE chemistry is highly quantitative and reagent-specific
reactivities can be readily characterized by simply subtracting one profile from another. After
excluding nucleotides that participate in crystal contacts or have poorly-defined electron
densities in the crystal structure (gray columns, Figure 3.4), | identified six nucleotides that
exhibited significant differential reactivities with either NMIA or 1M6 (green and blue
columns respectively, Figure 3.4).

Nucleotides that react preferentially with NMIA over the time course of a SHAPE
experiment are best explained as undergoing slow conformational dynamics [13, 14].
SHAPE reagents undergo a concurrent hydrolysis reaction with water (Figure 3.1A); the
hydrolysis rate of the reagent determines how long the reagent remains active. Nucleotides
that sample SHAPE-reactive conformations slowly react preferentially with NMIA (t1, = 260
s) because the slow reagent remains in solution longer than does 1M6 (ti, = 31 s). In
addition, all three nucleotides that react preferentially with NMIA occur in the relatively rare
C2’-endo conformation (Figure 3.5A).

The mechanism by which nucleotides might react preferentially with 1M6 has not
been previously explored. Intriguingly, the three nucleotides exhibiting strong enhancements
when treated with 1M6 all occur in diverse local structural contexts but share the feature that

one face of the base moiety in the nucleotide is open for potential interactions with the
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reagent (Figure 3.5B). This conformation is unusual because in both A-form helices and most
highly folded RNAs, base-base stacking is nearly fully saturated [5, 7]. However, a few
nucleotides especially bulged nucleotides, nucleotides involved in backbone turns, and
nucleotides at the terminus of some helices form “one- sided” stacking interactions such that
one side of the base is available for stable n-n stacking interactions with a small molecule
such as 1M6.

These exploratory experiments suggest that the differential reactivity of NMIA vs.
1M6 provides a direct experimental measure of unusual nucleotide conformations that are
typically located in tertiary structure motifs in folded RNAs (emphasized with green and blue
nucleotides, Figure 3.5C). Each of the three NMIA enhancements corresponds to anucleotide
in the C2'-endo conformation. Furthermore, each maps to sites where the RNA backbone has
an unusual geometry that contributes either to stabilizing the RNA fold (nucleotide 79,
Figure 3.5C) or is adjacent to the ligand-binding pocket (nucleotides 46 and 62, Figure 3.5C).
All three 1M6 enhancements report nucleotides that form one-sided stacks. Furthermore, the
nucleotides correspond to local structures that form long-range stacking interactions
(nucleotides 24 and 54, Figure 3.5C) or turns in the backbone (nucleotide 52, Figure 3.5C).

These differential reactivities create an RNA tertiary structure “fingerprint” by
highlighting nucleotides that form relatively rare, but structurally critical, interactions

(Figures 3.4 and 3.5C).

3.2.2 Analysis of the mechanism of differential 1M6 reactivity

The observation that 1M6 reacts preferentially at nucleotides that form one-sided
stacking interactions is consistent with a model in which the reagent might be binding

preferentially at those nucleotides. In this view, the primary contribution of the —-NO,
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substituent would be to polarize the two-ring system to increase the favorable free-energy
contribution of the reagent-nucleobase stacking interaction. If this model is correct, then
varying the electron-withdrawing ability of the ring functional group should alter the reagent-
nucleobase stacking interaction and thus the SHAPE reactivity.

| probed the ligand-bound state of the TPP riboswitch using structurally similar
reagents with substituents that varied from a methyl group (slightly electron-donating), to
bromine (moderately electron-withdrawing), to a nitro group (strongly electron-withdrawing)
(Figure 3.6A). Increasing the electron-withdrawing ability of the functional group, results in
a more electrophilic reactive center due to inductive effect and changes to the overall
electrostatic profile of the reagent (compare reagent electrostatic potential maps, Figure
3.6A). The SHAPE reactivity of the one-sided stacking nucleotide, C24, increases
monotonically with increasing electron-withdrawing ability of the reagent substituents as
reflected by the Hammett coefficient (or,) [25] for each functional group (Pearson’s linear r =
0.97; Figure 3.6B). The increasing reactivity reflects increasingly favorable reagent-
nucleobase stacking interactions and is consistent with a model that as the Hammett
coefficient increases, the electron density associated with the aromatic ring decreases and
results in decreased n-electron repulsive forces [26, 27].

Since the —-NO; substituent influences the ability of 1M6 to stack preferentially with
one-sided stacking nucleotides, it should be possible to calculate a thermodynamic value
associated with this interaction. To determine whether the 1M6-nucleobase stacking
interaction is more thermodynamically favorable than the NMIA-nucleobase interaction,
Greggory, a graduate student, calculated the energy associated with the formation of a

stacking complex between NMIA or 1M6 and each of the four RNA nucleotide types (Figure
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Figure 3.6 Effect of varying electron-withdrawing substituents on the SHAPE reactivity
at “one-sided” stacking nucleotides. (A) Electrostatic potential maps for each reagent
were calculated using Avogadro [28]. (B) Correlation between SHAPE reactivities at C24
in the ligand-bound TPP riboswitch (three replicates) and the o, value of the R group of
the reagent. Pearson’s linear r-value is shown.
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1M6
Cytidine-1M6 complex Cytidine-NMIA complex
B
1M6 complex NMIA complex Stabilization energy
Sugar pucker  enegy (kcal/mol) energy (kcal/mol)  (1MB-NMIA)
Cytidine C3'-endo -23.0 -18.3 -4.7
Guanosine C3"-endo -28.6 -24.0 -4.6
Adenosine C2-endo -21.5 -17.8 -3.7
Uridine C2-endo -20.2 -18.1 -2.1

Figure 3.7 Quantum mechanics calculations for the 1M6-nucleotide and NMIA-
nucleotide complexes. (A) The most stable calculated stacking conformations for the
cytidine-1M6 and cytidine-NMIA complexes are shown. (B) The more common ribose
sugar pucker for each nucleotide type, stacking complex energy for each reagent-
nucleotide type, and the stabilization energy [(LM6-complex) — (NMIA-complex)] of
each nucleotide type are shown.
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Slow Stacking

TPP riboswitch 3 3
Lysine riboswitch 2 1
Adenine riboswitch 2 0
RNase P (specificity domain) 3 4
Total number of enhancements 10 8

from all 4 RNAs

Table 3.1 Summary of all the RNAs studied for differential SHAPE reactivity analysis.
The total numbers of each type of nucleotide behavior (slow and one-sided stacking) are
shown for each RNA.
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3.7). | determined the more common ribose sugar pucker (C2' or C3’-endo) for each
nucleotide type (Figure 3.7B) by comparing all one-sided stacking nucleotides observed in
the four RNAs investigated in this study (Table 3.1). 1M6-nucleotide complex formation
possessed more favorable energies than NMIA-nucleotide complexes across all four
nucleotide types (Figure 3.7B). If the stabilization energy is considered, which is the
difference between the 1M6- and NMIA-nucleotide complex energies for each nucleotide
type, a range of differences between approximately -2 and -5 kcal/mol were observed. On
average, the 1M6-nucleotide complexes are -3.8 kcal/mol more stable than the NMIA-
nucleotide complexes. This net stabilization energy is especially significant when compared
to the approximate net stabilization energy of a two base pair stack of -1.9 kcal/mol [29].
Additionally, while there is a range in the stabilization energies (Figure 3.7B), the 1M6-
nucleotide interaction is relatively insensitive to nucleobase identity since all four nucleotide
types form more favorable stacking complexes with 1M6 in comparison to NMIA.

In sum, preferential 1M6 reactivity is consistent with a model where one-sided
stacking nucleotides form favorable stacking interactions with 1M6. This interaction is
relatively insensitive to base identity, quantitative as evidenced by quantum mechanics
calculations and can be modulated by decreasing the electron-withdrawing ability of the ring
substituent. The most favorable stacking geometries are not likely to position 1M6 for
optimal nucleophilic attack by the 2'-OH group; rather stacking appears to enhance reactivity
by increasing the effective concentration of the reagent at nucleotides at which one face is

available for the one-sided stacking interaction.
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3.2.3 Analysis of diverse RNAs by differential SHAPE reactivities
Differential NMIA vs. 1M6 SHAPE reactivities provided a tertiary structure

“fingerprint” for the TPP riboswitch by accurately highlighting nucleotides that were
involved in key tertiary interactions. To determine whether differential SHAPE reactivity
analysis was robustly and broadly applicable to diverse RNA structures, | probed three
additional RNAs with well-characterized structures: the RNase P specificity domain [30],
and the adenine [31], and lysine [32] riboswitches. When differential SHAPE reactivity
analysis was performed on all three RNAs, a unique pattern of preferential reactivities or
“fingerprint” was observed that corresponds to both slow nucleotide dynamics and one-sided
stacking conformations (green and blue nucleotides and columns respectively, Figure 3.8).
For each RNA, the highlighted nucleotides all mapped to specific important tertiary structure
interactions. Differential reactivities in the adenine riboswitch are located at the ligand-
binding pocket and the crucial loop-loop interaction (nucleotides 47 and 63 respectively,
Figure 3.8A). In the lysine riboswitch, differential reactivities were localized to the P2a-L2
turn motif, a structure similar to a canonical kink-turn motif [32], that is important for the
formation of the folded RNA structure [33] (nucleotides 38, 40 and 52, Figure 3.8B). In the
RNase P specificity domain, while there were many differential reactivities observed, the
well-resolved nucleotides were located at key long-range stacking interactions (nucleotides
130 and 194, Figure 3.8C); or at, or adjacent to, tertiary structure motifs (nucleotide 142;
sarcin-ricin motif and nucleotide 186, T-loop [34], Figure 3.8C).

