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ABSTRACT
The innate immune system is the body’s first line of defense. This system uses a
generalized mechanism to differentiate cellular RNA from pathogenic RNA like that of bacteria
and viruses. The RNA-activated protein kinase, PKR, binds dsRNA and is a necessary sensor in
the innate immune response. PKR is known to recognize long stretches of viral dsRNA and
inhibit translation by autophosphorylation and subsequent phosphorylation of initiation factor
eIF2α. Recently, PKR has been found to be activated by a wider range of pathogens, including
certain bacteria. We studied the interaction between PKR and the self-cleaving, structurally
compact C. bolteae twister ribozyme. This RNA is representative of small, structured RNAs that
are typically found in bacteria. I found that as 3’ tail length of the RNA increases, PKR
activation becomes more potent. Further, I find that in the presence of lowered Mg2+, similar to
when bacterial RNA enters the human cell, activation of PKR by the short, compact ribozyme
still occurs, albeit two-fold lower, supporting the hypothesis that PKR potentially is activated by
this or similar RNAs in vivo. Following these findings, the interaction between PKR and the
twister ribozyme was further characterized through PKR footprinting. While no obvious PKR
footprint is observed, we show that following PKR addition, tertiary structure of the RNA
remains intact, consistent with previous characterizations of PKR’s interactions with functional
RNAs. This may indicate PKR is binding nonspecific helical regions of the RNA. My results
represent a model system for similar RNAs in vivo and provide new insights into how PKR acts
as an innate immune signaling protein for the presence of bacteria and suggest a reason for the
apparent absence of protein-free riboswitches and ribozymes in the human genome.
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Chapter 1
Introduction to Thesis

1.1 Innate Immunity and Innate Immune Sensors
The innate immune system is the body’s first line of defense. It is naturally present in the
body, unlike adaptive immunity, and uses a generalized mechanism to differentiate cellular RNA
from pathogenic RNA like that of bacteria and viruses.1,2,3 Innate immune sensors recognize
pathogen-associated molecular patterns (PAMPs), which are conserved, generalized molecular
structures such as glycoproteins, proteoglycans, lipopolysaccharides, or nucleic acid motifs that
are commonly found among microbes and essential to their survival or infectivity.4 These sensor
proteins are designated as pattern recognition receptors (PRRs), and vary by cell location,
binding specificity, and activation of unique downstream signaling pathways. The variety of
mechanisms employed by these sensors allow for an immediate response to a range of
pathogens.5
Our interest lies in the RNA virus activated PRRs such as toll-like receptors (TLRs),
retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), and nucleotide-binding
oligomerization domain-containing (NOD)-like receptors (NLRs).4 TLRs are a family of
transmembrane glycoproteins containing a C-terminal signaling domain and N-terminal binding
domain that binds either lipids or nucleic acids.5 The C-terminus contains a conserved ~200
amino acid region in its cytoplasmic tails, referred to as the TIR domain. The N-terminal
extracellular domain contains multiple leucine-rich repeats that form a horseshoe structure and is
known to be the PAMP-binding region.6 Upon ligand binding, TLRs dimerize and undergo a
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conformational change, promoting recruitment of downstream signaling molecules.7 This
eventually leads to the production and release of type I interferons (IFN) to launch an antiviral
inflammatory response. There are 10 TLRs present in humans, and five of these are thought to be
important in structural recognition of viral RNA and surface glycoproteins.6 TLRs are expressed
either at the surface of the cell or the inner endo-lysosomal membranes and are thus essentially
ineffective in recognizing intracellular pathogens.8 Examples of PRRs present in the cytosol are
discussed below.
RLRs are a family of cytosolic proteins that recognize viral RNAs. They belong to a
family of (DExD/H) box helicases with a short conserved amino acid sequence. This family
includes the retinoic acid-inducible gene I product (RIG-I), melanoma differentiation-associated
antigen 5 (MDA5), and laboratory of genetics and physiology 2 (LGP2). RIG-1 and MDA5
contain an RNA binding C-terminal domain.4 Upon binding, the cysteine-aspartic protease
recruiting domain (CARD) in the N-terminus is exposed, enabling interaction with CARDcontaining proteins to trigger downstream signaling.9 Due to the lack of a CARD domain in the
N-terminus, LGP2 is thought to be a negative regulator, modulating innate immune response as
opposed to acting as a PAMP sensor.4 RLRs share signaling pathways with TLRs, leading to a
similar induced gene expression, and eventual antiviral inflammatory response via IFNs.
NLRs, like RLRs, are a family of cytosolic proteins that act as innate immune sensors.
Over 20 have been found in the human genome. These proteins are characterized by three
functional domains: the C-terminal leucine rich repeat domain, N-terminal effector binding
domain, and central NAIP, CIIT, HET-E, and TP1 (NACHT) domain. Following PAMP
recognition by the LRR domain, NLR oligomerization and activation is stimulated via induced
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proximity, while the effector binding domain, generally consisting of a CARD or pyrin domain,
signals downstream events.10
Aside from the PRRs mentioned above, additional cytosolic sensors exist in the cell. The
IFN-induced RNA-activated protein kinase (PKR), which has been extensively studied in the
Bevilacqua lab, recognizes viral RNA and leads to an innate immune response. PKR is a 50-60
kDa protein kinase containing two dsRNA binding motifs (dsRBM), and one kinase domain
(Figure 1.1).

Figure 1.1 PKR Domain Organization. The N-terminal domain consists of two dsRBM binding motifs
(yellow and orange) and the C-terminal domain (purple) acts as a kinase.

PKR is known to recognize long stretches of viral dsRNA and inhibit translation by
autophosphorylation and phosphorylation of Ser51 on initiation factor eIF2α (Figure 1.2).1, 3

Figure 1.2 PKR Translation Inhibition Mechanism. PKR dimerizes on dsRNA, autophosphorylates,
and subsequently phosphorylates eIF2α, inhibiting translation initiation

The dsRBM interacts non-sequence specifically with the wide, shallow minor groove of A-form
RNA primarily with the 2’-hydroxyls. This domain is quite conserved and present in other
dsRNA binding proteins such as Dicer, Drosha, or PACT.11,12 Currently no structure exits of
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RNA-bound PKR, likely due to the non-specific nature of these interactions. Activation of PKR
requires dimerization in the presence of long dsRNA, where generally 16 bp are required for
monomeric binding and 30 bp to dimerize and activate.13,14,15 However as PKR dimerization is
required for activity, high RNA concentrations turn off PKR activity due to the formation of
PKR/RNA monomers.13 This leads to a bell shaped dependence of PKR activation on RNA
concentration. PKR has been shown to be activated by a wide range of pathogens, including
certain bacteria, which are discussed further in Section 1.3.16

1.2 RNA Structure and Function
DNA (deoxyribonucleic acid) contains all the genetic information of a given organism,
making DNA essential to the existence of life. In order to carry out cellular functions, DNA is
transcribed into messenger RNA (mRNA), which is exported into the cytoplasm of the cell and
subsequently translated by the ribosome to synthesize necessary proteins that regulate or perform
various cellular processes.17 This flow of information is referred to as the central dogma of
molecular biology (Figure 1.3).

