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ABSTRACT
A single strand of RNA can fold into multiple structures, often forming complex
secondary and tertiary stuctures. Many factors influence RNA folding, including
proteins, small molecules, salt, temperature, and pH. Human protein kinase PKR is a
component of the innate immune response, and is activated by long stretches of doublestranded RNA (dsRNA), but is inhibited by highly structured or short dsRNAs.
Activation of PKR often results in inhibition of protein synthesis. The types of RNAs
encountered by PKR in the cell are diverse in structure and function, including mRNA,
miRNA, tRNA, rRNA and viral RNAs. While PKR regulation by human cellular RNAs
has not been extensively studied, it is known that PKR is activated by viral dsRNA
genomes and long dsRNA replicative intermediates. The work presented in this thesis
focused primarily on trapping and characterizing a unique RNA fold and then examining
PKR regulation by that RNA.
Experiments were performed using a diverse collection of viral and cellular
RNAs, as well as model RNAs. Viral RNAs, including a small hairpin (TAR) from
human immunodeficiency virus type 1 (HIV-I) and various length sequences from
hepatitis delta virus (HDV), are single-stranded, but form complex secondary and/or
tertiary structures. Both TAR RNA and the ribozyme portion of HDV are reported herein
to form dimers and/or aggregates, which are found to be PKR activating species. Longer
HDV sequences, which are rod-shaped and do not include continuous double-stranded
RNA sequence greater than 20-bp, are still found to be potent PKR activators.
Cellular RNAs have not been extensively examined as PKR regulators. It was our
hyphothesis that most cellular RNAs have evolved defects to avoid activating or
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inhibiting PKR. We examined one cellular RNA, precursor miRNA 374a, which is
reported herein to be an inhibitor of PKR. Precursor miRNAs are ~70-nt and are very
structured with multiple bulges and mismatches. Removing defects and replacing them
with Watson-Crick GC base pairs improves the ability of partially truncated pre-miRNAs
to inhibit PKR. Another finding is that PKR activation at low pH is RNA-independent
and represents a novel PKR response. Surprisingly, partially truncated pre-miRNA
sequences were very potent inhibitors of RNA-independent activation of PKR at low pH,
while only a weak inhibitors at high pH.
Lastly, three separate studies were performed using model RNAs in an effort to
understand the effects of RNA helical defects and dimerization on PKR activation, as
well as to attempt to crystallize a minimal RNA binding register with p20 (dsRNA
binding domain of PKR). The first study examined the effects of RNA helical defect
position, size, and geometry on PKR activation. Positioning a bulge in the center of a
helix, increasing bulge size, and orienting RNAs in cis or trans geometry decreased PKR
activation relative to perfect double-stranded RNA. These results may be useful for
predicting PKR activators. The second study investigated PKR activation by ternary
complexes comprised of TAR dimers linked by base pairing to a bridging DNA oligo.
Although all attempts to design a PKR activating complex were unsuccessful, rationale
for designing complexes and native gel analyses are provided. Lastly, a third study
involved preparing a ternary complex comprised of p20/stem-loop RNAs/U1A for
crystallography. Preliminary gel-shift data and purification protocols are provided.
Overall, the work in this thesis provides guidelines for predicting the ability of an RNA to
activate or inhibit PKR.
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Chapter 1
Introduction

1.1 RNA structure and folding
A single strand of RNA can fold into alternative structures due to the presence of nonWatson-Crick motifs in RNA secondary and tertiary structures. Similar to DNA, RNA
base pairing includes Watson-Crick base pairs, but unlike DNA, RNA can form
numerous non-canonical base pair interactions, for which there are over 1400 annotated
examples from known structures (Nagaswamy et al., 2002). Two of the most common
non-canonical base pairs are A·C and G·U wobble pairs.Wobble pairs are shifted on the
Watson-Crick face and contain two hydrogen bonds. A comparison of A-U and G-C
Watson-Crick base pairs and A·C and G·U wobbles base pairs is provided in Figure 1.1.
AC wobble formation requires low pH for protonation of N1 of adenine, which typically
has a pKa of approximately 6 to 7(Connell & Yarus, 1994), while G·U wobbles form at
neutral pH. Both wobble base pairs will be examined in this thesis.
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Figure 1.1. Structures of Watson-Crick and wobble base pairs. (A) A-U and G-C
Watson-Crick base pairs and (B) A·C and G·U wobble base pairs.
Formation of RNA structure is thought to be largely hierarchical, where
preformed secondary structures interact to form complex tertiary structures (Brion &
Westhof, 1997; Li et al., 2008; Tinoco & Bustamante, 1999). RNA secondary and
tertiary structures form from a single strand, or when two or more strands of RNA
interact. Herein, RNAs are examined that are comprised of one, two, or multiple strands
of RNA. RNA secondary and tertiary structural elements include double-stranded RNA
(dsRNA), bulges, internal loops, and hairpins (stem-loop) (Fig. 1.2A). RNA bulges have
unpaired nucleotides on one strand of the helix, while internal loops contain symmetric or
asymmetric unpaired nucleotides on both strands of the helix. Hairpins consist of a
double-stranded stem and a loop. RNA tertiary structural elements include pseudoknots,
kissing hairpins, and 3-way junctions (Fig 1.2B). Pseudoknots are base pairs interrupted
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by a stem. Kissing hairpins form base pairs between the loops of two hairpins and 3-way
junctions are regions where two stems interact. All of these structural elements are
examined in this thesis.

In addition, the double-stranded helical characteristics of DNA

are different from that of RNA. dsDNA is B-form, with 10-bp per turn and major and
minor grooves of similar depth (Fig. 1.2C). On the other hand, dsRNA is A-form and is
more compact with 11-bp per turn. Also, A-form RNA contains a narrow and deep major
groove and shallow and wide minor groove.

Figure 1.2. RNA secondary and tertiary structures. (A) RNA secondary structures
include dsRNA (formed either between two strands or in a fold-back structure of a single
strand), bulges, internal loops and hairpins. (B) RNA tertiary structures form from
pseudoknots, kissing hairpins, and 3-way junctions. (C) Helical structure of B-form
DNA and A-form RNA (Reiter et al., 2008).
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Non-standard base pairs can stabilize RNA secondary and tertiary structures,
which then gives RNA its diverse structure and function (Hermann & Patel, 1999). Some
RNAs that exemplify this diversity include tRNAs, mRNA, miRNA, and rRNA, as well
as self-cleaving catalytic RNAs. These RNAs are single-stranded, but can form complex
secondary and tertiary structures capable of distinct functions. For example tRNAs
recognizes 3-nt codons and accurately incorporates amino acids in nascent peptide
chains; mRNA 5’-UTR structure can affect protein binding and directs transcription and
translation; primary miRNA transcripts are long, but are processed by multiple proteins
to produce miRNAs which regulate gene expression (Brennecke et al., 2005); and
ribosomal RNAs form large complexes with proteins, which then direct protein synthesis.
Lastly, catalytic RNAs (ribozymes) perform chemical reactions and are found in found in
a variety of RNAs including self-splicing Group I and Group II introns (Cech et al.,
1983), and viral hammerhead (Prody et al., 1986) and hepatitis delta virus (HDV) (Kuo et
al., 1988) ribozymes, both of which self-cleave during replication.