Analysis of all four RNA structures revealed a total of 18 nucleotides that displayed
reagent-specific preferential reactivties (Table 3.1) and all map to nucleotides that are

involved in, or adjacent to, key tertiary structure interactions. Ten nucleotides displayed
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Figure 3.8 Reagent differential reactivities superimposed on the three-dimensional
structures (left) and differential reactivity plots (right) of the (A) adenine ribsowitch
(PDB 1Y26 [31]), (B) lysine riboswitch (PDB 3DIL [32]), and (C) specificity domain of
RNase P (PDB 1NBS [30]). Nucleotides displaying strong differential reactivities are
numbered on the tertiary structures and column plots using the same color scheme as
Figure 3.4.
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preferential reactivity with NMIA and represent slow local nucleotide dynamics.
Additionally, nine of the ten nucleotides that exhibit preferential NMIA reactivities were
found to be in the C2’-endo ribose conformation. Eight nucleotides displayed preferential
reactivities with 1M6 and represent nucleotides that form favorable stacking interactions with
IM6. One of the eight 1M6 preferential stacking nucleotides was found in a partial “one-
sided” stacking conformation in which only a fraction of the nucleobase is available for
stacking interactions with 1M6. The 18 nucleotides that displayed reagent-specific
preferential reactivities were detected out of approximately 470 RNA nucleotides probed.
This detection specificity highlights the specialized ability of differential SHAPE reactivity

analysis for detecting unique and important nucleotide conformations and dynamics.

3.2.4 Differential reactivities as a function of the extent of RNA structure

Since SHAPE differential reactivity analysis highlights sites of tertiary structure
contacts, it was hypothesized that both the magnitude and number of reagent-specific
preferential reactivites should decrease as a function of decreased tertiary structure. To test
our hypothesis, | probed the less structured, ligand-free state of the TPP riboswitch with both
NMIA and 1M6. In the previous chapter, | proposed that the structure of the TPP ligand-free
state exists in an open, Y-shaped conformation with little evidence of long-range tertiary
interactions [23]. However, structure and folding studies of the TPP riboswitch suggests that
the J3-2 region of the TPP binding pocket may exist in a preformed state [1, 18, 20], and
other studies suggest that the ligand-free states of many riboswitches are more structured
than previously assumed [1, 35].

Two features became evident when the “fingerprints” of the ligand-free and the

ligand-bound states of the TPP riboswitch were compared (compare Figures 3.4 and 3.9A).
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Figure 3.9 Differential SHAPE reactivities as a function of the extent of RNA structure.
Differential SHAPE reactivity analysis of the (A) ligand-free and (B) ion-free, ligand-free
states of the TPP riboswitch. Nucleotides that show significant enhancements towards
NMIA or 1M6 are highlighted (green and blue respectively).
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First, the magnitudes of the reagent-specific preferential reactivities in the ligand-free
state are much smaller than those in the ligand-bound state (compare green and blue column
heights; Figures 3.4 and 3.9A) and are consistent with the initial hypothesis. The intensity or
magnitude of the preferential reactivities may provide information about the stability or
importance of the tertiary structure motif where smaller enhancements may suggest
transiently formed conformations [36] while larger enhancements may suggest a more stable
interaction. Surprisingly, however, the number of reagent-specific preferential reactivties in
the ligand-free state, especially the one-sided stacking nucleotides, outnumbered those
observed in the ligand-bound state (compare numbered columns; Figures 3.4 and 3.9A).

To understand the significance of the observed differential reactivities in the less
structured, ligand-free TPP state, | mapped the nucleotide enhancements onto the proposed
secondary structure model of the TPP ligand-free state (Figure 3.10B). The nucleotide
enhancements of both the ligand-bound state and the ligand-free state in the context of the
secondary structures were then compared (compare Figures 3.10A and B). In the less
structured, ligand-free state, the differential reactivities correspond to nucleotides that are in
two different structural contexts. First, some of the differential reactivities were located in, or
adjacent to, the ligand-binding pocket (nucleotides 44, 60, 62 and 77, Figure 3.10B). Second,
differential reactivties were also located at nucleotides that form key tertiary structure motifs
and interactions in the fully folded ligand-bound structure (nucleotides 52, 54, 70 and 72,
Figure 3.10B).

NMIA and 1M6 preferential reactivities in the ligand-free state suggest that both sides
of the ligand-binding pockets are preformed (compare J3-2 and P4-5, Figures 3.10A and B).

A preformed ligand binding pocket would likely result in rapid recognition and binding of
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Figure 3.10 NMIA and 1M6 reagent enhancements are superimposed on (A) the planar
representation of the three-dimensional structure of the ligand-bound; (B) secondary
structure model of the ligand-free and (C) secondary structure model of the ion-free,
ligand-free states of the TPP riboswitch. (Color scheme from Figure 3.4)
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the TPP ligand, providing a functional explanation for the observed “fingerprint” in the
binding pocket. This interpretation is consistent with 2-aminopurine (2AP) fluorescence
experiments which probed the folding of the TPP riboswitch. and confirmed that in the
presence of TPP ligand, the TPP ligand-free state undergoes fast ligand binding and docking
of the L5 nucleotides (k = ~12 x 10 M™* s?) [20]. Additionally, the large number of
preferential reactivities in the TPP ligand-free state is likely a feature of riboswitch structure
and folding in general. RNA folding and ligand binding in a riboswitch require that the
ligand-free RNA adopts a specific structure. The formation of this “ligand-accessible
structure” [37] is likely timed by the observed slow nucleotides (nucleotides 44 and 72,
Figure 3.10B). Therefore, the numbers and magnitudes of NMIA and 1M6 preferential
reactivities can provide information about unknown RNA structures in regards to the stability
and possible role of the detected interactions.

To further investigate the effect of decreasing structure on differential SHAPE
reactivities, |1 probed the ligand-free TPP riboswitch in the absence of monovalent and
divalent ions (using EDTA chelation) with both NMIA and 1M6. Consistent with the
previous hypothesis, the ion-free, loosely structured TPP RNA exhibits fewer reagent-
specific preferential reactivities that are smaller in magnitude in comparison to both the
ligand-bound and ligand-free TPP structures (compare numbered columns, Figures 3.4, 3.9A
and B). However, there are four significant 1M6 one-sided stacking nucleotides observed in
the ion-free, loosely structured state that are also present in the ligand-free state of the TPP
riboswitch (compare blue columns, Figures 3.9A and B).

To determine whether the four 1M6 stacking nucleotides observed in the ion-free TPP

RNA are in the same structural context as those in the ligand-free RNA, a secondary
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structure model of the loosely structured TPP RNA was required. | used the absolute NMIA
and 1M6 SHAPE reactivities to generate an experimentally supported secondary structure
model of the loosely structured RNA using RNAStructure [10] (Figure 3.10C). A comparison
of the secondary structures of both ligand-free structures in the presence and absence of ions
(monovalent and divalent) reveals that the major structural difference is localized to the
formation of the P1 helix (compare P1 structures, Figures 3.10B and C). Since the structure
of the ligand-free TPP RNA in the absence and presence of ions is very similar, the four one-
sided stacking nucleotides (60, 62, 70 and 77) in the ion-free, loosely structured riboswitch
likely serve the same functional role in the riboswitch. These observations suggest that the
ligand binding pocket is preformed and formation of this preformed pocket is independent of
monovalent or divalent ions.

These experiments with loosely structured TPP RNAs indicate that, as the degree of
tertiary structure decreased, the magnitude and number of reagent-specific preferential
reactivities also decrease. NMIA and 1M6 preferential reactivities suggest that nucleotides in
loosely structured RNAs can adopt specific conformations that allow for favorable but

possibly transient, tertiary structure interactions.