Figure 1.3 Central Dogma Illustration. DNA is transcribed into RNA, which is then translated into
protein
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Three main RNA types exist within the cell: transfer RNA (tRNA), messenger RNA (mRNA),
and ribosomal RNA (rRNA). In recent years, researchers have shown that RNA plays a larger
role beyond that of a protein template.
Unlike DNA, RNA is single stranded, giving it the unique ability to fold back onto itself
to base pair, creating various structures with unique functions. RNA can be described in terms of
primary, secondary, and tertiary structure. The RNA nucleotide sequence represents the primary
structure. Secondary structure describes the intramolecular interactions an RNA makes with
itself. Examples of secondary structure include hairpin structures, internal bulges, or stem loops.
The tertiary level of RNA structure describes multiple RNA strands or distant regions of RNA
strands interacting with each other including, but not limited to pseudoknots, kissing hairpins, or
three-way junctions. Examples of each of these levels of structure are illustrated in Figure 1.4
below. Functional RNAs include those with gene regulatory functions such as riboswitches18,19
and microRNAs20,21, and ribozymes, RNAs with catalytic function22,23.

Figure 1.4 Levels of RNA Structure. Diagram showing primary, secondary, and tertiary levels of RNA
structure and associated motifs.
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1.3 Activation of PKR by RNA
As described briefly in Section 1.1, PKR is classically activated by long stretches of
dsRNA. However, recently it has been found to activate by multiple RNA motifs including 5’triphosphorylated single-stranded RNA (5’ppp-ssRNA), secondary structures including bulges,
and an array of functional RNAs including the HDV ribozyme, HCV IRES, and HIV-I TAR
RNA.24-28
Through a collaboration between our lab and the Cameron lab, it was found that 5’pppssRNA activates PKR even with very little secondary structure.14, 27 Other types of primary
structure modifications were made such as 5’-pp, 5’-OH, and a 7mG cap, but only the 5’pppssRNA version activated PKR.27 However, dsRNA without the 5’-ppp was found to activate
PKR, suggesting two individual methods of PKR activation. Evolutionarily, human RNA does
not contain a 5’-ppp that is often found in pathogenic RNA, offering a potential explanation for
the differentiation between self and non-self RNA by PKR.
PKR has also been shown to recognize secondary structure beyond perfectly dsRNA. For
example, functional viral RNA such as HIV-TAR RNA activates PKR and contains many
internal bulges and loops among regions of strictly dsRNA. Work in our lab has shown that PKR
is only activated when the viral RNA dimerizes, allowing enough base pairs to accommodate
PKR dimerization. In contrast, the monomeric form of the virus inhibits PKR.29 Another viral
RNA shown to activate PKR is HCV IRES RNA. This RNA contains long, extended bp regions
with diverse secondary structure. Our lab found PKR was most potently activated by domain II
of the IRES, which is thought to mimic A-form dsRNA resulting in high activation.28
Tertiary structure of RNA has also been shown to participate in PKR regulation, both as
an activator and inhibitor. For example, the pseudoknot that forms in the 5’UTR of cellular
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mRNA for interferon-γ activates PKR. This interferon is responsible for upregulation of PKR in
the cell.30 Similarly, tRNA , which is characterized by compact tertiary structure, was shown to
potently activate PKR in its native form. However, when primary structure modifications were
made, this activity was lost.31 Similar effects were found on a variety of transcripts with a wide
variety of modifications.32 In addition RNA modifications increase translation.33 On the other
hand, tertiary interactions in viral VAI RNA were shown to inhibit PKR.34
In addition to those mentioned above, PKR has been shown to activate in the presence of
various functional RNAs, which are discussed in Section 2.2.
Chapter 2 will discuss my experiments utilizing the twister ribozyme as a model system
for small structured RNAs and characterizing its interaction with PKR. I found that 3’-tail length
of the RNA increased PKR activation. These findings indicate simple structural motifs on small
ribozymes can activate PKR. To follow up this study, I wanted to understand the binding
interaction between PKR and the twister ribozyme. Therefore, in Chapter 3 I discuss my
structure mapping and PKR footprinting experiments where I tried to understand how PKR
dimerizes on the small ribozyme, a nontraditional PKR activator. Here, I saw no clear PKR
footprint, but show native tertiary structure remains intact. Together, these findings support
PKRs ability to activate in the presence of small structured RNAs in vivo.
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Chapter 2
Activation of PKR by C.bolteae Twister Ribozyme
[Published as part of a paper entitled “Bacterial Riboswitches and Ribozymes Potently Activate
the Human Innate Immune Sensor PKR” by Chelsea M. Hull, Ananya Anmangandla, and Philip
C. Bevilacqua in ACS Chemical Biology 11, 1118-1127 (2016). Only my contributions to this
paper are provided in this chapter, written in my own words]

2.1 Abstract
The RNA-activated protein kinase, PKR, binds dsRNA and is a necessary sensor in the
innate immune response. In this study, we looked at the interaction between PKR and the
structurally compact twister ribozyme. This RNA is representative of small, structured RNAs
that are typically found in bacteria. Using PKR activation assays, we found a trend of higher
PKR activation with increasing 3’ tail length. Under typical activation conditions of 4 mM Mg2+
Similar experiments were performed at physiological Mg2+ levels of 0.5 mM Mg2+ where we
found activation was still potent, albeit two-fold lower. Our evidence with this RNA indicates
that similar RNAs may be capable of PKR activation in vivo. Chapter 3 supplements this study
by attempting to footprint PKR onto the twister ribozyme and understand the observed trend in
activation increase with 3’-tail extension.
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2.2 Introduction