1.2 PKR structure and function
The double-stranded RNA activated protein kinase R (PKR) is 551 amino acids and
contains two domains: a double-stranded RNA binding domain (dsRBD) consisting of
tandem double-stranded RNA binding motifs (dsRBMs) and a kinase domain that is
comprised of a C-lobe and N-lobe (Fig. 1.3). PKR belongs to a family of stress response
proteins that phosphorylate eIF2α and also include the metabolite sensor GCN2, hemeregulated protein kinase HRI, and the unfolded protein-response regulator PERK (Dever,
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2002; Dever et al., 2007; Kitajewski et al., 1986; Samuel, 1993). PKR is the only
member involved in the innate immune response, which is not an acquired response as
with antibodies, but rather an initial response to infection. PKR has been reported to
have undergone rapid evolution, relative to other eIF2α kinases, to combat quickly
evolving viral protein pseudosubstrates (Elde et al., 2008; Heinicke, 2009; Rothenburg et
al., 2009).
Numerous structural studies have been performed on dsRBMs from numerous
proteins, as well as studies examining individual domains in PKR. Studies performed on
dsRBMs have been in the presence and absence of dsRNA and are reviewed in (FierroMonti & Mathews, 2000). Included in these studies is an NMR structure of the dsRBD
of PKR, referred to as p20 (Nanduri et al., 1998), and a crystal structure of the dsRBM
from Xenopus laevis RNA-binding protein A complexed with dsRNA (Ryter & Schultz,
1998) (Fig 1.3B). Consistent with other reported structures, p20 has a typical αβββα
topology and the two dsRBMs are connected with a flexible linker (VanOudenhove et al.,
2009).
Interactions between PKR and dsRNA have modeled using the crystal structure of
the dsRBM from RNA-binding protein A bound to dsRNA. In this structure, the dsRNA
has A-form geometry and protein amino acids interact non-sequence specifically with 2’hydroxyls in the minor groove and the phosphate backbone in the major groove. These
interactions allow PKR to discriminate between DNA duplexes and DNA-RNA hybrids,
for which PKR is known to not bind (Bevilacqua & Cech, 1996; Hung et al., 2003; Ryter
& Schultz, 1998). The number of dsRBMs in proteins varies between one and five and
this variation is believed to give the protein greater specificity and affinity for dsRNA. In
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PKR, dsRBM1 (located at the N-terminus) binds dsRNA more tightly than dsRBM2, but
both are required for optimal binding (Green et al., 1995; Schmedt et al., 1995).
In addition to an NMR structure of the PKR dsRBD, a crystal structure has been
determined of the PKR kinase domain bound to substrate eIF2α (Dar et al., 2005) (Fig.
1.3C). In this structure, the dimerized kinase domains are positioned in a back-to-back
orientation and include a phosphorylated Thr446 residue, which is required for catalytic
activity.

Figure 1.3. Structures of PKR. (A) PKR is comprised of tandem N-terminal dsRBMs
(dsRBD) and a C-terminal kinase domain. (B) PKR binding to dsRNA is modeled using
the crystal structure of the dsRBM2 from Xenopus laevis RNA-binding protein A bound
to dsRNA. 2’-hydroxyls in the minor groove are shown in red and phosphates in the
major groove are shown in green (modified from (Tian et al., 2004)). PDB accession
number 1DI2. (C) Crystal structure of PKR dimerized kinase domains, each domain
bound to one eIF2α (pink and purple) (modified from (Dar et al., 2005)). The orange
segment represents a region of non-conserved sequence between PKR and other kinases.
PDB accession number 2A1A.
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PKR can bind, but is inhibited by dsRNAs between 15- and 30-bp, and is
activated by dsRNA >30-bp (Bevilacqua & Cech, 1996; Zheng & Bevilacqua, 2004).
Long stretches of dsRNA, which are commonly found in viral replication intermediates,
facilitate optimal positioning of PKR dimers for autophosphorylation, which leads to
phosphorylation of substrate eIF2α and inhibition of protein synthesis (Fig 1.4).

Figure 1.4. PKR activation pathway. PKR is activated (autophosphorylated) in the
presence of viral dsRNA. Activated PKR then phosphorylates eIF-2α, which inhibits
translation, and ultimately prevents cell growth and viral replication.
In addition to dsRNA, PKR is also activated by polyanionic heparin (Hovanessian &
Galabru, 1987), ss-dsRNAs (Zheng & Bevilacqua, 2004), single-stranded RNAs with a
5’-triphosphate (Nallagatla et al., 2007), and RNA aptamers (Bevilacqua et al., 1998)
(Fig. 1.5). The mechanism of PKR binding and activation by these non-classical RNA
activators contrasts that of dsRNA, where PKR amino acid mutagenesis has revealed
dsRBD independent heparin binding domains (Fasciano et al., 2005) and the mechanism
of activation by RNAs with a 5’-triphosphate has been proposed to involve a PKR
phosphate binding pocket in the kinase domain.
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Figure 1.5. Structures of non-dsRNA activators of PKR. Structures of (A) heparin, (B)
ss-dsRNA, (C) ssRNA, and (D) RNA aptamer.
1.3 Structure and function of PKR regulators
PKR is activated by viral replication intermediates found in both RNA and DNA viruses,
where there is an abundance of long dsRNA. In addition to replication intermediates,
some viral genomes, including hepatitis C virus (HCV), contain highly structured singlestranded RNA segments capable of activating PKR (Shimoike et al., 2009) (Fig. 1.6A).
It has also been reported that a pseduoknotted human mRNA, IFN-γ-mRNA, can activate
PKR (Ben-Asouli et al., 2002; Cohen-Chalamish et al., 2009) (Fig. 1.6B). Specific
regions in these RNAs have been reported as PKR activating elements, including
domains III and IV in HCV IRES and the pseudoknot in IFN-γ mRNA.
PKR is inhibited by small, structured viral RNAs including HIV-1 TAR and
adenovirus VAI RNAs (Gunnery et al., 1990; Heinicke et al., 2009; Kitajewski et al.,
1986) (Fig. 1.6C and D). These RNA inhibitors bind to PKR, but are too short and/or
structured to bind PKR dimers in a productive manner for autophosphorylation and
activation. Thus, during viral replication, these RNA inhibitors are thought to sequester
PKR from activating viral replication intermediates.
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Figure 1.6. Structures of RNA regulators of PKR. Activators of PKR include (A) HCV
IRES and (B) human IFN-γ mRNA. Inhibitors of PKR include (C) HIV-1 TAR and (D)
adenovirus VAI RNAs.
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In addition to being activated by dsRNA, PKR is activated by wide range of
cellular proteins including innate immune response associated toll-like receptors (Goh et
al., 2000), growth receptors, and cytokines (Deb et al., 2001), and other cellular stress
signals, such as high levels of H2O2 (Garcia et al., 2006; Ito et al., 1999). Thus, PKR
regulation is not limited to dsRNA stimuli, but includes multiple complex pathways
involving numerous proteins which ultimately regulate cell growth, differentiation, and
apoptosis.