3.3 Discussion

This study demonstrates how differences in the reactivities between two SHAPE
reagents can be used as robust indicators of local, higher-order, tertiary structure interactions.
In this study, across four highly structured RNAs: RNase P specificity domain, TPP, adenine
and lysine riboswitches, eighteen nucleotides were detected that were directly involved in, or
adjacent to, key tertiary structure contacts or motifs. Differential SHAPE reactivity analysis

was then applied to predict sites of preformed tertiary structure in RNAs that were previously
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thought to lack higher-order structure. Differential SHAPE reactivity analysis is significant
because it allows for any RNA, regardless of size or dynamics, to be probed in a typical
laboratory setting. Additionally, the experiment provides relatively straightforward results
which can be interpreted by the user.

The novelty of this technique lies in the choice of reagents. By changing the identity
of a single functional group in the double ring system, two desired effects were achieved.
First, the hydrogen atom on the double ring system in NMIA results in decreased
electrophilicity of the reactive center and a slower reacting reagent. Second, the addition of a
strongly electronegative functional group in 1M6 results in an increased ability of the reagent
to stack with RNA nucleobases. By using both reagents to probe a single RNA state, two
different types of nucleotide behaviors can be detected: slowly dynamic and “one-sided”
stacking nucleotides. Combined, both nucleotide behaviors provide specific information
about nucleotides involved in RNA tertiary structure interactions.

The quantum mechanical calculations indicate that the 1M6-nucleotide interaction is
a favorable, quantitative interaction. A reagent that is capable of forming detectable, stable,
stacking interactions with RNA nucleotides at specific locations has important implications
for drug discovery. The 1M6 scaffold could be used as a starting point for the design of
compounds that target RNA nucleotides at key tertiary structure locations that could result in
disruption of the folded RNA structure.

Since differential SHAPE reactivities are based on the SHAPE chemistry framework,
various tertiary structure motifs, such as pseudoknots, may be silent because they are
comprised of highly constrained nucleotides. Differential SHAPE reactivity analysis does not

detect all tertiary structure contacts or motifs. However, the nucleotides highlighted by this
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method are significant and always map to, or are adjacent to, important tertiary structure
interactions.

Differential SHAPE reactivity analysis makes it possible to rapidly probe nucleotides
that are involved in key tertiary interactions in diverse RNA structures, especially large
RNAs. Differential SHAPE reactivities can provide a starting point for proposing tertiary
structure interactions and motifs especially in RNAs not amenable to high resolution
structure techniques. | anticipate that differential reactivities and the resulting RNA tertiary
structure “fingerprint” can be used to aid the de novo prediction of both secondary and
tertiary structures. Additionally, differential reactivities may be applied to the prediction of

potential ligand-binding and RNA-protein contacts.

3.4 Experimental

3.4.1 Synthesis of RNA constructs
DNA templates for the aptamer domains of the E. coli thiamine pyrophosphate (TPP)

riboswitch [17], Vibrio vulnificus adenine riboswitch [31], Thermotoga maritima lysine
riboswitch [32], and the specificity domain of the Bacillus subtilis RNase P ribozyme [30]
with 5" and 3’ structure cassette flanking sequences [38] were generated by PCR [1 mL; 20
mM Tris-HCI (pH 8.4), 50 mM KCI, 2.5 mM MgCl,, 0.2 mM each dNTP, 500 nM each
forward and reverse primer (IDT), 40 nM template (IDT), and 0.025 units/uL Taq
polymerase; denaturation at 95 °C, 45 s; annealing at 55 °C, 30 s; elongation at 72 °C, 1 min;
35 cycles; 72 °C, 10 min]. The PCR products were precipitated with ethanol and resuspended
in 200 uL TE [10 mM Tris-HCI (pH 8.0), 1 mM EDTA]. In vitro transcription of all RNA
constructs [1 mL; 40 mM Tris-HCI (pH 8.0), 10 mM MgCl,, 10 mM dithiothreitol, 2 mM

spermidine, 0.01% (v/v) Triton X-100, 4% (w/v) poly(ethylene) glycol 8000, 2 mM each
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NTP, 50 uL. PCR-generated template, 0.1 mg/mL T7 RNA polymerase; 37 °C; 4 h]. RNAs
were purified by denaturing polyacrylamide gel electrophoresis (8% polyacrylamide, 7 M
urea, 29:1 acrylamide:bisacrylamide, 0.4 mm x 28.5 cm x 23 cm; 32 W, 1.5-2.5 h (based on
the length of the RNA)), excised from the gel, recovered by overnight passive elution at 4 °C
into 1x TE, and precipitated with ethanol. The purified RNAs were resuspended in 50 uL

1xTE and stored at -20 °C.

3.4.2 RNA folding and modification

The adenine, lysine and TPP riboswitch RNA constructs (5 pmol in 5 pL 1/2x TE)
were denatured at 95 °C for 2 min, cooled on ice, treated with 3 pL 3.3% folding buffer [333
mM HEPES-NaOH (pH 8.0), 333 mM NaCl (333 mM KCI for lysine riboswitch), 33.3 mM
MgCl;], and incubated at 37 °C for 10 min. The corresponding ligand (1 pL; 50 uM adenine,
lysine, or TPP) was added and incubated at 37 °C for 20 min. For RNase P, 5 pmol in 6 pL
1/2x TE were denatured at 95 °C for 2 min, cooled on ice, treated with 3 pL 3.3x folding
buffer [333 mM HEPES-NaOH (pH 8.0), 333 mM NaCl, 200 mM MgCl;], and incubated at
37 °C for 20 min. After folding, RNAs were treated with reagent [1 uL; 80 mM for RNase P,
adenine and TPP riboswitches (50 mM for lysine riboswitch); in anhydrous DMSO] and
allowed to react at 37 °C for 3 min [1-methyl-6-nitroisatoic anhydride (1M6)], 7 min [1-
methyl-6-bromoisatoic anhydride (1M6Br)], 22 min [N-methylisatoic anhydride (NMIA)], or
26 min [1-methyl-6-methylisatoic anhydride (LM6M)]. No-reagent control reactions were
performed with 1 uL neat DMSO. The RNAs were recovered by ethanol precipitation and

resuspended in 10 pL 1/2x TE.

3.4.3 Primer extension

Resuspended RNA from the previous modification reaction (TPP and adenine
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riboswitches and RNase P) was added to a fluorescently labeled DNA primer (5’-VIC-labeled
GAA CCG GAC CGA AGC CCG; 3 puL, 0.3 uM) and annealed at 65 °C for 6 min and then
cooled on ice. Reverse transcription buffer [6 uL; 167 mM Tris-HCI (pH 8.3), 250 mM KCl,
10 mM MgCly, 1.67 mM each dNTP] and Superscript III (1 pL, 200 units) were added and
incubated at 45 °C for 2 min, 52 °C for 20 min then 65 °C for 5 min. For lysine riboswitch,
after addition of the fluorescently labeled primer (5°-VIC-labeled GAA CCG GAC CGA
AGC CCG; 3 uL, 0.3 uM), the primer was allowed to anneal at 65 °C for 6 min, 35 °C for 5
min and cooled on ice. Reverse transcription buffer [6 uL; 167 mM Tris-HCI (pH 8.3), 250
mM KCI, 10 mM MgCl,, 1.67 mM each dNTP] and Superscript III (1 uL, 200 units) were
added and incubated at 40 °C for 2 min, 52 °C for 1 h then 65 °C for 5 min. The reactions
were quenched with 4 pL 50 mM EDTA. The cDNAs were recovered by ethanol
precipitation, washed twice with 70% ethanol, dried and resuspended in 10 pL deionized
formamide. Dideoxy sequencing ladders were produced using unlabeled, unmodified RNA,
annealing a 5’-NED-labeled fluorescently labeled DNA primer (same primer sequence as
above) (3 uL, 0.3 uM) and by adding 1 pL 2',3'-dideoxycytidine triphosphate (10 mM for
adenine and TPP riboswitches and RNase P; 30 mM for lysine riboswitch) before addition of
Superscript 111. cDNA fragments were separated by capillary electrophoresis using Applied

Biosystems 3130 and 3730 DNA sequencing instruments.

3.4.4 Data analysis
Raw capillary electrophoresis traces were analyzed using SHAPEFinder [39]. SHAPE

reactivities for each experiment were obtained by subtracting the no-reagent background
integrated areas from the (+) reaction integrated areas. All datasets were normalized by

excluding the top 2% of the reactive nucleotides, and dividing all nucleotides by the average
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of the next 10% of reactive nucleotides. Each experiment was performed in triplicate and the

average SHAPE reactivity for each nucleotide for each reagent was determined.