2.2.1 PKR Activation by Functional RNAs
The cell contains multiple regulatory mechanisms, generally controlled by protein
enzymes. However, a number of these regulatory mechanisms are controlled by functional RNAs
including riboswitches and ribozymes. It is hypothesized that these functional RNAs were more
abundant in the RNA world era and were phased out as protein enzymes began to dominate
cellular activity. Still, many classes of these functional RNAs have been identified over the last
few decades. Riboswitches can modulate transcription, splicing, translation or RNA stability by
sensing intracellular metabolite concentrations.1 These structured RNAs are usually present in
the noncoding regions of bacterial mRNA. Riboswitches are composed of an aptamer and an
expression platform which are responsible for metabolite binding and interfacing with the
transcriptional or translation machinery, respectively.2 Upon binding of a ligand, usually a
metabolite, the riboswitch adopts an alternative fold, regulating downstream processes.1
Ribozymes are functional RNAs capable of catalyzing specific biochemical processes
and often times regulate downstream function by self-cleaving. Despite being much simpler in
composition than traditional protein enzymes, ribozymes are able to catalyze self-cleavage
rapidly and at a specific site. Ribozymes vary in their secondary structures and three-dimensional
folds. In general, ribozymes cleave the RNA backbone by a reversible phosphodiester-cleavage
reaction, but the exact mechanism differs between ribozymes.3
PKR has been shown to activate in the presence of various riboswitches and ribozymes.
Through work in the Bevilacqua lab, including my work described in Section 2.4, it was found
that PKR is activated by bacterial riboswitches and ribozymes.4-5 My graduate mentor, Dr.
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Chelsea Hull, found for the same ACS Chemical Biology paper, that PKR was potently activated
by the cyclic di-GMP riboswitch and glmS riboswitch-ribozyme in comparison to long dsRNA.
She also found that the glmS riboswitch-ribozyme revealed two PKR footprints similar in length
to 16 bp RNA, consistent with dimerization on functional bacterial RNAs. Such activation of
PKR by unrelated and varying RNA tertiary structures strongly suggests that specific RNA
tertiary structure is not necessary for PKR activation.4 This follows the expectation for an innate
immune sensor, which are known to have broad responses, and is consistent with nonspecific
PAMP recognition through dsRBDs.6 My contribution to this study was to investigate whether a
small and simple ribozyme, twister, could regulate activation of PKR.

2.2.2 Twister Ribozyme
Self-cleaving ribozymes are noncoding RNAs which undergo cleavage and regulate downstream
function under appropriate conditions. Ribozymes are much simpler in composition than
traditional enzymes, yet display rates and specificities that approach those of protein enzymes.
In January of 2014 a paper was published in Nature Chemical Biology, discussing the
discovery of a self-cleaving ribozyme class called the twister ribozyme.7 Through the use of
bioinformatics, the researchers discovered a commonly occurring motif with conserved
secondary structure, coining it “twister” (Figure 2.1a). The RNA motif was found in the
bacterial class Clostridia as well as a variety of eukaryotic species. Many examples of the
twister ribozyme are circularly permutated, meaning the location of 5’ and 3’end varies. These
permutations are referred to as Type P1, P3, or P5 configurations (Figure 2.1b, c). The twister
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ribozyme resembles small riboswitches in size and structural complexity, but is functionally
similar and shares a strikingly similar genetic context to the hammerhead ribozyme.

i + ii

Figure 2.1 Secondary Structure Model of Twister Ribozyme. (a) Conserved sequence of twister
ribozyme based on 2,690 twister ribozymes in Type P1 configuration. The cleavage site is indicated with
a black arrowhead. Gray, black, and red nucleotides indication conservation of at least 75%, 90%, and
97%, respectively, and less conserved nucleotides are indicated by circles. Green shading denotes
predicted base pairing, and two predicted psuedoknots are labeled i and ii. R and Y represent purine and
pyrimidine, respectively. Parenthetical numbers are the variable lengths that form the stem loop structures
where indicated. Circularly permutated Type (b,c) P3 (b) and P5 (c) configurations of twister ribozyme
that open at the P3 or P5 stem respectively. Image adapted from Roth, A. et. al. (2014) Nat. Chem. Biol.

In order for twister to cleave, Mg2+ cations are required, though the observed lack of divalent
cation specificity suggests a structural rather than direct catalytic role.7 The cleavage products
produced are a 5’ product containing 2’3’-cyclic phosphate on the 3’ end and a 3’ product with a
5’OH. Mechanistic evidence supports a concerted general acid-base pathway.8 However, the
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specific mechanism by which this occurs, i.e. specific roles of nucleobases and metal ions, is still
disputed. Multiple crystal structures exist of bimolecular versions of several twister ribozymes.
A representative crystal structure of the P3 type env22 twister ribozyme is shown in Figure 2.2.9
While several crystal structures exist, the method of inhibition varies between constructs with
some substituting the active site 2’OH with either a 2’H or 2’OCH3 sometimes altering the active
site. Additionally, inconsistencies between the structures, like location of Mg2+ ions within the
structures, have also stymied characterization of the catalytic mechanism. 8-10

a

b

Figure 2.2 2.9-Å Crystal Structure of env22 Twister Ribozyme. (a) Secondary fold of the env22
twister ribozyme bimolecular construct, which contains a dU5 at the U5-A6 cleavage site. (b) Ribbon
view of the 2.9-Å structure of env22 twister ribozyme color-coded as shown in a. Image adapted from
Ren, A. et. al. (2014) Nat. Commun.
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2.3 Materials and Methods
[Adapted from a previous research summary by me titled “Investigating PKR Activation by
Bacterial Ribozymes” Fall 2015]

2.3.1 RNA Sequence Design
Twister RNA constructs (T – T+15) were transcribed from hemi-duplex templates, where
the bottom strand is complementary (underlined) to the T7 promoter. Bold G’s are not present in
the native transcript and were added to enhance transcription efficiency.
(BS template)
T
5’TTCCCACTCTGCATTGATCAGGGCTTGTGACCTGCACCGGCTATAGGCCGGTGGCTGCATTA
GGAAGGTATAGTGAGTCGTATTAATTTC 3’

T+5
5’CTCCTTTCCCACTCTGCATTGATCAGGGCTTGTGACCTGCACCGGCTATAGGCCGGTGGCTG
CATTAGGAAGGGGCGGTATAGTGAGTCGTATTAATTTC 3’

T+10
5’ATTTCCTCCTTTCCCACTCTGCATTGATCAGGGCTTGTGACCTGCACCGGCTATAGGCCGGTG
GCTGCATTAGGAAGGGGCAGCTGGTATAGTGAGTCGTATTAATTTC 3’

T+15
5’CATGGATTTCCTCCTTTCCCACTCTGCATTGATCAGGGCTTGTGACCTGCACCGGCTATAGGC
CGGTGGCTGCATTAGGAAGGGGCAGCTGCCCCTGGTATAGTGAGTCGTATTAATTTC 3’

2.3.2 RNA Preparation and Purification
In vitro T7 transcription procedure is as follows. The reaction components for each
primer were heated at 37°C for 2 hours in a water bath, then quenched with equal volume 2x
formamide buffer (95% formamide, 20mM EDTA). The samples were run on a 10% denaturing
PAGE gel, then RNA bands were located via UV-shadowing. The bands were excised with a
razor blade and extracted overnight into 1xTEN250 buffer [10mM Tris (pH 7.5), 1mM EDTA,
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250 mM NaCl]. RNA was then ethanol precipitated and resuspended in 1xTE buffer [10mM Tris
(pH 7.5), 1mM EDTA] then stored at -20°C until use. The concentration of the RNA was
determined via NanoDrop UV-Vis Spectrophotometer. For PKR activation assays, RNA is
renatured at 95˚C for 2 min followed by room temperature for 10 min.