1.4 Methods used to analyze RNA structure and RNA-protein interactions
Following are brief overviews of methods used to analyze RNA structure and RNA-PKR
interactions and are further explained in Chapters 2 through 6. Many methods are
available for analyzing RNA structure and RNA-protein interactions. Four methods,
which proved quite useful throughout the duration of my graduate work, included native
PAGE analysis, PKR activation assays, enzymatic structure mapping, and analytical
ultracentrifugation (AUC).
Native PAGE is a non-denaturing technique used to separate RNAs based on size
and shape, and also used to analyze RNA-protein interactions. In contrast to the more
familiar denaturing PAGE, native PAGE contains no urea, and usually no salt, except in
some instances when proper folding of RNA requires salt. For RNA, shorter sequences
migrate faster than longer sequences, and bent RNAs have retarded gel mobility, while
compact tertiary structures tend to migrate faster. Native gels containing salt, specifically
Mg2+, promote RNA tertiary structure formation and increase RNA mobility. To detect
RNA-protein interactions, increasing protein concentrations are titrated into trace 5’-end
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labeled RNA, with limiting amounts of RNA. Binding constants and number of
complexes formed can be determined.
PKR activation assays are used to examine the ability of RNAs to function as
PKR activators or inhibitors. RNA activators are examined by combining RNA,
dephosphorylated PKR, salt, and radiolabeled ATP and incubation at 30 oC. Extent of
PKR phosphorylation is examined by exposing PKR on SDS-PAGE gels. RNA
inhibitors are examined in a similar manner, but contain two RNAs: an activator and
inhibitor. Increasing inhibitor RNA is titrated into reaction mixtures and ability to inhibit
PKR is examined.
Enzymatic structure mapping is used to analyze RNA structure and position of
protein binding. Ribonucleases, with high specificity, are used to cleave RNAs after
certain single-stranded or double-stranded bases and then RNAs are fractionated on
denaturing PAGE. Fractionation patterns are then used to predict RNA secondary
structure. RNA-protein interactions can also be detected using this technique by
performing RNA footprinting, where RNA mapping data with and without protein is
compared.
Lastly, AUC is a hydrodynamic technique used to determine macromolecular
mass, size, stoichiometries, and binding constants (Cole et al., 2008). Analyses are
performed by applying a centrifugal force to a buffered solution containing molecules of
interest, and allowing particles to sediment. Rate of sedimentation is dependent on the
size, where bigger particles sediment faster and have a higher sedimentation coefficient
(s), and particle complexes are non-additive. The sedimentation coefficient is
proportional to the particle’s sedimentation velocity (v) divided by the acceleration
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applied to the particle (ω2r), and this is equal to the effective (buoyant) mass of the
particle (Mb) divided by the frictional coefficient (f) (Equation 1) Units for
sedimentation are giving in Svedberg (S), where the Svedberg unit is defined as 10-13 sec.

s ≡ v/ω2r = Mb/f

Equation 1

We carried out these experiments in collaboration with Dr. James Cole of The University
of Connecticut. Sedimentation velocity experiments were performed to examine RNA
monomer and dimer homogeneity, as well as RNA-PKR binding constants.

1.5 Thesis objectives
The goal of my graduate work was to provide a more systematic approach for
characterization of RNA activators and inhibitors of PKR. This was accomplished using
RNAs with diverse structures and functions, including viral, cellular, and model RNAs.
Chapters 2, 3, and 6.1 describe experiments that probe the structure of viral RNAs
from human immunodeficiency virus, type 1 (HIV-1) and hepatitis delta virus (HDV), as
well as their ability to regulate PKR. In Chapter 2, we report HIV-1 TAR RNA
dimerization promotes PKR dimerization and activation. We describe a novel approach
used to gently isolate highly pure dimer RNAs from native gels. Using various assays,
including native gel mobility analysis, PKR activation assays, AUC, and enzymatic
structure mapping, we assign hairpin RNA monomers as inhibitors and RNA dimers as
activators of PKR. In Chapter 3 and 6.1, we describe PKR activation by HDV sequences
of various lengths. The focus in Chapter 3 is the regulation of PKR by the ~84-nt HDV
ribozyme. Consistent with observations made in Chapter 2, dimeric and aggregate HDV
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ribozyme sequences are found to activate PKR, while highly globular monomer
sequences do not. Lastly, Chapter 6.1 focuses on PKR regulation by HDV containing
upstream and/or downstream sequence of the ribozyme.
In Chapter 4, experiments were performed to examine PKR inhibition by human
precursor miRNA 374a, as well the effect of decreased pH on RNA-independent PKR
activation. Precursor miRNAs (pre-miRNA) contain numerous bulges and mismatches.
We chose to examine PKR inhibition by a precursor miRNA which had the two most
common defects found in miRNAs, an AC mismatch and two GU wobbles. In most
cases, pre-miRNA variants designed with fewer secondary structure defects were more
potent inhibitors than wild-type. In addition, a novel mechanism of low pH RNAindependent PKR activation is reported. At low pH, PKR was strongly inhibited by wildtype pre-miRNA, but at physiological pH, PKR was only weakly inhibited.
Chapters 5, 6.2, and 6.3 examine PKR binding and/or activation by minimal
model RNA sequences. In Chapter 5, the effects of RNA helical defect position, size, and
geometry are investigated in a minimal PKR activator. Positioning a bulge in the center
of a helix or increasing bulge size was found to decreases PKR activation, relative to
perfect dsRNA. Also, orienting bulges in cis or trans geometry decrease PKR activation,
with trans geometry having the largest effect. In Chapter 6.2, ternary complexes were
designed having two TAR molecules with extension sequences connected by a bridging
DNA oligo for PKR activation assays. This approach to form TAR dimers was
performed in parallel with the native gel isolation approach used in Chapter 2. However,
the ternary complex approach failed to produce a TAR dimer capable of activating PKR;
nonetheless, design approaches and native gel analyses are included in this thesis for
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future studies. In Chapter 6.3, ternary complexes of p20/stem-loop RNAs/U1A were
designed for crystallography. Stoichiometries between proteins and RNAs were
determined using native gel mobility analyses. Although crystallization of the ternary
complex was never attempted due to protein precipitation, this chapter provides details on
complex design and large scale RNA and protein purification protocols.
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Chapter 2
RNA Dimerization Promotes PKR Dimerization and Activation
[Published, in part, as a paper entitled “RNA Dimerization Promotes PKR Dimerization
and Activation” by Laurie A. Heinicke, C. Jason Wong, Jeffrey Lary, Subba Rao
Nallagatla, Amy Diegelman-Parente, Xiaofeng Zheng, James L. Cole, and Philip C.
Bevilacqua in J. Mol. Biol. 2009 390: 319-38.]