3.4.5 Differential SHAPE analysis
After obtaining averaged SHAPE reactivities for both the 1M6 and NMIA reactions,

the 1M6 reactivities were subtracted from the NMIA reactivities to obtain the mean
difference for each nucleotide. The student’s T-test was performed for each nucleotide
position in order to obtain absolute differential reactivities. Nucleotides that exhibit a p-value
< 0.05 and a mean difference of > 0.3 or < -0.3 SHAPE units were determined to be
statistically significant based on the reactivity cutoff for unreactive nucleotides on the

SHAPE reactivity scale.

3.4.6 Quantum mechanics calculations

Models of SHAPE reagents and nucleic acids were created separately using the
modeling program Avogadro [28]. The simplified nucleic acid model system consisting of a
nucleoside with a phosphate at the 3' position and an alcohol at the 5’ position of the sugar
was created for each of the four RNA bases. The charge of the base was neutralized at the
phosphate to simplify the gas phase optimization. Nucleotide and SHAPE molecule
complexes were based on the modeling of the 1M6 stacking interaction at C24 in the TPP
riboswitch [17]. The orientation of the SHAPE molecule was chosen to maximize the overlap
of the ring systems and substituent interactions between the molecules, which has been
shown to enhance the stacking interactions [40]. Structures were optimized using the default
method implemented in the Gaussian 09 package [41] in gas phase using M06-2X/6-311G*.
The M06-2X functional has been shown to be robust enough to model stacking interactions

of aromatic systems [42] and consistently recover the CCSD(T) CBS =n-n interaction energy
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[43]. This 6-311G* basis set was chosen for its computational efficiency for a system of this
size. Once the models were optimized, a high level single point energy calculation on the
optimized structure using MO06-2X/6-311+G(2d,p) was done to get accurate high level
structure energies. Interaction energies for different SHAPE complexes were calculated by
subtracting the SCF energies of the nucleotide and SHAPE structures from the complex
structure to get the energy difference at infinite distance allowing for direct comparison

between different complexes:

Einteraction = Lcomplex — ESHAPE - ENucleoside
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CHAPTER 4

Hydroxylamine Cleavage of the SHAPE 2'-O-adduct Ester Linkage

4.1 Introduction

The cellular functions of most RNAs are influenced by their structure [1-3]. A key
first step towards understanding RNA structure-function relationships is accurate secondary
structure determination. Selective 2’-hydroxyl acylation analyzed by primer extension
(SHAPE) has emerged as a powerful biochemical tool in the determination of RNA
secondary structures [4]. SHAPE chemistry is unique because it takes advantage of the
inherent reactivity of the ribose 2'-hydroxyl and this feature allows SHAPE to be applicable
to almost every nucleotide in an RNA. The ability of the 2’-hydroxyl to deprotonate and react
with electrophiles is strongly influenced by both local nucleotide flexibility and chemical
environment [4, 5]. Conformationally flexible nucleotides sample many conformations, a few
of which increase the nucleophilicity of the 2’-hydroxyl group towards electrophilic SHAPE
reagents such as 1-methyl-7-nitroisatoic anhydride (1M7) [6-8]. Constrained nucleotides
sample fewer conformations and are less reactive towards SHAPE reagents. The acylation

reaction results in the formation of an ester bond between the 2'-oxygen of the ribose and the



reactive carbon center of the reagent (bold line, Figure 4.1). The sites of 2'-O-adduct
formation are then detected by primer extension. The resulting SHAPE reactivities can be
used to generate accurate secondary structure models of RNAs [9, 10].

SHAPE chemistry provides quantitative single nucleotide structural information
about local nucleotide flexibility in an RNA and has been very useful for probing the
structure of a number of RNAs [7, 9, 11, 12]. The covalent 2'-O-adduct is stable and this
feature is useful for performing SHAPE experiments in a wide variety of biological
environments including in vitro, in virio, and in vivo [13]. Additionally, the stability of the 2'-
O-adduct is especially important in biological applications where purification methods such
as phenol/chloroform extraction are required before primer extension detection of adducts [9,
13].

While the stability of the 2'-O-adduct has been beneficial for our structure probing
applications, the modified RNA of interest cannot be used in further biochemical
experiments after the SHAPE experiment due to the presence of these stable adducts. For
some downstream biochemical manipulations such as reverse transcription coupled with
PCR, it would be advantageous to be able to remove this 2’-O-adduct while retaining the
integrity of the RNA phosphodiester backbone. The stability of the 2’-O-adduct ester bond
coupled with the inherent ability of RNA to spontaneously undergo phosphodiester backbone
breakage [14] makes the development of a chemical cleavage method very challenging.

There are several chemical methods to cleave an ester bond, the most common being
hydrolysis. However, initial attempts using acid and base hydrolysis were unsuccessful or in
the case of base hydrolysis, resulted in phosphodiester bond cleavage in addition to adduct

removal. Additionally, biochemical approaches such as esterases and lipases were also
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Figure 4.1 Mechanism of RNA SHAPE reaction showing formation of the ester linkage
(bold line) between the 2'-hydroxyl of flexible nucleotides and the SHAPE reagent. The
reactive center of the SHAPE reagent is circled in red.
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unsuccessful (results not shown). Reversal of the 2’-O-adduct necessitates a method that
selectively cleaves the ester bond but leaves the phosphodiester bond intact.

The ideal 2'-O-adduct removal method would (1) be experimentally easy to
implement, (2) use a single reagent that is effective over a wide pH range and in various
buffer conditions, (3) result in limited RNA backbone cleavage, and (4) be quenched to allow
modulation of the extent of adduct removal. In this chapter, | present the development of a
method that employs the highly nucleophilic reagent, hydroxylamine (NH,OH) for cleavage
of the ester bond. This simple reagent is a highly reactive, ambient a-nucleophile with two
nucleophilic centers, N and O [15-17]. NH,OH is thought to exist in a specific, dominant
tautomeric state depending on the pH, with "NH3OH at low pH, NH,OH at neutral pH and
NH,O" at high pH [18]. Additionally, at or near neutral pH, the neutral NH,OH species exists
in equilibrium with its zwitterionic form Hs"N-O" [19-21]. The two nucleophilic centers
along with the different tautomeric states account for the high nucleophilicity and wide pH
range for nucleophilic attack. In this chapter, | show that the ester bond of SHAPE 2'-O-
adducts can be chemically cleaved using hydroxylamine (NH,OH) in biological buffer
conditions while retaining RNA backbone integrity. | also show that NH,OH cleavage of 2'-

O-adducts can be modulated by the reagent concentration and reaction time.

4.2 Results

4.2.1 Hydroxylamine solution cleaves the ester bond of SHAPE 2’-O-adducts

To investigate the ability of hydroxylamine to selectively cleave the ester linkage of
the 2’-O-adduct while retaining the phosphodiester bond integrity, | first treated the
dinucleotide, AddC, with the standard SHAPE electrophile, 1M7. AddC has only one free

hydroxyl group which, when modified, can be easily separated from the unmodified
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nucleotide on a gel. The addition of 1M7 results in the formation of a covalent 2'-O-adduct
(see upper band in 1M7 lane, Figure 4.2). In the absence of 1M7, no adducts are observed in
the AddC only and (-) 1M7 treated lanes (Figure 4.2). The modified AddC was treated with
hydroxylamine solution and resulted in the disappearance of the labeled 2'-O-adduct (see
NH,OH treated lane, Figure 4.2). This experiment suggests that the adduct reversal reaction
is almost quantitative and proceeds to near completion. Also, the lack of additional bands
below the unmodified AddC band suggests that hydroxylamine cleavage does not result in
phosphodiester bond cleavage or that reaction with an ester is more favorable than reaction

with the phosphodiester bond.

4.2.2 Hydroxylamine cleavage of 2'-O-adducts in TPP riboswitch

| then evaluated whether hydroxylamine cleavage of SHAPE 2'-O-adducts was
applicable to a complex RNA system using the aptamer domain of the TPP riboswitch [22].
The TPP RNA was previously structurally characterized using SHAPE chemistry (chapters 2
and 3) [23] so it was the ideal RNA model system for this work.