2.3.3 PKR Activation Assay
Because PKR is purified from E.coli in its phosphorylated form, dephosphorylation of
WT PKR is done using lambda protein phosphatase (λPP). λPP and PKR are incubated at 30°C
for 1 hr, and λPP is then inhibited using 2mM sodium orthovanadate. RNAs were diluted 4-fold
from 20 μM stocks using 1xTEN100 buffer [10mM Tris (pH 7.5), 1mM EDTA, 100mM NaCl]
and renatured at 90°C for 2 min. Final concentration 0.8 μM PKR was incubated with various
RNAs for 10 min at 30°C. Reactions were in standard PKR activation buffer [20 mM HEPES
(pH 7.5), 4 mM MgCl2, 50 mM KCl] and 1.5 mM DTT, 100 M ATP (Ambion) plus 15 Ci [γ32P]-ATP.

The samples were fractioned using a 10% Bis-Tris (Novex) SDS PAGE gel, dried and

exposed to a phosphorimager screen (Molecular Dynamics). The phosphorylated bands were
detected using a Typhoon Phosphorimager and quantified using ImageQuant software. Each
assay had a negative control of 1xTEN100 buffer and a ds79 RNA positive control at 0.1μM for
normalization.
For assays performed with variable magnesium concentration, Mg2+ was added
separately and not in the PKR activation buffer. Following renaturation of RNA, free 10x Mg2+
was added and incubated with the RNA for 5 min at 30˚C. Upon addition of PKR, incubation
times were extended to 20 min for all trials to allow sufficient reaction time for lower [Mg2+].
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2.4 Results and Discussion

2.4.1 3’-Tail Activation of PKR by the Twister Ribozyme
The purpose of the following experiments was to study the ability of the Clostridia
bolteae twister ribozyme to regulate the innate immune sensor PKR. As discussed in Section 2.2,
the twister ribozyme is a recently discovered class of self-cleaving ribozymes. The small, 61
nucleotide core, structurally compact nature of the ribozyme would not traditionally be thought
to activate PKR. Therefore, we hypothesized there might be an inhibitory effect if only the core
was incubated with PKR. However, in nature ribozymes are part of a larger native construct.
When the twister motif was first identified, it was found to be present in many species of eukarya
(fungus, insects, plants, flatworm, cnidarian, fish) and bacteria. However, few mechanistic
studies were performed with bacterial twister ribozymes. Additionally, the mechanistic studies
performed were done with bimolecular constructs. A mutation study was performed on a
bimolecular twister complex derived from Clostridia bolteae.7 Bacteria of the Clostridia class
can lead to a number of human diseases including gangrene, food poisoning, tetanus, and
botulism.11 Further, the C. bolteae bacterium itself appears to be linked to autism, as it is found
in high concentration in the intestinal tracts of autistic children.12
In order to test the active region of the C. bolteae twister ribozyme was identified and
additional flanking nucleotides were added to the open stem (+5, +10, +15), resulting in four
slightly varying sequences (Figure 2.3). The predicted cleaved and precleaved structures for all
RNAs are shown in Appendix A based on mFold RNA folding prediction. The flanking
nucleotides were identified from the native RNA sequence. As PKR is classically known to bind
dsRNA of >33 bp, the flanking region was added in anticipation that it might allow
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determination of a minimum bp requirement for activation. Each RNA (T, T+5, T+10, T+15)
was transcribed via in vitro T7 transcription, which is performed in the presence of Mg2+, which
also promotes ribozyme activation. Initially, purification following transcription indicated two
distinct bands. To help identify this band, a size comparison with known RNA was performed.
Interestingly, the slower band was significantly shorter than the full length predicted constructs
by 7-22 nt depending on the construct. This was attributed to self-cleavage, since 7 nucleotides
would be cleaved on the T ribozyme construct and remaining constructs similarly lost 7 plus
their corresponding 5’extension. We reasoned that the Mg2+ present during transcription was
causing the ribozyme to cleave. Therefore, rather than an extended bp region, the constructs
differed in the length of their 3’ tail.

Figure 2.3 Clostridia bolteae Twister Ribozyme Constructs. Four sequences were designed containing
nucleotides flanking the active region of the ribozyme. In vitro transcription conditions lead to ribozyme
self-cleavage and the resulting purified sequences are shown. Structures are based on mFold RNA folding
form structure predictor.