2.1 Abstract
The double-stranded RNA (dsRNA)-activated protein kinase [protein kinase R (PKR)]
plays a major role in the innate immune response in humans. PKR binds dsRNA nonsequence specifically and requires a minimum of 15-bp dsRNA for one protein to bind
and 30-bp dsRNA to induce protein dimerization and activation by autophosphorylation.
PKR phosphorylates eukaryotic initiation factor 2α, a translation initiation factor,
resulting in the inhibition of protein synthesis. We investigated the mechanism of PKR
activation by an RNA hairpin with a number of base pairs intermediate between these 15to 30-bp limits: human immunodeficiency virus type 1 transactivation-responsive region
(TAR) RNA, a 23-bp hairpin with three bulges that is known to dimerize. TAR
monomers and dimers were isolated from native gels and assayed for RNA and protein
dimerization to test whether RNA dimerization affects PKR dimerization and activation.
To modulate the extent of dimerization, we included TAR mutants with different
secondary features. Native gel mixing experiments and analytical ultracentrifugation
indicate that TAR monomers bind one PKR monomer and that TAR dimers bind two or
three PKRs, demonstrating that RNA dimerization drives the binding of multiple PKR
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molecules. Consistent with functional dimerization of PKR, TAR dimers activated PKR
while TAR monomers did not, and RNA dimers with fewer asymmetrical secondarystructure defects, as determined by enzymatic structure mapping, were more potent
activators. Thus, the secondary-structure defects in the TAR RNA stem function as
antideterminants to PKR binding and activation. Our studies support that dimerization of
a 15- to 30-bp hairpin RNA, which effectively doubles its length, is a key step in driving
activation of PKR and provide a model for how RNA folding can be related to human
disease.

2.2 Introduction
The double-stranded RNA (dsRNA) activated protein kinase, PKR, is induced by
interferon and plays a pivotal role in the innate immunity response to viral infection. The
importance of this antiviral pathway is highlighted by the diverse mechanisms that
viruses have evolved to combat PKR (Katze et al., 2002; Langland et al., 2006;
Rothenburg et al., 2009). The enzyme is synthesized in a latent state, but upon binding
dsRNA PKR undergoes autophosphorylation at multiple serine and threonine residues
resulting in activation. The best-characterized cellular substrate of PKR is the alpha
subunit of initiation factor eIF2. Phosphorylation of eIF2α inhibits the initiation of
translation. Thus, production of dsRNA that occurs during viral infection results in PKR
activation and subsequent inhibition of viral protein synthesis (Weber et al., 2006).
PKR contains an N-terminal double-stranded RNA binding domain (dsRBD) and
a C-terminal kinase domain. The dsRBD consists of two tandem copies of the ~70
amino-acid dsRNA binding motif. In the NMR structure of the PKR dsRBD, each motif
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has the canonical αβββα fold (Nanduri et al., 1998). A crystal structure of a complex of
the PKR kinase domain and eIF2α has also been reported (Dar et al., 2005). The catalytic
domain adopts a bilobal structure typical of protein kinases and forms a dimer mediated
by interactions between residues within the C-terminal lobes. Helix αC comprises a
portion of the dimer interface and may allosterically link dimerization with enzymatic
activation and substrate recognition. PKR contains a large (~90 residue) region between
the dsRBD and kinase that appears unstructured by NMR (McKenna et al., 2007a), and
small angle scattering measurements indicate that the enzyme is flexible in solution and
adopts multiple conformations (VanOudenhove et al., 2009).
It has long been recognized that PKR is capable of dimerizing, and several lines
of evidence support a key role for dimerization in the activation of PKR by dsRNA (Cole,
2007). A defining feature of PKR is the “bell-shaped” curve for activation, where low
concentrations of dsRNA activate but higher concentrations are inhibitory (Manche et al.,
1992; Minks et al., 1979). These data have generally been interpreted to indicate that low
concentrations of dsRNA drive assembly of PKR dimers on a single dsRNA whereas
higher dsRNA concentrations dilute PKR monomers onto separate molecules of dsRNA
(Kostura & Mathews, 1989). Although PKR can bind to dsRNAs as short as 15-bp
(Bevilacqua & Cech, 1996; Schmedt et al., 1995; Ucci et al., 2007), a minimum of 30-bp
is required for activation (Manche et al., 1992). The ability of dsRNAs to function as
PKR activators is correlated with binding of two or more PKR monomers (Lemaire et al.,
2008), supporting a model where the role of the dsRNA is to bring two or more PKR
monomers in close proximity to enhance dimerization via the kinase domain. PKR alone
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exists in a weak monomer-dimer equilibrium and dimerization of PKR in the absence of
dsRNA is sufficient to activate PKR (Lemaire et al., 2005).
PKR is regulated by a variety of RNAs, but the structural features that distinguish
activators of PKR from those that fail to activate are not yet well understood.
Incorporation of GI mismatches in the context of poly(rI)-poly(rC) homopolymeric
dsRNA blocks PKR activation (Minks et al., 1979), while G•U wobble pairs also inhibit
dsRNA-mediated activation (Nallagatla & Bevilacqua, 2008). At the same time, not all
non-Watson-Crick motifs interfere with PKR activation; for instance, PKR binds to and
is activated by RNAs containing tandem AG mismatches and noncontiguous helices,
provided the RNA adopts an overall A-form geometry (Bevilacqua et al., 1998), bulges
do not interfere with activation by PKR aptamers (Zheng & Bevilacqua, 2004), and
certain pseudoknotted RNAs can activate PKR (Ben-Asouli et al., 2002).
The human immunodeficiency virus type 1 (HIV-1) transactivation-responsive
region (TAR) RNA consists of a stem-loop interrupted by three bulges and has served as
a model system to investigate regulation of PKR by complex RNAs (Carpick et al., 1997;
Edery et al., 1989; Gunnery et al., 1992; Gunnery et al., 1990; Maitra et al., 1994;
McKenna et al., 2006; Nekhai et al., 1996; SenGupta et al., 1990; SenGupta &
Silverman, 1989; Spanggord et al., 2002). The HIV Tat protein specifically recognizes
the trinucleotide bulge in TAR (Puglisi et al., 1992). Although the interaction of PKR
with TAR has been extensively studied, the PKR binding and activation properties of
TAR have not yet been clearly defined. The TAR RNA hairpin is known to dimerize
(Andersen et al., 2004), which complicates analysis of protein-RNA interactions. In the
present study, we have developed methods to prepare homogeneous TAR RNA monomer
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and dimer and characterized their secondary structures and their ability to bind and
activate PKR using a combination of enzymatic structure mapping, autophosphorylation
assays, gel mobility shift measurements, and analytical ultracentrifugation. Our results
indicate that TAR RNA dimerization leads to a greatly enhanced ability to activate PKR,
and that the secondary structure defects in TAR function as antideterminants of PKR
binding.