The TPP riboswitch was folded under conditions that stabilized the native ligand-free
state and then probed with 1M7. Sites of 2’-O-adducts were identified as stops to primer
extension and the resulting cDNAs were resolved using capillary electrophoresis. The
capillary electropherogram for the 1M7-modified RNA has two important features (Figure
4.3A). First, the (-) IM7 peaks, commonly referred to as background peaks, have low
fluorescent intensities and are a result of the processivity of the reverse transcriptase enzyme
(green trace, Figure 4.3A). Second, the fluorescent intensities of the (+) 1M7 peaks are
distinctly higher than that of the background peaks (compare blue and green traces, Figure

4.3A) and correspond to potential sites of 2’-O-adduct formation.
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Figure 4.3 Capillary electropherograms showing fluorescent signal corresponding to
detection of 2’-O-adduct (blue) and background stops (green) as a function of
hydroxylamine (NH,OH) concentration and reaction time. Concentration of NH,OH
added and reaction time (A) 0 M NH,0H; (B) 0.75 M, 1 h; (C) 0.75 M, 2 h; (D) 1.5 M, 1
h; and (E) 1.5 M, 2 h.

78



When NH,OH was added to 1M7-modified TPP riboswitch RNA, the intensities of
the (+) 1M7 peaks decreased relative to that of the no NH,OH experiment (compare blue
traces, Figures 4.3A and B-E). As both the concentration of hydroxylamine and reaction time
increased, the observed intensities of the (+) 1M7 peaks above background also decreased. In
particular, for the 1.5 M NH,OH reaction with 1M7-modified RNA for 2 h, only a few (+)
1M7 peaks above background were observed (compare blue and green traces, Figure 4.3E).
Combined, these observations suggest that (1) NH,OH can almost quantitatively cleave the
ester bond of SHAPE 2'-O-adducts in a complex RNA system and (2) the extent of 2’-O-
adduct removal can be modulated by increasing the NH,OH concentration and reaction time.

A small increase in the background trace was observed at a few positions in the RNA
(Figures 4.3B-E). The increased backbone peaks may indicate a small amount of
phosphodiester bond cleavage since NH,OH has been shown to react with phosphate esters
[17, 19]. However, the number of nucleotides with increased background peaks is relatively
small, independent of base identity and exhibits little or no additional 1M7 reactivity above
background. These results suggest that NH,OH cleavage results in SHAPE 2’-O-adduct ester

bond cleavage with limited RNA backbone cleavage.

4.3 Discussion

Although hydroxylamine and the acylation reaction have been studied for many years
[15, 16, 24-26], the mechanism of hydroxylamine action is still inconclusive. | sought to
propose a plausible mechanism for the reaction of SHAPE 2'-O-adducts with NH,OH that
results in the RNA 2'-hydroxyl as the leaving group and is consistent with previous studies.
Due to the presence of two nucleophilic centers, hydroxylamine can perform nucleophilic

attack via the N or O. At neutral pH, the predominant species is the neutral NH,OH but
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studies indicate that the zwitterionic form, HsN*—O" is as much as ~20% in solution [20]. The
presence of this zwitterion may facilitate the O-acylation pathway which is more kinetically
favorable [16]. While the O-acylated product is the kinetically favorable product, the N-
acylated product is proposed to be the more thermodynamically stable product because in the
presence of excess NH,OH, the O-acylated product converts to the N-acylated product [16,
24]. The second factor in this reaction mechanism is the rate-limiting step. This step is
proposed to be influenced by the pKa of the leaving group. Since the pKa of the ribose
leaving group is likely greater than 7, the rate-limiting step is thought to be the
decomposition of the tetrahedral intermediate [16].

Under our experimental conditions, | propose that ester bond cleavage using NH,OH
occurs mainly via O-acylation in a stepwise mechanism with the rate-limiting step being the
decomposition of the tetrahedral intermediate (Figure 4.4). However, since the neutral
NH2OH is the predominant species under our buffer conditions, the neutral NH,OH may
predominately function to replenish the reacted zwitterionic form HsN*-O" to maintain the
equilibrium. Additionally, the N-acylation reaction pathway may also occur.

Using the simple nucleophilic reagent, NH,OH, | was able to remove the SHAPE 2'-
O-adduct by ester bond cleavage. The extent of ester removal can be modulated by varying
both the NH,OH concentration and the reaction time. Hydroxylamine cleavage of 2'-O-
adducts is simple to implement and results in very limited increase in RNA background
degradation.

In particular, this method is ideal for producing intact RNA molecules for
downstream biochemical applications. One immediate application of this method is in the

coupling of SHAPE technology with next generation high-throughput sequencing (seq)
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Figure 4.4 Proposed mechanism consistent with hydroxylamine reactivity and SHAPE 2'-
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readouts. In the proposed SHAPE-seq experiment, previously modified RNA is treated with
NH,OH cleavage and results in 2’-O-adduct removal. The resulting RNA fragments can then
be ligated with known RNA adapter sequences which is then followed by reverse
transcription and PCR [27]. This procedure would result in a library that is compatible with

RNA next generation high-throughput sequencing methods.

4.4 Experimental

4.4.1 Synthesis of [**P]-labeled AddC
Adenosine-2’,3'-dideoxycytidine (18.75 pM final) (Dharmacon) was 5'-[**P]-labeled

[10 uL; 70 mM Tris-HCI, 10 mM MgCl,, 5 mM dithiothreitol, 1.5 pL T4 polynucleotide
kinase (PNK, 10,000 units/mL), 60 uCi [y-*2P]-ATP; 37 °C; 1 h]. The radiolabeled AddC

dinucleotide was purified by gel electrophoresis (30% polyacrylamide, 29:1
acrylamide:bisacrylamide, 0.4 mm x 28.5 cm x 23 cm; 30 W, 1 h), excised from the gel,
recovered by overnight passive elution at 4 °C into 300 uL TE (10 mM Tris-HCI, pH 8.0, 1
mM EDTA) and separated from solid acrylamide by microfiltration (EZ spin columns,

Millipore).

4.4.2 Detection of 2’-O-adduct cleavage in AddC
2'-O-adducts were formed by reacting 5"-[3P]-labeled AddC (10,000 cpm/pl) in 1.1x

buffer [111 mM HEPES-NaOH (pH 8.0), 111 mM NaCl, 11 mM MgCl,] with IM7 (1 pL,
100 mM in anhydrous DMSO) at 37 °C for 2 min. Hydroxylamine solution (1 pL, 15.1 M)
was added to the 1M7-treated AddC for 30 min. Products were resolved by gel
electrophoresis (30% polyacrylamide, 29:1 acrylamide:bisacrylamide, 0.4 mm x 28.5 cm x

23 cm; 30 W, 1 h); and visualized by phosphorimaging.
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4.4.3 Synthesis of thiamine pyrophosphate riboswitch RNA
The DNA template for the aptamer domain of the E. coli TPP riboswitch with 5" and

3’ structure cassette flanking sequences [6] were generated by PCR [1 mL; 20 mM Tris-HCI
(pH 8.4), 50 mM KCI, 2.5 mM MgCl,, 0.2 mM each dNTP, 250 nM each forward and
reverse primer (IDT), 40 nM DNA template (IDT), and 0.025 units/ul. Taq polymerase;
denaturation at 95 °C, 45 s; annealing at 55 °C, 30 s; elongation at 72 °C, 1 min; 35 cycles].
The PCR product was recovered by ethanol precipitation and resuspended in 200 uL 1x TE
[10 mM Tris-HCI (pH 8.0), 1 mM EDTA]. RNA constructs were synthesized by in vitro
transcription [1 mL; 40 mM Tris-HCI (pH 8.0), 10 mM MgCl,, 10 mM dithiothreitol, 2 mM
spermidine, 0.01% (v/v) Triton X-100, 4% (w/v) poly(ethylene) glycol 8000, 2 mM each
NTP, 40 uL. PCR-generated template, 0.1 mg/mL T7 RNA polymerase; 37 °C; 4 h]. RNAs
were purified by denaturing polyacrylamide gel electrophoresis (8% polyacrylamide, 7 M
urea, 29:1 acrylamide:bisacrylamide, 0.4 mm x 28.5 cm x 23 cm; 32 W, 1.5 h), excised from
the gel, recovered by overnight passive elution at 4 °C, and precipitation with ethanol.

Purified RNAs were resuspended in 50 uL 1x TE and stored at -20 °C.

4.4.4 RNA 2’-O-adduct cleavage in TPP riboswitch
TPP RNA (5 pmol) in 6 pL 1/2x TE was heated at 95 °C for 2 min, cooled on ice,

treated with 3 pL 3.3x folding buffer [333 mM HEPES-NaOH (pH 8.0), 333 mM NacCl, 33.3
mM MgCl,], and incubated at 37 °C for 30 min. After incubation, 9 pL of the folded RNA
was added to 1 pLL 80 mM 1M7 (in anhydrous DMSO) and incubated at 37 °C for 2 min. No-
reagent control reactions were performed with 1 plL neat DMSO. The RNA was recovered by
ethanol precipitation and resuspended in 10 uL. 100 mM HEPES-NaOH (pH 8.0) after being

washed twice with 70% ethanol. The RNA from the modification step (10 uL) was treated
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with either 0.75 M or 1.5 M (final) of HCI-buffered hydroxylamine solution (pH 6.9) and
incubated at room temperature for either 1 or 2 hours. Reactions were quenched using ethyl
acetate (3 puL, 10.2 M). The RNA was recovered by ethanol precipitation, washed twice with

70% ethanol and resuspended in 10 puL 1/2x TE.