19

My graduate mentor, Dr. Chelsea Hull, had previously found that all of the bacterial
hairpins she examined required flanking tails to activate PKR, with a preference for a 3’-tail.5, 13
Therefore, even though we had planned to have both the 5’ and 3’ end present and base paired,
we still pursued PKR activation by varying 3’-tail length.
Initial experiments studying PKR activation by T – T+15 resulted in inconsistent
activation levels. Transcription yields for all four constructs were very low, and required
concentration by in vacuuo water removal. However, this caused the relative levels of salt and
EDTA present in the buffer to vary between RNA isolates. Notably, the concentrated EDTA
appeared to be chelating Mg2+ required for proper folding of the twister constructs and activation
of PKR (data not shown). Therefore, larger transcriptions were performed in order to regulate
buffer conditions.
Three trials were performed for each RNA (T – T+15) at larger transcriptions (Figure
2.4). For standard dsRNA, maximum PKR activation occurs at ~0.1 uM RNA concentration.
However, for the C. bolteae twister ribozyme, optimal activation was shown to vary depending
on flanking nucleotide length, but generally peaked around 0.6 uM RNA. In comparison with
traditional activators of PKR, the twister ribozyme is much more compact and contains only 19
bp, including tertiary interactions, in the core, possibly requiring a higher RNA concentration for
activation. We found that increasing the length of the 3’-tail led to higher activation of PKR.
Activation by T and T+5 was very low, below 20% maximum when normalized to 79 bp
dsRNA. This indicates that not all RNAs activate PKR. However, modest activation (32%) was
observed for T+10 RNA , albeit at a high concentration of RNA (3 uM). T – T+10 all exhibit the
expected bell curve and some level of PKR activation, but it is unclear whether the level of
activation observed is biologically meaningful.
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Ultimately, the most significant result is the increase in activation with tail length. The
T+15 construct normalized PKR activation is 78%, which is more than double the activation of
T+10, and a much greater jump when compared to the previous addition of five nucleotides.
Essentially, the first five-nucleotide addition displayed a 1.5-fold increase in activation, followed
by a 2-fold increase from T+5 to T+10 and 2.5-fold increase from T+10 to T+15. One
explanation for this phenomenon may be the presence of additional base pairing in the T+15
construct in the lower stem region. The additional ds region may facilitate binding and
dimerization of PKR, leading to higher activation.
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Figure 2.4 Increasing 3'-tail length leads to potent activation of PKR. (a) Representative gels from
PKR activation assay experiments for each of the constructs studied (T-T+15) (b) PKR activation
increases with 3’ tail length. Maximum activation is ~80% for T+15. Percent PKR activation was
normalized to that of 0.1 μM dsRNA-79 in 4 mM Mg2+ conditions. Data is from an average of 3 trials,
error bars indicate standard deviations.
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2.4.2 Activation of T+15 Twister Ribozyme at Physiological Mg2+ Level
Following the 3’ tail extension experiments described above, a related study was
performed with the strongest PKR activation twister construct, T+15. The experiments described
in Section 2.4.1 were performed in 4 mM Mg2+, which is standard for PKR experiments and
more comparable to the Mg2+ concentration in bacteria (~2 mM).14-15 However, Mg2+
concentration is 0.5 mM in the human cell, so when pathogenic RNAs enter the human cell it
could lead to a structural change in the RNA.16 Namely, the RNA may lose some structure in the
presence of lowered divalent metal ion concentration. Mg2+ is greatly important in functional
RNA folding and activity, and contributes significantly to the compact nature of the twister
ribozyme.7, 14 Activation assays were performed for the T+15 twister ribozyme with 0.5 mM
Mg2+ and we found that activation was still significant, albeit two-fold lower (Figure 2.5).
Maximum activation of PKR decreased ~2-fold from 85% to 52%, and the RNA concentration
of maximum activation was observed to shift ~2-fold from 1.5 M to 0.7 M. The RNA
concentration value for maximum activation of the T+15 construct at 4 mM Mg2+ and the
maximum activation at 4 mM Mg2+ (+ ~5%) is higher than what was observed in the
experiments shown in Figure 2.4. We believe these shifts are due to the modified experimental
procedure for variable Mg2+ experiments, which specifies a longer incubation period of 20
minutes for both Mg2+ concentrations as opposed to 10 minutes for previous experiments.
Overall, these results show good precedence for PKR activation by small bacterial ribozymes.
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a)

b)
2-fold
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Figure 2.5 Activation of PKR at Physiological Mg2+Concentration. (a) Representative gel from
activation assay experiments. Percent PKR activation was normalized to that of 0.1 μM dsRNA-79 in 4
mM Mg2+ conditions (b) PKR activation assay data for three trials at 4 mM and 0.5 mM Mg2+. Red
arrows depict effect of shifting Mg2+ concentration from 4mM to 0.5 mM. RNA was incubated with PKR
for 20 minutes (vs. 10 min in Figure 2.4)
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Chapter 3
PKR Footprinting and Structural Analysis of Twister Ribozyme

3.1 Abstract
PKR has been shown to activate in the presence of RNAs with a minimum ~20 bp.
Therefore, the twister ribozyme, which has 23 bp, is an unlikely candidate for PKR activation, as
it barely meets the base pair requirement. In Chapter 2 I showed extension of the 3’-tail on the
twister ribozyme, leads to enhanced PKR activation. I also showed that under physiological
Mg2+ concentrations, activation of the highest activating, T+15 construct is still two-fold lower,
but still potent. This study focuses on using structure mapping and PKR footprinting to
characterize the structural interaction between PKR and the T+15 twister ribozyme, which has 19
bp, and determine how activation is so potent despite the small, compact nature of this ribozyme.
While no obvious PKR footprint was observed, most of the stem regions match the expected
ribozyme structure, and PKR addition does not disrupt native tertiary structure of the ribozyme.

3.2 Introduction
PKR is a dsRBM containing protein, therefore it binds nonspecifically to dsRNA, making
it difficult to fooprint. The dsRBM binds dsRNA through a sequence non-specific interaction
with 2’OH in the wide, shallow minor groove.1 Ribonuclease (RNase) digestion is a commonly
used technique to map the secondary structure of RNA. The most often used ribonucleases for
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this technique are RNase V1, A, and T1, largely due to ease of availability of these nucleases.
Each cleaves unique nucleotides or regions of secondary structure, allowing for elucidation of
the RNA secondary structure. RNase V1 cleaves double stranded regions, RNase A cleaves
single stranded U’s and C’s, and RNase T1 cleaves single stranded G’s. When used in
conjunction with RNA-binding proteins, information can be deduced about the interaction
between the RNA and said protein. This is technique is referred to as protein footprinting.

Ribonuclease Structure and Mechanism
As briefly mentioned above, three major ribonucleases are utilized for RNA digestion:
RNase V1, RNase A, and RNase T1. RNase V1 was first isolated from cobra Naja oxiana venom.
This endoribonuclease is approximately 32 kDa and was shown to hydrolyze double stranded
RNA without any base preference.2-4 In one study, addition of 20 mM EDTA caused the RNase
to be greatly inhibited, indicating the necessity for divalent ions for activity. It was also shown
that RNase V1 will cleave tertiary interactions, single stranded stacked regions, and noncanonical base pairs, in addition to traditional Watson-Crick base pairs.5 Complete digestion
produces oligonucleotides of 2-4 bases terminated at the 5’-phosphate. It is believed that RNase
V1 interacts with the minor grove of dsRNA, leading to the observed cleavage pattern.3
RNase A, a bovine pancreatic ribonuclease, is an endoribonuclease that cleaves single
stranded RNA at the 3´ end of C and U residues. Much like the alkaline breakdown of RNA, the
first step of the enzymatic reaction produces a 2’, 3’-cyclic monophosphate. In the second step,
the cyclic nucleotide is hydrolyzed to a 3’-nucelotide as opposed to a mixture of 2’ and 3’nucleotides which is the result of alkaline hydrolysis.6 This breakdown is thought to proceed
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through a concerted acid-base mechanism. RNase A is small (~13 kDa), very stable, and does
not contain a cofactor, making is very useful in protein and nucleic acid research.7
Ribonuclease T1 is a fungal endonuclease that cleaves single stranded RNA after guanine
residues. It is similar to RNase A in size and function, but differs in primary sequence and three
dimensional structure.8 The RNA breakdown proceeds through the same intermediate and
produces the same products as RNase A, but utilizes a triester-like mechanism as opposed to the
classical concerted acid-base mechanism.9 These RNases, along with many others, serve as
useful tools in RNA structure mapping. The nucleotides cleaved by RNase V1, RNase A, and
RNase T1 are summarized in Table 3.1.