2.3 Materials and Methods
2.3.1 Protein expression and purification
Full-length PKR containing an N-terminal (His)6 tag was cloned into pET-28a (Novagen,
Inc.) and transformed into Escherichia coli BL21(DE3) Rosetta cells (Novagen, Inc.), as
previously described (Bevilacqua & Cech, 1996; Nallagatla et al., 2007; Zheng &
Bevilacqua, 2004). Briefly, cells were sonicated and the protein was purified by a Ni2+agarose column (Qiagen, Inc.). Isolated protein was treated with either λ-PPase (NEB) or
a glutathione S-transferase (GST)–λ-PPase fusion before PKR activation assays. For
treatment with GST–λ-PPase, an additional glutathione column was run to isolate PKR
from GST–λ-PPase. Then, PKR was dialyzed into storage buffer: 10 mM Tris (pH 7.6),
50 mM KCl, 2 mM MgOAc, 10% glycerol, and 7 mM β-mercaptoethanol. For the AUC
experiments, an untagged, full-length PKR construct was expressed and purified as
previously described (Lemaire et al., 2005).
We also prepared p20, a truncated version of PKR that contains residues 1–184
and has an N–terminal (His)6 tag. The (His)6 tag has been shown to not interfere with
binding to RNA (Bevilacqua & Cech, 1996). Wild-type and mutant p20s were cloned
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into the vector pET14b (Novagen, Inc.), transformed into E. coli BL21(DE3)pLysS cells,
and overexpressed and purified as described previously (Bevilacqua & Cech, 1996).
The fusion proteins p20–VP16 and VP16–p20 were cloned into pET-28a between
NdeI and BamHI restriction sites, which resulted in an alanine–serine spacer between the
two domains. Fusion proteins were generated by PCR amplification of the p20 and VP16
domains (Fang & Cech, 1993; Sadowski et al., 1988) (VP16 plasmid was a gift from B.
F. Pugh, Penn State University).

2.3.2 RNA preparation and purification
Most RNAs were prepared by transcription from a hemiduplex template by T7 RNA
polymerase (Milligan & Uhlenbeck, 1989). A dangling G was added to the 5′-end of
shTARs to aid T7 transcription. The scTAR variant was prepared by solid-phase
synthesis (Dharmacon, Inc.). All RNAs were purified by denaturing 10% PAGE and the
band corresponding to full-length transcript was cut out and soaked overnight at 4 °C in
1x TEN250 [10mM Tris (pH 7.5), 1 mM EDTA, and 250 mM NaCl]. Subsequently, RNAs
were ethanol precipitated and resuspended in water or 1x TE [10 mM Tris (pH 7.5) and 1
mM EDTA]. Concentrations were determined spectrophotometrically. 5′-end-labeled
RNAs were prepared by treating them with calf intestinal phosphatase, followed by
polynucleotide kinase treatment in the presence of [γ-32P]ATP.

2.3.3 Native gel analysis
Native gels were used to analyze the monomeric and dimeric nature of the RNA and
contained 10% of 29:1 cross-linking polyacrylamide. The buffer both in the gel and for
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electrophoresis was 0.5x TBE. Native gels were pre-run at 300 V and 16 °C for 45 min
prior to loading samples. In general, samples were fractionated for ~2 h.
Prior to loading onto a native gel, trace amounts (~1 nM) of 5′-end-labeled RNA
was added to 0.2 to 50 µM unlabeled RNA and renatured in 1x TE, 1x TEK100 [10 mM
Tris (pH 7.5), 1 mM EDTA, and 100 mM KCl], or 1x TEK500 by incubating at 90 °C for
3 min. This sample was then treated in one of three ways: snap cooling on ice, incubating
at room temperature for 10 min, or incubating at 55 °C for 10 min. In some instances,
after incubating at 90 °C and room temperature, MgCl2 was added to a final
concentration of 4 mM and the solution was heated to 55 °C for an additional 10 min,
followed by another incubation at room temperature for 10 min. In the case of scTAR
dimer renaturation, 20 µM RNA in 3.2 M NaCl was heated to 98 °C for 5 min and then
slow cooled to ~40 °C over 1.5 h. Native gels were run in both analytical and preparative
formats. Analytical gels were exposed to a storage screen for 16 h and analyzed on a
Phosphor-Imager (Molecular Dynamics). Preparative gels were examined by UV
shadowing, and bands of interest were isolated as described in the next subsection.

2.3.4 Purification of RNA from native gels
Native gels were used to purify monomeric, dimeric, and multimeric RNAs. In general,
50 or 100 µM RNA in 1x TEK100 was renatured in the presence or absence of
radiolabeled RNA by incubating at 90 °C for 3 min, followed by incubating at room
temperature for 10 min. Next, 5–8% glycerol was added to the RNA and it was
fractionated on a native gel for 2 h. Monomer, dimer, and multimer RNA bands were
visualized by UV shadowing and excised with a razor blade. Isolated variants were
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crushed and soaked overnight in 1x TEN250 at 4 °C. RNAs resuspended in 1x TE or water
and stored at −20 °C. All radiolabeled samples were rerun on an analytical native gel to
verify the integrity of monomer, dimer, and multimer.

2.3.5 Mobility-shift assays
Native gel mobility-shift analyses were performed using limiting concentrations of
radiolabeled RNA, as described previously (Bevilacqua & Cech, 1996; Zheng &
Bevilacqua, 2000). Binding reactions were allowed to equilibrate at room temperature for
at least 10 min and then loaded on a 10% 79:1 cross-linking polyacrylamide native gel in
0.5x TBE. Longer incubation times did not change binding, indicating that equilibrium
had been achieved. Electrophoresis was at 19 V/cm for 3–5 h, and temperature was
maintained near 4 °C with a circulating system. Relative amounts of free and bound RNA
were determined using a PhosphorImager (Molecular Dynamics). Each experiment was
repeated 2 or more times and was reproducible.

2.3.6 PKR activation assays
Most RNAs were tested for their ability to activate PKR. Prior to activation assays, PKR
was dephosphorylated by treatment with λ-PPase for 1 h at 30 °C and then inhibited with
2 mM sodium orthovanadate. In some cases, PKR was pretreated with GST–λ-PPase.
The λ-PPase-treated PKR (0.1 to 5 µM) was incubated with various concentrations of
RNA, 20 mM Hepes (pH 7.5), 4 mM MgCl2, 50 mM KCl, 1.5 mM DTT, 100 µM ATP
(Ambion), and 15 µCi [γ-32P]ATP. RNA monomers were renatured at
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90 °C for 3 min to help remove any dimer, and final concentrations of RNA did not
exceed 1.2 µM due to the increased likelihood of introducing small amounts of dimer into
renatured monomer samples. Reaction mixtures were incubated at 30 °C for 10 min,
quenched with 1x SDS loading buffer, and loaded on 10% SDS-PAGE (Pierce). This
time point was chosen because it is in the approach of kinetics to the plateau region
(Nallagatla et al., 2007). Gels were exposed to a storage PhosphorImager screen, and
intensities of PKR bands were quantified using a Phosphor-Imager (Molecular
Dynamics). In activation assay gels, a no-RNA lane is provided and phosphorylation
activities are normalized to 0.01 µM 79 bp dsRNA.