445 Primer extension

DNA primers were 5-end labeled with VIC or NED fluorophores (from Applied
Biosystems). RNA from the 2'-O-adduct cleavage reaction (10 pL) was added to a
fluorescently labeled DNA primer (5'-VIC-labeled GAA CCG GAC CGA AGC CCG; 3 puL,
0.3 uM) and allowed to anneal at 65 °C for 6 min and then cooled on ice. Reverse
transcription buffer [6 pL; 167 mM Tris-HCI (pH 8.3), 250 mM KCI, 10 mM MqgCl,, 1.67
mM each dNTP] and Superscript III (1 pL, 200 units) were added and incubated at 45 °C for
2 min, 52 °C for 20 min then 65 °C for 5 min. The reactions were quenched with 4 puL 50
mM EDTA. The cDNAs were recovered by ethanol precipitation, washed twice with 70%
ethanol, dried at 65 °C for 2 min, and resuspended in 10 pL deionized formamide. Dideoxy
sequencing ladders were produced using unlabeled, unmodified RNA, annealing a 5’-NED-
labeled fluorescently labeled DNA primer (same sequence as above) (3 uL, 0.3 uM), and by
adding 1 uL 2’,3'-dideoxycytidine (10 mM) triphosphate before addition of Superscript Il1.
cDNA fragments were separated by capillary electrophoresis using an Applied Biosystems

3130 DNA sequencing instrument.
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CHAPTER 5

Effects of Ligand Binding on RNA Nucleotide Dynamics as Detected by
SHAPE Chemistry and NMR

5.1 Introduction

Many important biological functions, such as ribonuceloprotein assembly and
riboswitch function, depend on the ability of RNA molecules to bind small molecules [1, 2].
Diverse ligands such as metabolites and proteins have been shown to modulate RNA
structure through binding events [1-4]. The binding of external cofactors results in specific
conformational changes that are made possible by the intrinsic motion of RNA molecules [4].
Additionally, some RNA molecules are fairly dynamic even when folded and allow the
biopolymer to sample a range of structural and nucleotide conformations. The formation of a
ligand-accessible structure, which is the optimal conformation for ligand binding, is also
facilitated by RNA conformational sampling [5-7].

NMR spectroscopy has been the technique of choice for studying RNA motion and
ligand-induced nucleotide dynamics in solution [4, 7, 8] because it allows for a wide range of

RNA motions to be characterized on a per residue basis [4, 7]. The experimental



measurements (T1, T, and NOE) obtained from an NMR experiment can then be interpreted
using model-free analysis in terms of the generalized order parameter, S?, for each nucleotide
[9, 10]. S? describes the extent of internal motion of a nucleotide and ranges in value from 0
to 1, where O represents a completely disordered nucleotide and 1 represents a completely
ordered nucleotide [7]. NMR has provided key insights into ligand-induced RNA
conformational changes in RNA-small molecule [11, 12] and RNA-protein complexes [13].
However, while larger structures have been studied using NMR (up to 100 nucleotides),
NMR measurements are typically limited to RNAs of approximately 70 nucleotides or less
[14, 15]. Consequently, there is a need for a biochemical method that detects ligand-induced
RNA conformational dynamics in solution at single nucleotide resolution regardless of RNA
size or complexity.

The degree of RNA nucleotide flexibility can be biochemically evaluated using
SHAPE. SHAPE chemistry takes advantage of the intrinsic motion of flexible nucleotides.
Flexible nucleotides can adopt many conformations, a subset of which is preferentially
reactive with electrophilic SHAPE reagents. As a result, flexible nucleotides display high
reactivities with SHAPE reagents while non-dynamic nucleotides are less reactive (Figure
5.1) [16, 17].

SHAPE chemistry is well-established and has been used to characterize a diverse set
of RNA structures ranging from small tRNAs to large viral genomes [18, 19]. Additionally,
SHAPE chemistry has been employed to detect changes in both local nucleotide flexibility
and RNA global structure upon small molecule and protein binding [20-22]. Previously, the
relationship between SHAPE chemistry and S? flexibility measurements had been established

by comparing the SHAPE reactivities and S? values for three RNA structures [23]. It was

88



Flexible

—> High SHAPE reactivity
Low S?

Constrained

—> Low SHAPE reactivity
High S?

Figure 5.1 Schematic for the relationship between SHAPE and NMR flexibility
measurements.
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observed, as expected, that SHAPE reactivity is inversely proportional to S? value since
flexible nucleotides possess high SHAPE reactivities and low S? values (Figure 5.1) [23].
Based on this previously established relationship and the ability of both methods to detect
RNA ligand binding events, it should be possible to determine whether ligand-induced RNA
dynamics as measured by both SHAPE chemistry and NMR are correlated.

In this chapter, | explored the ability of SHAPE chemistry to capture changes in RNA
nucleotide dynamics due ligand binding in a manner similar to S values derived from NMR
measurements. Ligand binding to the TAR RNA element of the HIV-1 RNA, a conserved
stem-loop structure found in the 5’ untranslated region (UTR) of the viral genome,
wasevaluated in the context of both SHAPE chemistry and NMR. The TAR RNA element is
responsible for promoting efficient transcriptional elongation via the recruitment of proteins
including the Tat protein [24]. The TAR RNA element (Figure 5.2A) was chosen as the
model system because a number of biochemical and biophysical studies have been devoted to
characterizing the structure and dynamics of both the ligand-free and ligand-bound states of
this RNA [11, 25-27].

SHAPE and NMR analyses were performed in parallel on the TAR RNA element in
three states: (1) ligand-free, for direct comparison to the ligand-bound states; (2) bound to
argininamide, a small molecule known to bind the TAR RNA at the UCU bulge; and (3)
bound to an 11 nucleotide linear Tat peptide mimic, also proposed to bind to the UCU bulge
of TAR. For each of the RNA states studied, the SHAPE reactivities were compared to the S?
values separately in order to determine a correlation. Additionally, for each of the ligand-
bound states, the SHAPE reactivities of each ligand-bound state were compared to the

ligand-free state in order to confirm ligand binding. It was determined that the inverse
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correlation between SHAPE and S? values is robust for the ligand-free state (as previously

determined) and, importantly, also upon small molecule binding.

5.2 Results

5.2.1 Correlation between SHAPE and S? values for the ligand-free HIV-1 TAR
RNA

To confirm the correlation between SHAPE and S? values in the context of the NMR
RNA construct, | performed SHAPE analysis on the 29 nucleotide TAR RNA construct used
in the NMR experiments in context of the 5’ and 3’ flanking sequences (Figure 5.2A).
Previous studies on the correlation between SHAPE and the NMR order parameter, S?, found
a Pearson’s linear r-value of 0.78 for the TAR RNA element [23]. However, SHAPE
reactivities for this previous correlation were obtained in the context of a 976 nucleotide
HIV-1 RNA transcript [23, 28] while the NMR measurements were obtained in the context
of the 29 nucleotide TAR RNA construct [23]. | performed SHAPE modification under
conditions similar to those used in the NMR experiments [50 mM HEPES-NaOH (pH 8.0),
50 mM KCI] using 1-methyl-7-nitroisatoic anhydride (1M7) [29]. Sites of modification were
detected by primer extension and SHAPE reactivities were calculated [30]. SHAPE
reactivities were adjusted to account for the difference in 1M7 reactivity due to nucleotide
identity because absolute SHAPE reactivities were being compared to S* values [31]. S
values at the C1’ ribose position were calculated for most nucleotides in the ligand-free TAR
RNA construct by our collaborators at the University of Washington and were previously
published in ref 11.