PKR Footprinting of Vc2 Riboswitch and glmS Riboswitch-Ribozyme
Work in our lab performed by Dr. Chelsea Hull showed possible binding modes for PKR
on larger functional RNAs such as the Vc2 riboswitch and glmS riboswitch-ribozyme.10
Structure mapping of the Vc2 alone was generally consistent with the available crystal structure
of this RNA. Addition of the cyclic-diGMP Vc2 riboswitch ligand led to several structural
changes that were consistent with published effects. Upon addition of PKR, it was found that a
subset of the strengthened interactions corresponded to the tertiary structure of the riboswitch,
suggesting that PKR enhances tertiary structure. While some of the observed footprints are
induced upon cdiGMP binding, many are unique to PKR and indicate PKR footprints to the
aptamer. Upon addition of PKR, multiple double stranded regions appeared to become protected,
suggesting PKR preferably binds a specific helical region. Interestingly, mutation G83C in the
Vc2 aptameric domain that disrupts native RNA tertiary structure does not reveal a distinct
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footprint, despite potent activation of PKR. This was thought to allow access by PKR to multiple
activating helical regions, revealing no distinct footprint.
Similar experiments were performed by Dr. Hull using the glmS riboswitch-ribozyme.
Once again, structure mapping of RNA alone was consistent with the crystal structure,
supporting native folding of the riboswitch-ribozyme. Upon addition of PKR, multiple
protections were observed in the RNase V1 lanes, supporting PKR’s binding preference for
double stranded regions. The positions of protections corresponding to PKR were found on the
peripheral double stranded regions of the riboswitch.

16 bp dsRNA

Vc2 Riboswitch

glmS Riboswitch-Ribozyme

Figure 3.1 Footprints of PKR on Functional RNAs. Footprints of PKR are indicated by purple
cylinders and shown on A-form dsRNA (left), the Vc2 riboswitch (middle), and the glmS riboswitchribozyme (right). Two footprints are possible for each functional ribozyme, consistent with dimerization.
Pink spheres indicate protected nucleotides regardless of PKR addition and black spheres indicate PKR
protected nucleotides. Image adapted from Hull, C. et al. (2016) ACS Chem Biol.
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In each case, two footprints are found on both functional RNAs that are A-form-like and
similar in length of 16 bp dsRNA (Figure 3.1). Like what is known for PKR’s interaction with
double stranded viral RNA, this suggests PKR dimerizes on functional RNAs and becomes
active. As native tertiary structure remains intact in both cases, these results also suggest specific
tertiary structure is not needed for PKR activation. Instead, duplexed regions, like those
highlighted in Figure 3.1, act as vital elements for PKR activation.
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3.3 Materials and Methods

3.3.1 RNA Sequence Design
As described previously, twister RNA (T+15) was transcribed from hemi-duplex
templates, where the bottom strand is complementary (underlined) to the T7 promoter. Bold G’s
are not present in the native transcript and were added to enhance transcription efficiency.
(BS template)
T+15
5’CATGGATTTCCTCCTTTCCCACTCTGCATTGATCAGGGCTTGTGACCTGCACCGGCTATAGGC
CGGTGGCTGCATTAGGAAGGGGCAGCTGCCCCTGGTATAGTGAGTCGTATTAATTTC 3’

3.3.2 RNA Preparation and Purification
As described previously, in vitro T7 transcription procedure is as follows. The reaction
components for each primer were heated at 37°C for 2 hours in a water bath, then quenched with
equal volume 2x formamide buffer (95% formamide, 20mM EDTA). The samples were run on a
10% denaturing PAGE gel, then self-cleaved RNA bands were located via UV-shadowing. The
bands were excised with a razor blade and extracted overnight into 1xTEN250 buffer [10mM Tris
(pH 7.5), 1mM EDTA, 250 mM NaCl]. RNA was then ethanol precipitated and resuspended in
in 1xTE buffer [10mM Tris (pH 7.5), 1mM EDTA] then stored at -20°C until use. The
concentration of the RNA was determined using the NanoDrop UV-Vis Spectrophotometer. For
PKR activation assays, RNA is renatured at 95˚C for 2 min followed by room temperature for 10
min.
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3.3.3 RNA Structure Mapping and PKR Footprinting Experiments
[Method partially adapted from Dr. Chelsea Hull] RNAs were end labeled with [γ-32P]ATP using T4 PNK (NEB) and purified via denaturing PAGE. Radiolabeled RNAs were
renatured with appropriate amounts of 1xTEN100 at 90°C for 2 min and room temperature for 10
min. RNA was incubated with nonspecific RNA (tRNAphe) and protein (BSA) to minimize
background to final concentrations of 130 ng and 1.5 μM, respectively. RNAs were also
incubated with increasing concentrations (0, 0.44, 1.75, 7 μM of PKR for 30 min at room
temperature RNA was subjected to limited digestion by single stranded specific nucleases
(RNase T1, RNase A) and double stranded specific nuclease (RNase V1) under native conditions
in structure buffer [20 mM HEPES (pH 7), 100 mM NaCl, and 4mM MgCl2]. Nuclease
experiments were performed at various times and concentrations. To generate a hydrolysis
ladder, labeled RNA was incubated in Na2CO3/NaHCO3 and 2 mM EDTA for 8 or 10 min at
90°C. To generate a T1 ladder (all G’s), labeled RNA was incubated under denaturing conditions
in 0.1 U/μL RNase T1, 18 mM Na-citrate (pH 3.5), 0.9 mM EDTA, and 6 M urea for 20 min at
50°C. All reactions were quenched using extra denaturing 2xformamide loading buffer [10 mM
EDTA, 93% formamide, 2x BPB, 2x XC, 0.1x TBE, 0.2% SDS, CAPS buffer (pH 11)]. Samples
were run on a 12% denaturing PAGE, 8.3 M urea sequencing gel and phosphorylated bands were
detected using a Typhoon Phosphorimager and quantified using ImageQuant software.
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3.4 Results and Discussion
As discussed in Chapter 2, multiple versions of a unimolecular C. bolteae twister
ribozyme structure varying in 3’ tail length were tested for activation by RNA-activated protein
kinase (PKR). Of these ribozyme variants, the structure with the longest 3’-tail addition, T+15,
most potently activated PKR. Therefore, further structural studies were performed to elucidate
the reasoning behind the heightened activation and confirm the active site structure remains
intact despite the tail addition.
We hypothesized the significantly increased activation for the T+15 construct was due to
additional base pairing in the stem. The additional nucleotides could potentially allow the tail to
fold back on itself and form three additional base pairs. This hypothesis was supported by mFold
secondary structure predictor whereby the lowest free energy secondary structure, with intact
psuedoknots, for the T+15 sequence contained three base pairs in the lower stem of the
ribozyme.11 The free energy associated with this structure is -23.7 kcal/mol, and although mFold
cannot predict pseudoknots, the nucleotides involved in the critical pseudoknot interaction on the
twister ribozyme are not tied up in base pairing in this structure. Two additional structures, both
with a slightly more favorable free energy of -24.8 kcal/mol, were also proposed but these
structures tie up the nucleotides involved in the psuedoknot interaction and presumably would
not allow the native structure to form. To confirm the existence of this stem interaction, and to
further characterize the specific interaction between PKR and the T+15 twister ribozyme, we
performed structure mapping and PKR footprinting experiments. By structure-mapping the
RNA, any changes in structure due to PKR binding might be seen. We utilized ribonuclease
digestion in order to study the RNA structure, a summary of each type of digestion is shown in
Table 3.1 below.