2.3.7 Enzymatic structure mapping of RNA
Prior to all structure mapping, 5′-end-labeled RNA was renatured with 1000-fold excess
unlabeled RNA (50 µM) and isolated and purified from a native gel. This was done so
that the same amount of ribonuclease could be used for both monomeric and dimeric
RNAs. RNA monomers were renatured at 3 µM in water by incubating at 90 °C for 3 min
to help remove any dimer, while dimer samples were not renatured. Final concentrations
of monomer and dimer for both native and denaturing structure mapping reactions were
0.5 and 0.25 µM, respectively, to give the same total concentration of nucleotides.
Ribonuclease concentrations were 1 ng/mL RNase A, 0.001 U/µL RNase T1, 5x 10-5
U/µL RNase T2, and 0.001 U/µL RNase V1. Higher concentrations of ribonucleases were
tested but resulted in nonspecific cleavage. Ribonucleases were diluted into 10 mM Tris
(pH 8.0), 10% glycerol, and 1 mM DTT, as needed. Native RNA cleavage reactions were
performed in 10 mM Hepes (pH 6.5), 25 mM KCl, and 5 mM MgCl2 at 37 °C for 15–30
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min. Denaturing reactions were 0.1 U/µL T1, 4.7 M urea, 14 mM sodium citrate (pH 3.5),
and 0.7 mM EDTA at 50 °C for 30 min, and hydrolysis reactions were 50 mM
Na2CO3/NaHCO3 (pH 9.0) and 1 mM EDTA at 90 °C for 4 min. Fractionated samples
were loaded onto 12% PAGE/1x TBE/8.3 M urea denaturing gel.

2.3.8 Analytical ultracentrifugation
Sedimentation velocity analysis of protein–RNA binding was carried out at 20 °C and
40,000 RPM in a buffer containing 20 mM Hepes (pH 7.5), 200 mM NaCl, 0.1 mM
EDTA, and 0.1 mM TCEP (AU200) as previously described (Lemaire et al., 2008). It
was not possible to perform AUC analysis of PKR–TAR interactions in the lower-salt
buffer used for the activity assays due to the formation of aggregates under these
conditions. Initial analysis was performed using the time derivative method (Stafford,
1992) with DCDT+ (Bevilacqua & Cech, 1996) to obtain g(s*) distributions.
Distributions were normalized by area (absorbance) for presentation. Multiple data sets
were globally fit to association models using SEDANAL (Stafford & Sherwood, 2004).
Joint confidence intervals were obtained using the F statistic to define a statistically
significant increase in the variance upon adjusting each parameter from its best-fit value.

2.4 Results
2.4.1 Optimization of RNA monomer and dimer formation
In order to define the contribution of TAR RNA dimerization to PKR binding and
activation, we prepared a series of TAR-related variant RNAs that could dimerize to
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differing extents, optimized conditions for monomer and dimer formation, and purified
monomer and dimer species on a native gel. Similar approaches were used in an
unrelated study by Chen et al. to investigate the role of pRNA in DNA translocation
machinery (Chen et al., 2000). A prior study by Andersen et al. investigated the extent to
which various mutants of TAR dimerize, some of which are shown in Figure 2.1A
(Andersen et al., 2004). They reported that in the presence of HIV-1 nucleocapsid (NC)
protein, the A34U single mutant forms only monomer, TARwt forms appreciable dimer,
and the A34U:U37A double mutant forms mostly dimer. Using these observations, we
prepared TAR variants on the basis of their potential to dimerize. These RNAs included
TARwt, the single mutants A34U and U37A, the double mutant A34U:U37A, and an
equimolar mixture of the A34U and U37A single mutants, denoted ‘[A34U + U37A]’,
which is predicted to form a stable dimer.
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Figure 2.1. TAR variants used in this study. (A) Secondary structure for TARwt, with
changes (boxed) used to make the single mutants A34U and U37A, and the double
mutant A34U:U37A. Also shown are truncations at the base of the stem present in the
three shortened hairpin TARs: shTAR51, shTAR47, and shTAR43, which remove 3, 5,
and 7 base pairs, respectively. A34U can dimerize with U37A (denoted
‘[A34U + U37A]’), while alone each forms a stable monomer; A34U:U37A forms a selfcomplementary dimer. (B) Secondary structure for self-complementary TAR (scTAR).
This variant deletes the three bulges present in TAR, while retaining the two GU wobbles
at positions 6 and 9; in addition, it is mutated on the 3’-side of its loop to add perfect selfcomplementarity. Also shown are changes used to make perfectly self-complementary
TAR (pscTAR), in which the two GU wobbles are converted to Watson-Crick GC base
pairs.
Large quantities of TAR monomer and dimer were required for the various native
gel, activation, AUC, and structure mapping assays. We therefore screened conditions for
RNA monomer and dimer formation of these TAR variants using native PAGE (Fig.
2.2A). Wild-type, A34U, and A34U:U37A TAR variants at 3 µM concentrations with
trace 5’-end radiolabeled RNA were treated according to several different renaturation
and under various salt conditions. Following renaturation, these RNAs were fractionated
on a 0.5x TBE native gel to determine the extent of monomer and dimer formation. Three
bands were observed and tentatively assigned as monomer, dimer, and multimer (Fig.
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2.2A); their identities were later confirmed by AUC and structure mapping (see below).
When renatured at 3 µM in 1x TEK100, TARwt formed a small amount dimer (~2%),
A34U formed no observable dimer, while A34U:U37A formed the most dimer (up to
~30%) (Fig. 2.2A). These trends parallel those reported by Andersen et al. (Andersen et
al., 2004). It is also clear from both TARwt and A34U:U37A samples that either 100 mM
KCl or a mixture of 100 mM KCl and 4 mM MgCl2 favors dimer formation. In addition,
the presence of Mg2+ significantly reduces the formation of the species that migrates
slower than dimer, collectively referred to herein as ‘multimer’.
Next, conditions for RNA dimer formation were optimized (Fig. 2.2B). We chose
A34U:U37A for optimization of dimer formation because it showed optimal dimerization
in the initial screens (Fig. 2.2A). The extent of dimerization was tested at 3 and 50 µM
RNA in 1x TE and a background of 0, 100, and 500 mM KCl. Dimer formation was
promoted by higher RNA concentration and the presence of salt. At 3 µM A34U:U37A,
almost no dimer was detected for 1x TE, while ~25% dimer was observed in 1x TEK100
and 1x TEK500. Upon increasing the RNA concentration to 50 µM, the extent of dimer
improved for all salt concentrations, with 1x TEK100 and 1x TEK500 giving optimal RNA
dimer formation near ~60%. Varying sample cooling conditions did not significantly
affect dimer to monomer ratios. We therefore chose to perform subsequent TAR dimer
renaturations at 50 or 100 µM RNA in 1x TEK100 with cooling condition 2 (see Fig. 2.2B
caption).