Since SHAPE and S? are inversely correlated, I calculated “1- S* values at each

nucleotide position in order to facilitate direct comparison between SHAPE reactivities and
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S?, and overlaid these data in Figure 5.2B. SHAPE data are shown for all nucleotides while
1-S% values are displayed for all well-resolved nucleotides in the ligand-free TAR RNA.
Examination of this plot reveals that regions of RNA structure displaying low 1- S? values
tend to correlate with low SHAPE reactivities, as anticipated. Conversely, high 1- S? values
correlate to high SHAPE reactivities and correspond to nucleotides in the flexible UCU bulge
and apical loop regions of the TAR RNA (Figures 5.2A and B). For this RNA construct,
SHAPE reactivities and S? values are inversely correlated with a Pearson’s linear r-value of
0.75 (Figure 5.2C), which is consistent with the previous study [23]. A more stringent
calculation was also performed where nucleotides involved in canonical base pairs are
excluded from the correlation. This was done because canonical base paired nucleotides are
usually ordered and display good correlation between SHAPE and S?, therefore eliminating
these nucleotides from the correlation reports directly on the more dynamic regions of the
RNA. A correlation value of 0.70 was observed under these constraints; a value that is
somewhat lower than that in the previous study [23]. However this new correlation is based
on a more complete S? dataset for comparison to SHAPE reactivities.

Notably, the SHAPE reactivity and 1-S? values do not correlate well at C24 (Figure
5.2B). NMR measurements suggest that this nucleotide is highly ordered while the SHAPE
reactivity is extremely high for this nucleotide (>2) and suggests a highly dynamic
nucleotide. This discrepancy can be explained by examining the NMR structure of the
ligand-free TAR RNA. In this structure, the O2 moiety of C24 is in close enough proximity
to the 2'-hydroxyl of the ribose to facilitate hydrogen bonding. This interaction results in the
oxygen of the 2'-hydroxyl becoming more nucleophilic, a trend that favors the general

nucleophilic attack mechanism behind SHAPE modification [32]. This specific nucleotide is
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constrained in a conformation that is particularly reactive to SHAPE chemistry [32] and, as a
result, C24 is excluded from all correlation calculations.

In sum, local nucleotide flexibility as described by both SHAPE reactivities and S?
values, correlate strongly for the ligand-free 29 nucleotide TAR RNA construct and this

correlation is comparable to the previously determined value.

5.2.2 SHAPE detects argininamide binding to HIV-1 TAR RNA and correlates to
SZ

Next | explored the ability of SHAPE to quantitatively detect ligand binding to RNA
in a manner similar to NMR using the TAR RNA model system. | first probed the TAR RNA
construct in the presence of 10 mM argininamide and observed a distinct decrease in SHAPE
reactivity for the argininamide-bound TAR RNA at the UCU bulge in comparison to the
ligand-free RNA (compare red and blue plots, Figure 5.3). This decrease in SHAPE
reactivity corresponds to the known binding site for argininamide at U23 and reflects the loss
of flexibility concomitant with binding [33-35]. This data indicates that SHAPE analysis can
be used to detect ligand binding events to an RNA.

Using the previously published S? data for the argininamide-bound TAR RNA [11], |
calculated 1-S? values and compared them to SHAPE reactivities (Figure 5.4A) to evaluate
how well both SHAPE and NMR report on this binding event. In general, regions that exhibit
high SHAPE reactivities (especially the apical loop) correspond to higher 1-S? values and are
consistent with a high degree of disorder for these nucleotides. Overall, a correlation of 0.72
(Pearson’s linear r value) was obtained between S? and SHAPE for the argininamide-bound
TAR RNA (Figure 5.4B). The more stringent evaluation of the S? and SHAPE correlation

was determined by omitting canonical base pairs and resulted in a correlation of 0.84 for
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argininamide binding. Since argininamide binding occurs in the flexible UCU bulge, this
correlation is particularly significant because a good correlation at flexible nucleotides
suggests that SHAPE chemistry is able to detect changes in dynamics associated with small
molecule binding to specific regions of an RNA.

Notably, a S* value for U23 was not calculated because there is direct interaction
between this nucleotide and the ligand that makes accurate calculations of S? experimentally
difficult. Despite this difficulty, NMR relaxation times obtained for U23 indicate that U23
becomes more rigid upon argininamide binding [11]. This increased rigidity is consistent
with our observed decrease in SHAPE reactivity at U23, suggesting that U23 becomes more
constrained upon argininamide binding (Figure 5.5A). These results suggest that SHAPE
analysis can be used to detect the local disorder of almost all nucleotides in an RNA
including ones that interact directly with ligands or proteins.

A decrease in SHAPE reactivity at C24 was also observed (Figure 5.4A) and suggests
that C24 becomes more constrained in the presence of argininamide. However, the decrease
in flexibility at C24 is inconsistent with an observed extrahelical flip of this nucleotide in the
NMR structure of the argininamide-bound state (see C24, Figure 5.5B). Typically, an
extrahelical flip results in an increase in SHAPE reactivity due to increased flexibility at that
position [36]. However, since C24 exists in an ordered but highly SHAPE-reactive
conformation in the ligand-free state, changes in the SHAPE reactivity at this nucleotide are
difficult to interpret as true changes in local nucleotide flexibility.

Finally, significant increases in the SHAPE reactivities of some nucleotides in the
apical loop were observed (see Figure 5.3). This increase in reactivity suggests that binding

of argininamide at the UCU bulge affects the flexibility of distal nucleotides in the TAR
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RNA structure. In contrast, the 1-S® values for the apical loop do not indicate a significant
increase in the degree of flexibility in the presence of argininamide (compare 1-S? plots on
Figures 5.2B and 5.4A). The SHAPE-detected increase in flexibility is likely a better
representation of the local structure and dynamics of the apical loop than the S? values due to
the unique dynamics that many of these loop nucleotides exhibit known as conformational
exchange [11]. Conformational exchange occurs when a nucleotide exhibits slower motions
than the typical fast NMR timescales (us to ms rather than ps to ns) and results in
inaccuracies in the Ty/T ratios that S? calculations are not sufficiently able to account for and
typically results in a more ordered value for S [37, 38]. To support this theory, | examined
the NMR structures of both the ligand-free and argininamide-bound states (Figure 5.5B) and
observed that the location of the apical loop relative to the UCU bulge is significantly
different between both RNA states. The position of the apical loop suggests that binding of
argininamide results in a significant movement of the apical loop nucleotides and reflects a
higher degree of flexibility than the S? values suggest. Therefore, SHAPE analysis detects
small molecule ligand binding and conformational changes in the TAR RNA and correlates

to the established quantitative measure of local order, S.

5.2.3 SHAPE chemistry detects linear peptide binding to the TAR RNA construct

After demonstrating that SHAPE chemistry was able to detect small molecule
binding, the binding of a larger ligand to TAR RNA was investigated. To determine whether
SHAPE chemistry could detect the binding and dynamic changes associated with large ligand
binding, I probed the TAR RNA construct in the presence of an 11 nucleotide linear peptide
mimic of the Tat protein [YRGKKRRQRRR; 60 nM]. A large decrease in SHAPE reactivity

at the UCU bulge was observed, which is the proposed Tat protein-binding site (Figure
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5.6A). Binding of the linear Tat peptide is expected to have similar effects on the TAR RNA
element as argininamide binding [11] and this is consistent with the observed decrease in
SHAPE reactivities at the UCU binding site (compare Figures 5.3 and 5.6A). Additionally,
increases in the SHAPE reactivities of the apical loop nucleotides were observed, which
suggest an increase in flexibility that is consistent with the distal effects noted upon
argininamide binding (Figures 5.6A).

To evaluate SHAPE and NMR detection of large ligand binding, | then compared the
SHAPE reactivities and 1-S? values of the linear Tat peptide-bound TAR RNA. In general, a
strong correlation between the 1-S? values and SHAPE reactivities was not observed for the
UCU bulge or the apical loop. The NMR measurements suggest that the UCU bulge is more
flexible than our observed SHAPE reactivities indicate. Additionally, the apical loop
nucleotides exhibit lower 1-S? values than our corresponding higher SHAPE reactivities
(compare apical loop reactivities, Figure 5.7A). The S? data suggests that the apical loop is
more ordered while our SHAPE reactivities suggest a higher degree of flexibility. When the
SHAPE reactivities were compared to the calculated S® values, a poor correlation was
obtained for linear Tat peptide binding (Pearson’s linear r = 0.20, plot not shown).

Since S? and absolute SHAPE reactivities did not correlate well for linear Tat peptide
binding, I examined the direction of changes (increases or decreases) for both the SHAPE
reactivities and S? values separately. The rationale for this analysis stems from noting that the
S? values for the linear peptide complex were calculated without the aid of a three
dimensional structure and resulted in a lower degree of accuracy than the argininamide-
bound calculations due to the increased assumptions in the calculations [11]. By comparing

the free and peptide-bound TAR RNA states for SHAPE and S? separately, the effects of
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ligand binding on both detection methods can be determined in a qualitative manner. |
created difference plots for both SHAPE and S? to compare the changes in both
measurements between the ligand-free and linear peptide-bound states (Figures 5.7B and C).
In general, decreases were observed in SHAPE reactivities and S upon linear Tat peptide
binding at the UCU bulge while increases were also observed in both measurements at the
apical loop nucleotides upon ligand binding. These changes in SHAPE reactivity and S? are
similar to those observed upon argininamide-binding and are consistent with previous studies
of both ligands and their effects on TAR RNA [11].