33

Table 3.1: Nuclease/Ladder Cleavage Sites
Digestion Type

Cleaved Nucleotides

OH ladder

Every nucleotide

Denaturing T1

All G’s

RNase T1

Single stranded G

RNase A

Single stranded U & C

RNase V1

Double stranded regions

Summary of digestion experiments via RNases or base hydrolysis and corresponding cleaved
nucleotides as utilized in structure mapping experiments.

The experiments were performed on the T+15 construct and are described in greater detail in the
Materials and Methods above. BSA and tRNA are added to each experiment to prevent potential
RNase contamination from nonspecifically cleaving the T+15 construct. The RNA was tested
with and without PKR in order to see any structural changes from the addition of PKR.
Figures for each sequencing gel can be found in Appendix B. The first structure mapping
experiment was performed using two PKR concentrations, 7 uM and 3 uM, in order to observe
any gradual change in band strength. 7 uM PKR follows standard PKR activation assay
conditions. This change would indicate the presence of a footprint (Figure S1). Patterning is
consistent with the compact, double stranded nature of the twister RNA, as many bands are
visible in the RNase V1 lanes. However, there appeared to be contamination of RNase A in the
RNase V1 lanes. Since RNase A cleaves single stranded regions and V1 cleaves double stranded
regions, they should not have similar patterning.
Next I looked at effects of PKR on the cleavage pattern. If PKR disrupts base-pairing
interactions, the bands in the V1 lane should lighten in the presence of PKR as the region
becomes single stranded. While there appears to be some change in intensity of the bands in
Figure S1, the RNase A contamination makes it unclear whether disruption is actually occurring.
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This experiment was repeated with new RNase aliquots and is shown in Figure 3.3. Here, the
radiolabeled RNA had higher counts, which lead to a large background signal and the PKR lanes
all appeared to have high amounts of RNA degradation. Further, enzyme concentration needed to
be optimized as RNase T1 and RNase A lanes were under-digested (not shown) while RNase V1
lanes were slightly over-digested.
Further experiments were performed to troubleshoot and optimize enzyme conditions.
First, a new PKR aliquot was tested with the RNA to determine if the previous PKR aliquot had
become contaminated. Both the T+15 and V2L aptamer region of the V. cholerae cyclic-di-GMP
(cdiGMP) riboswitch were tested to compare the relative levels of degradation. RNA degradation
was markedly less for lanes with lower counts and the PKR aliquot did not seem to affect
degradation significantly (Figure S2). From this experiment it was decided that by lowering
counts on the sequencing gel, RNase contamination might be negligible.
To optimize enzyme experiments, reactions times and/or concentrations of each RNase
was varied to either decrease or increase digestion appropriately. Two different combinations
were tried for each RNase (Figure S3). The results appeared more successful than past
experiments shown in Figure 3.1 and Figure S1, especially in the RNase V1 lanes.
Unfortunately, all sequencing experiments performed after this point did not yield clear gel
images. Months later, the source was determined to be a result of degraded foam within the
cassettes used to expose the radioactive gel to the PI screen. Our lab published a communication
providing a quick, easy fix for this issue.12 However, because this was resolved months later and
in the interim I proceeded to analyze the structure and PKR interaction with the previously
collected structure mapping data.
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Overall, the nuclease digestion results generally match the predicted structure of the
T+15 twister ribozyme (Figure 3.3). Base pairing in the P3 stem of the RNA was consistent with
the expected structure, and both tertiary interactions were consistent. This may indicate PKR
enforces native tertiary structure, as Dr. Chelsea Hull also found in when PKR footprinting the
Vc2 riboswitch. The T1 pseudoknot is cleaved by RNase V1 and indicated in Figure 3.3. In the
T2 interaction, only the two of the nucleotides (G7, C8) indicated cleavage by RNase V1. The
complement nucleotides (G38, C39) were not cleaved at all, so it is not clear whether they are
single or double stranded, but allows the possibility this interaction may not be present in the
actual structure.