28

Figure 2.2. Optimization of TAR monomer and dimer formation on native gels. (A)
TARwt, A34U, and A34U:U37A variants dimerize to different extents under the same
renaturation conditions. 3 µM RNA was renatured in 1x TE and 1x TEK100 by incubating
at 90 oC for 3 min, room temperature for 10 min, and 55 oC for 10 min. The sample was
then either cooled at room temperature for 10 min (cooling condition 1) or on ice for 10
min (cooling condition 2). In the third set of salt conditions, MgCl2 was added to 4 mM
in the 1x TEK100 samples, prior to the 55 oC step. Gel loading buffer contained 10 mM
NaCl and 5% glycerol (B) Optimizing dimer formation in the A34U:U37A variant. 50 or
3 µM A34U:U37A was renatured in 1x TE, 1x TEK100, or 1x TEK500 by heating to 90 oC
for 3 min, followed by one of three cooling conditions: 1) room temperature for 10 min,
2) ice for 10 min, or 3) 55 oC for 10 min followed by room temperature for 10 min. The
presence of salt and high RNA concentration drives dimer formation. All gels shown are
10% polyacrylamide native gels (0.5xTBE) fractionated for ~2 h at 16 oC. The percent of
strands in dimer is provided below the gel.
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2.4.2 Purification of RNA monomers and dimers from native gels
Once variants and experimental conditions for RNA monomer and dimer formation had
been identified and optimized, RNA monomer and dimer species were purified from
native gels. The monomer, dimer, and multimer species from A34U:U37A containing
trace 5’-end radiolabeled RNA were isolated from native gels by UV shadowing. RNA
was eluted from gel slices into 1x TEN250, ethanol precipitated, and resuspended in 1x
TE. The purified monomer, dimer, and multimers were re-fractionated on a second native
PAGE gel to check whether they retained their identity (Fig. 2.3). We observed that
monomer and dimer species were largely unaffected by purification (Fig. 2.3A, lanes 1
and 2), suggesting that they are kinetically stable under the conditions tested. The
multimer species, however, largely migrated with the dimer upon purification (Fig. 2.3A,
compare lanes 3 and 2), suggesting that it is less stable. Next, the A34U:U37A native-gel
purified monomer, dimer, and multimer species were diluted 1:100 and fractionated on a
second native gel. Dilution did not affect the stability of monomer or dimer (Fig. 2.3A,
compare lanes 4-6 with lanes 1-3). These observations support the conclusion that the
dimer species is kinetically trapped.
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Figure 2.3. Analysis of native-gel-purified RNAs. The form in which the band was
isolated is provided following ‘Isolated as:’. (A) Analysis of native-gel-purified
A34U:U37A. Purification and dilution do not affect the integrity of A34U:U37A
monomer (M) (lanes 1 and 4) or dimer (D) (lanes 2 and 5), but the multimer (Mult) is
converted mostly to dimer (lanes 3 and 6). (B) Analysis of native-gel-purified TARwt
and A34U:U37A. Occasionally, bands isolated as monomer contained one or more trace
dimer bands when re-fractionated (lanes 1 and 4), but this could be removed by further
renaturing these samples (incubating at 90 °C for 3 min/room temperature 10 min) in 1×
TE at concentrations of 1–3 µM (denoted ‘M+r’)(lanes 2 and 5). In addition, migration of
TARwt dimer is slower than that of A34U:U37A dimer (lanes 3 and 6). Analysis of
native-gel-purified single mutants is provided in Appendix A, Supplementary Fig. 1. All
gels are 10% polyacrylamide native gels (0.5× TBE) fractionated for ~2 h at 16 °C. The
percentage of strands in dimer is provided below the gel.
Because PKR can potentially be activated by even small amounts of TAR RNA
dimer, as discussed above, we examined whether the monomer lanes contained trace
amounts of dimer. As shown in Fig. 2.3B, lanes 1 and 4, the TARwt and A34U:U37A
monomer lanes contained 2.6% and 2.1% dimer. In an effort to remove trace dimer, the
RNA was renatured at lower concentrations (1-3 µM) in 1x TE. These treatments
removed most dimer as confirmed by native PAGE (Fig. 2.3B, compare lanes 1 and 2, as
well as lanes 4 and 5). Unexpectedly, U37A and especially A34U monomer-isolated

31
samples also contained dimer after purification from native gels (Appendix A,
Supplementary Fig. 2.1A, lanes 1 and 2). The A34U and U37A isolated from native gels
as monomers were therefore diluted and renatured and then fractionated on a native gel,
as described for TARwt and A34U:U37A. This dilution-renaturation treatment was even
more effective for A34U and U37A than for TARwt and A34U:U37A, as no dimer was
detectable for the single mutants (Appendix A, Supplementary Fig. 2.1B, lanes 1 and 2
shown). This is consistent with the documented monomeric behavior of A34U (Andersen
et al., 2004) (Fig. 2.2A) and the expected behavior of U37A. On the basis of these
findings, all RNA desired to be monomeric was renatured at 3 µM or less in 1x TE at 90
o

C prior to any given experiment.
Lastly, it can be noted that isolated dimers contained at most 5% monomer (Fig.

2.3 and Appendix A, Supplementary Fig. 2.1). This small amount of monomer is not
expected to significantly interfere with activation assays because monomer is a (modest)
inhibitor (see below); therefore further purification of the dimer was not pursued. In
summary, screening of TAR variants and optimization of solution and renaturation
conditions allowed preparation of RNA bands that are highly purified in monomer or
dimer species.