While both S? and SHAPE measurements reveal similar changes in RNA nucleotide
flexibility upon large ligand binding, a good correlation between the absolute values for S?
and SHAPE reactivities was not obtained. SHAPE chemistry and S? correlates quantitatively
for ligand-free and small molecule binding to TAR RNA but only a qualitative correlation is

obtained between SHAPE and S? for large ligand binding to TAR RNA.

5.3 Discussion

In this chapter, | investigated whether SHAPE chemistry correlated with the widely
accepted biophysical order parameter, S for the detection of changes in RNA nucleotide
dynamics upon ligand binding to the HIV-1 TAR RNA. Both SHAPE chemistry and S?
measurements detect the binding of a small molecule, argininamide, to the TAR RNA
element and correlate strongly for argininamide binding. The binding of a larger linear
peptide ligand to the TAR element was detected using both SHAPE and S?, but these values
correlated poorly for linear peptide binding.

While S? is a NMR biophysical indicator of order, the calculation of accurate S?

values is highly dependent on the availability of quality NMR measurements. Due to spectral
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overlap, the number of well-resolved RNA nucleotides decreases as a function of increased
RNA-ligand complex size and complexity (compare circled nucleotides, Figures 5.5A and
5.6B) [8]. In fact, S® values were obtained for only 62% of the nucleotides in the linear
peptide-bound TAR RNA in contrast to 76% obtained for the argininamide-bound TAR
RNA. The lack of S? measurements is likely one factor that contributes to the poor
correlation of SHAPE and S? for linear peptide binding. Additionally, the slower motions (ps
to ms timescale) exhibited by some nucleotides in both the ligand-free and ligand-bound
states, known as conformational exchange, is inadequately accounted for in the S?
calculations since S? is based on faster timescales [3]. Finally, some RNA nucleotides
become disordered on even slower timescales (seconds) [39, 40]; these motions are not
detectable by these NMR experiments and would also result in a weaker correlation between
SHAPE and S? values. Consequently, SHAPE chemistry likely provides a more accurate
indication of nucleotide flexibility at many nucleotide positions where SHAPE and S? do not
correlate due to the availability of SHAPE measurements for every nucleotide in the TAR
RNA regardless of RNA-ligand complexity or size.

One important limitation of SHAPE chemistry for studying nucleotide dynamics is
exemplified by the behavior of C24 in the ligand-free state. Some nucleotides are capable of
adopting rare, catalytic conformations that are constrained yet highly reactive to SHAPE
reagents. These nucleotides are almost always located in flexible regions of an RNA so they
do not impact the predictive power of SHAPE but result in poor correlation between S? and
SHAPE due to the high degree of order that the nucleotide exhibits.

The ability to detect local conformational changes associated with RNA ligand-

binding has important implications for RNA drug discovery. Currently, RNA drug binding is
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primarily studied using time-intensive x-ray crystallography, supplemented with biochemical
experiments. SHAPE chemistry could be wused to rapidly report ligand-induced
conformational changes in the context of potential drug screening before crystallographic
studies are undertaken.

The ability to rapidly probe RNA structure and dynamics at single nucleotide
resolution in any RNA allows for diverse RNA sizes to be studied in the context of small
molecule or protein-bound states. Due to the broad applicability of SHAPE chemistry,
conformational changes associated with ligand binding can be studied in many important

RNA structures in a variety of environments such as in vitro, in virio and in vivo.

5.4 Experimental

5.4.1 Synthesis of TAR RNA construct
The TAR RNA construct (5'- GGCAG AUCUG AGCCU GGGAG CUCUC UGCC-

3") with 5" and 3’ structure cassette flanking sequences [41] were synthesized via in vitro
transcription by: (1) PCR [1 mL; 20 mM Tris-HCI (pH 8.4), 50 mM KCI, 2.5 mM MgCl,, 0.2
mM each dNTP, 250 nM each forward and reverse primer (IDT), 40 nM template (IDT), and
0.025 units/uL Taq polymerase; denaturation at 95 °C, 45 s; annealing at 55 °C, 30 s;
elongation at 72 °C, 1 min; 35 cycles]; recovered by ethanol precipitation and resuspended in
200 puL 1x TE [10 mM Tris-HCI (pH 8.0), 1 mM EDTA]; and (2) treated with T7 RNA
polymerase [1 mL; 40 mM Tris-HCI (pH 8.0), 10 mM MgCl,, 10 mM dithiothreitol, 2 mM
spermidine, 0.01% (v/v) Triton X-100, 4% (w/v) poly(ethylene) glycol 8000, 2 mM each
NTP, 40 uL. PCR-generated template, 0.1 mg/mL T7 RNA polymerase; 37 °C; 4 h]. RNAs
were purified by denaturing polyacrylamide gel electrophoresis (8% polyacrylamide, 7 M

urea, 29:1 acrylamide:bisacrylamide, 0.4 mm x 28.5 cm x 23 cm; 32 W, 1.5 h), excised from
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the gel, recovered by overnight passive elution in 1x TE at 4 °C, and precipitation with

ethanol. Purified RNAs were resuspended in 50 uL 1x TE and stored at -20 °C.

5.4.2 Structure-selective RNA SHAPE modification
The TAR RNA construct (5 pmol) in 7 pL. H,O was heated at 95 °C for 2 min, cooled

on ice, treated with 1 pL 10x folding buffer [5S00 mM HEPES-NaOH (pH 8.0), 500 mM
KCI], and incubated at 37 °C for 10 min followed by incubation at room temperature for 2
min. The ligand (1 pL; 100 mM argininamide or 600 nM Tat 11 linear peptide
[YRGKKRRQRRR] [11]) or sterile water was added to the RNA and incubated at room
temperature for an additional 20 min. After incubation, 9 pL of the folded RNA (+/— ligand)
was added to 1 pL 100 mM 1M7 (in anhydrous DMSO) [29] and incubated at room
temperature for 5 min. No-reagent control reactions were performed with 1 pL neat DMSO.
The RNAs were recovered by phenol:chloroform:isoamyl alcohol extraction followed by

ethanol precipitation and resuspension in 10 puL 1/2x TE.

5.4.3 Primer extension

Sites of 2'-O-adduct formation were detected by primer extension using DNA primers
that were 5'-end labeled with VIC or NED fluorophores (from Applied Biosystems). RNA
from the 1M7 modification reaction (10 pL) was added to a fluorescently labeled DNA
primer (5'-VIC-labeled GAA CCG GAC CGA AGC CCG; 3 pL, 0.3 uM) and allowed to
anneal at 65 °C for 6 min and then cooled on ice. Reverse transcription buffer [6 pL; 167
mM Tris-HCI (pH 8.3), 250 mM KCI, 10 mM MgCl,, 1.67 mM each dNTP] and Superscript
III (1 pL, 200 units) were added and incubated at 45 °C for 2 min, 52 °C for 20 min then 65
°C for 5 min. The reactions were quenched with 4 pL. 50 mM EDTA. The cDNAs were

recovered by ethanol precipitation, washed twice with 70% ethanol, dried at 65 °C for 5 min,
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and resuspended in 10 pL deionized formamide. Dideoxy sequencing ladders were produced
using unlabeled, unmodified RNA, annealing a 5’-NED-labeled fluorescently labeled DNA
primer (same sequence as above) (3 uL, 0.3 uM), and by adding 1 pL 2’,3’-dideoxycytidine
(20 mM) triphosphate before addition of Superscript I11. cDNA fragments were separated by
capillary electrophoresis using Applied Biosystems 3130 and 3730 DNA sequencing

instruments.

5.4.4 SHAPE data analysis

Raw capillary electrophoresis traces were analyzed using SHAPEFinder [30]. SHAPE
reactivities were obtained by subtracting the no-reagent background from the (+) reagent
intensities and normalized by excluding the top 2% of the reactive nucleotides, averaging the
next 10% of reactive nucleotides, and then dividing all intensities by this averaged value. The
normalized SHAPE reactivities were adjusted based on their nucleotide identity and extent of
reactivity with 1M7 [31]. All SHAPE experiments were performed in triplicate and the
SHAPE reactivities for each nucleotide were expressed as averages while the error was

expressed as a standard deviation.

5.45 NMR relaxation experiments and calculation of the generalized order
parameter, S°

The NMR protocols and measurements for the free, argininamide-bound and linear

peptide-bound TAR RNAs were previously described in ref 11.
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