Figure 3.2 Single Stranded Stacked Loop L3 Cleaved by RNase V1. L3 stem loop in T+15 twister
ribozyme is readily cleaved by RNase V1, above is a sequence-identical stem loop in a preQ1 riboswitch
(Class I) aptamer bound to preQ1 (PDB ID: 2L1V). Nucleobase orientation strongly suggests stacking
interaction occur in the L3 single stranded loop and provide an explanation for RNase V1 cleavage in this
region.
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In the L3 stem loop, RNase V1 readily cleaved all of the nucleotides. As RNase V1
cleaves single stranded stacked nucleotides, I used RNA Cosmoss characterization of secondary
structure motifs to identify the 5’-CUAUA-3’ loop in another RNA and determine whether π- π
stacking could occur. An identical stem loop is found in the preQ1 riboswitch aptamer, and there
appears to be significant π- π stacking in the loop (Figure 3.2).13 Therefore, this digestion by
RNase V1 in L3 appears to agree with the proposed structure.
The largest structural inconsistency is in the P5 stem. The proposed base pairing in the P5
stem does not appear possible, since G63 and G64 were cleaved by RNase T1 and therefore
single stranded. It is unclear whether wobble base pairs are forming or if enzyme concentration
was too high, causing nonspecific cleavage and over-digestion. Because the twister ribozyme is
so compact, it is possible the ribonucleases cannot access many areas of the ribozyme. It is also
possible the RNA structure is dynamic, as many of the bands in the RNA only lanes are weak
(Figure 3.3). Therefore, it is difficult to gauge whether enzyme concentrations are too high or
too low, as many areas of the ribozyme show no cleavage at all. Overall, the structure mapping
of the T+15 ribozyme is consistent with the predicted structure, but upon addition of PKR no
footprint is observed.
As for indicators of PKR binding, no clear pattern changes could be seen to signify PKR
binding. In each case where a gradual lightening or darkening of adjacent lanes could be seen,
similar differences are observed in the background control experiments (no nuclease), suggesting
the trend is due to RNase contamination in PKR as opposed to changes in secondary structure.
Unfortunately, with these ambiguous results, it is unclear how PKR binds to the T+15 RNA.
However, the low-resolution cleavage of additional ds nucleotides in the P5 stem (C72-A74)
may explain the increased PKR activation when compared to the T+10 construct (Figure S1).
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Further, indications that both pseudoknot tertiary interactions remain intact following PKR
addition are consistent with previous findings, which signify PKR tolerates native tertiary
structure. In Chapter 4 I discuss future experiments and alternative methods of characterizing
the interaction between PKR and the T+15 twister ribozyme.
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Figure 3.3 Summary of Structure
Mapping Experiments. Nucleotides
cleaved by RNase T1 or A (green) and
nucleotides cleaved by RNase V1
(red) in the absence of PKR are
shown in the T+15 RNA sequence.
Uncleaved nucleotides are shown in
black. Original proposed base pairing
in the lower stem is shown in grey.
This gel is representative of multiple
sequencing experiments, and indicates
the highly double stranded nature of
the ribozyme. Various regions of the
T+15 ribozyme are labeled on the
right of the gel. Nucleotides 64-76 are
assigned based on Figure S1.
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Chapter 4
Future Directions
Our goal is to characterize and understand the interaction between PKR and bacterial
RNAs. The system described in Chapters 2 and 3 explores one type of RNA structural motif, a
3’-tail, and the implications of extending it. We have confirmed that PKR is activated due to the
presence of a 3’-tail, but further characterization attempts were met with difficulties. Therefore,
alternative methods could be used to understand the location of PKR binding and dimerization
on the twister ribozyme.
To further understand the results described in Chapter 2, it may be useful to better mimic
the cellular environment. For example, using molecular crowders to better mimic the cellular
environment may lead to an increase in activation due increased collisions between molecules of
interest. Alternatively, we could choose to broaden the experiment and study other bacterial
RNAs under similar conditions to determine the importance of a 3’tail in conjunction with other
activating motifs and their relative necessity for activation.
To extend this idea further into a true in vivo system, PKRs preference for various RNAs
and their corresponding structural motifs could be probed using CLIP (crosslinking and
immunoprecipitation) technique. This method fixes RNA-protein complexes in living cells, and
could be used with PKR as the protein target especially in bacterially infected cells.
Recently, my work in the research group has taken a different form. As described
previously, RNA (ribonucleic acid) is traditionally known as a template for protein synthesis, but
has been shown to be catalytically active like protein enzymes. Therefore, molecular structures
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of RNA are highly useful in determining the mechanisms behind RNA catalytic function and
protein interaction. However, x-ray crystallography, the most commonly used method of RNA
structure determination, involves the use of various abiological methods and conditions to
crystallize RNA, and may not provide an accurate representation of RNA in vivo. Therefore, our
lab developed an idea to use cryo-electron microscopy, which involves the vitrification of
samples prior to visualization by electron microscopy, to solve structures of smaller, catalytically
active RNAs. This method has been shown to work best with large structures such as viruses and
protein complexes. Therefore, my second graduate mentor Kyle Messina and I, have worked to
develop an RNA construct that is both catalytically relevant and large enough to be visualized.
Unlike x-ray crystallography, cryo-EM would allow for an accurate in vitro picture of a
functionally relevant RNA. Cryo-EM does not require that the RNA be dehydrated or stabilized
by copious amounts of metal ions unlike x-ray crystallography. During x-ray crystallography
RNAs often form crystal-crystal contacts that induce the RNA to misfold. The vitrification
process of cryo-EM circumvents this issue entirely by flash freezing the samples trapping the
molecules in an in vitro-like and biologically relevant active state. Lastly, crystals of ribozymes
in the pre-cleaved state require an inhibitory modification, such as a deoxy in place of the
nucleophilic hydroxyl, to prevent self-cleavage during the week or longer crystal growth period.
However, such substitutions can prevent native, catalytically relevant interactions. Since cryoEM freezes the samples almost instantly, we can use the wild-type ribozyme with little to no
modifications eliminating structural perturbations.
If we are able to successfully solve a structure of a ribozyme using cryo-EM, we would
like to expand the technique to study other systems including PKR bound RNA. Despite decades
of interest in PKR’s structure and function, no crystal structures exist of RNA bound PKR due to
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its nonspecific dsRBM-dsRNA interaction and difficulty to crystallize. Hence, little is known
about PKR’s domain interactions and relative orientations.1-3 Therefore, developing a high
resolution structure of PKR and PKR bound RNA would provide critical information about the
mechanism of PKR binding and activation.
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Appendix A
Twister Ribozyme Predicted Secondary Structures
T+5
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Secondary structures of precleaved and cleaved version of T-T+15 twister ribozyme. Cleavage sites are
indicated with a black arrow. Structures were determined using mFold. “Cleaved” constructs match those
in Figure 2.3. Bold C’s were added in error in an attempt to enhance transcription yields, C’s should have
been added to the DNA primer instead than the G’s that were included.
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Appendix B
Chapter 3 Supplementary Figures
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Figure S1 T+15 Structure
Mapping and PKR Footprinting.
Multiple ribonuclease digestion
experiments were performed with
3uM and 7uM PKR addition.
Contamination of RNase A is
visible in RNase V1 lanes. High
levels of background cleavage are
visible around nt 21-23, and these
lanes were discounted in structure
mapping.
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Figure S2 PKR Comparison.
RNA concentration and PKR
aliquots were varied to determine
whether RNase contamination was
present in utilized sample. 0.5x
Twister refers to 2-fold dilution of
0.6 uM T+15 RNA. T+15 twister
RNA samples were compared to
V2L riboswitch. Changing PKR
aliquot (old to new) did not appear
to be an issue, and the original RNA
(0.6 uM) concentration utilized
appeared appropriate.
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Figure S3 Ribonuclease Optimization Experiments. Various concentrations, temperatures and times
were tested to determine optimal conditions for enzyme digestion experiments. Red boxes indicate chosen
conditions for future structure mapping and PKR footprinting experiments. All trials are RNA only and
do not contain PKR.
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