2.4.3 PKR activation assays using RNA monomers and dimers
As described above, native gel assays were developed that allowed TAR RNA monomers
and dimers to be isolated with high purity. Next, we wanted to test how these species
function in PKR activation assays. PKR activation assays were therefore performed on
native gel-purified RNA monomer and dimers (Fig. 2.4). Prior to activation assays,
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analytical quantities of monomer and native gel-purified dimer species were analyzed on
native gels to examine whether freeze-thaw handling affected the integrity of monomer or
dimer. We observed that both monomers and dimers retained their expected form (Fig.
2.3 and Appendix A, Supplementary Fig. 2.1).
PKR activation and inhibition assays performed in the presence of monomer and
dimer species from different TAR variants are provided in Figure 2.4. PKR is present at 5
µM in TARwt activation assays and at 0.8 µM for all other activation assays. Differences
in optimal protein concentration are attributed to variations in RNA secondary structures
as probed using native gel migration and structure mapping (see below). Increasing the
concentration of PKR increased background activation in the no-RNA lane (Fig. 2.4A),
which was expected on the basis of the ability of PKR to dimerize in an RNAindependent fashion and self-phosphorylate (Lemaire et al., 2005). With this background
corrected, at an RNA concentration of 0.5 µM, activation of PKR by TARwt dimer was
much higher (at least 23-fold) than by TARwt monomer, which was barely above, or
equivalent to, background. Moreover, activation by TAR dimer was only slightly less
potent than by 79 bp dsRNA, albeit at a higher concentration of RNA (Fig. 2.4A).
Next, we examined activation of PKR in the presence of monomer and dimer
RNA from single and double mutant TAR RNAs. In these assays, PKR is present at a
lower concentration of 0.8 µM, where reasonable activation could be obtained. Activation
by A34U:U37A dimer at 0.05 µM RNA was 17-fold higher than by A34U:U37A
monomer RNA (Fig. 2.4B). A decrease in fold-activation with increasing RNA
concentration was observed (down to 6-fold) (Fig. 2.4b), but is due to an increase in
activation by the RNA prepared as monomer, probably because A34U:U37A can slightly
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dimerize at these higher RNA concentrations (Fig. 2.3B, lane 5). Likewise, activation by
the [A34U + U37A] dimer was much greater than by A34U or U37A monomer (Fig.
2.4C). Thus, the data in Figure 2.4A-C show that RNA dimer is a strong activator of
PKR, and provide no support for RNA monomer being an activator.
Lastly, the ability of TARwt monomer and dimer to inhibit PKR was tested using
a background of 0.01 µM 79 bp RNA (a potent activator of PKR) and 0.1 µM PKR (Fig.
2.4D). The concentration of RNA monomer and dimer ranged from 0.01 µM (the same as
79 bp) to 1.2 µM. We observed ~1.5-fold inhibition at 1.2 µM monomer and ~2-fold
inhibition at 1.2 µM by dimer. Consistent with this behavior, TARwt dimer has
approximately twice the number of base pairs as monomer. In addition, the dependence
of PKR activation on TARwt dimer is bell-shaped, also consistent with high
concentrations of TARwt being an inhibitor (Appendix A, Supplementary Fig. 2.2).
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Figure 2.4. RNA hairpin dimerization promotes PKR activation. Activation and
inhibition assays (10% SDS-PAGE) were performed at various concentrations of PKR, as
indicated to the right of each gel. (A) Activation assays with native gel-purified TARwt
monomer and dimer in the presence of 5 µM PKR. Higher PKR concentration (5 µM)
promotes activation by TARwt dimer, with just weak activation by monomer. (B)
Activation assays with native gel-purified A34U:U37A monomer and dimer in the
presence of 0.8 µM PKR. (C) Activation assays with native gel-purified A34U
monomer, U37A monomer, and [A34U + U37A] dimer in the presence of 0.8 µM PKR.
For both panels (B) and (C), lower PKR concentration (0.8 µM) achieves activation by
dimer with (at most) weak activation by monomer. (D) Inhibition assay with native gelpurified TARwt TAR monomer and dimer. All lanes have 0.1 µM PKR and 0.01 µM 79
bp dsRNA, which is a potent activator of PKR. Increasing the concentration of TARwt
monomer from 0.01 to 1.2 µM inhibits activation ~1.5-fold, while the same increases in
wtTAR dimer concentration inhibits activation ~2-fold. For all panels, a no-RNA lane (-)
is provided, and phosphorylation activities are normalized to 0.01 µM 79 bp RNA. In
order to provide RNA-dependent activation values, the no-RNA lane was subtracted from
each lane. These background-subtracted values are provided, as are RNA-dependent
fold-effects for dimer over monomer (panels A and B) or for inhibition relative to 79 bp
RNA (panel D).
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2.4.4 Stoichiometry between p20 and RNA: Native gel analysis
As described in the previous section, native gel-purified dimer RNAs activate PKR while
monomers do not. One possibility is that there is a correlation between RNA dimerization
and PKR dimerization. The stoichiometry between RNA and PKR was explored by
native gel analysis (this section) and analytical ultracentrifugation (AUC) (next section).
To test whether one protein binds to a TAR monomer, we performed mobilityshift assays with p20 and a fusion protein of p20, p20-VP16, where VP16 is the ~80
amino acid activation domain from herpes simplex virus type 1 (Fang & Cech, 1993).
The p20-VP16 has a retarded electrophoretic mobility relative to p20. Four conditions
were analyzed in the native gel: TAR alone, TAR + p20, TAR + p20 + p20-VP16, and
TAR + p20-VP16 (Fig. 2.5A). The TAR RNA is 5’-end labeled and present in trace
amounts, while p20 and p20-VP16 are present at 1 and 4 µM concentrations,
respectively. Also, the TAR RNA was renatured prior to electrophoresis to form
monomer. As shown in Figure 2.5A, lane 1, free TAR RNA migrates as a single band,
consistent with a single species, and shifts to an electrophoretically distinct species when
incubated with p20 or p20-VP16 (Fig. 2.5A, lanes 2 and 4) consistent with a single
favored complex. When TAR, p20, and p20-VP16 are mixed, bands are observed that comigrate with TAR•p20 and TAR•p20-VP16 with no intermediate bands (Fig. 2.5a, lanes
3), suggesting only one protein binds TAR.
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Figure 2.5. Stoichiometry and affinity between p20 and TAR by native PAGE. Native
gel assays were performed using electrophoretically unique variants of p20 and TAR
RNA. For p20, a VP16 peptide was fused to the C-terminus (p20-VP16), while 30
adenosines were fused to the 3’-end of TAR (TAR-A30). All RNAs were renatured by
incubating at 90 oC to populate the monomer. Trace (~2 nM) 5’-end labeled RNA was
incubated with 1 µM p20, 4 µM p20-VP16, or both proteins for 1 h at room temperature.
Native gels are 10% polyacrylamide, 0.5xTBE, and were run at 4 oC. (A) p20, p20-VP16,
or both were incubated with TAR and fractionated by native PAGE. Free TAR was also
run on the gel. Data are consistent with a 1:1 complex. (B) TAR, TAR-A30, or both
were incubated p20 or alone, and fractionated by native PAGE. Data are consistent with
a 1:1 complex. (C) Truncated TAR variants, shTAR51, shTAR47, and shTAR43, were
tested for binding to p20. Data show that all three truncated TARs bind p20, but less
strongly as RNA length decreases. Percent RNA shifted is provided below the gel.
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Using a similar strategy, we addressed the possibility of two TAR RNA hairpins
binding to a single p20. Mixing experiments were performed with TAR and a longer
TAR containing 30 adenosines at the 3’-end, TAR-A30. Five conditions were analyzed:
TAR alone, TAR + p20, TAR + TAR-A30 + p20, TAR-A30 + p20, and TAR-A30 (Fig.
2.5B). As shown in Figure 2.5B lanes 1 and 5, free TAR and TAR-A30 RNAs migrate as
single, electrophoretically distinct bands, consistent with a single species. Moreover, each
completely RNA shifts to a single electrophoretically distinct species when incubated
with p20 (Fig. 2.5B, lanes 2 and 4), consistent with a single favored complex. When
TAR, TAR-A30, and p20 are mixed, bands are observed that co-migrate with TAR•p20
and TAR-A30•p20, and no intermediate bands are observed (Fig. 2.5B, lane 3),
suggesting that the stoichiometry between TAR and p20 is 1:1. Moreover, site-directed
mutants in dsRBM1 (K60A) and dsRBM2 (K150A) do not bind to TAR or to 16- or 22bp perfect dsRNAs (Appendix A, Supplementary Fig. 2.3), supporting both dsRBMs
being required for this 1:1 complex. These observations are consistent with affinity
cleavage experiments on p20 and TAR, which found that both dsRBMs contact TAR
(Spanggord et al., 2002). Together with the activation assays in Figure 2.4D, these data
suggest that some PKR antagonists of PKR, including TAR monomer, interact with both
of PKR’s dsRBMs.
To test whether the length of TAR affects p20 binding, we performed mobilityshift experiments with three shortened TAR variants: shTAR51, shTAR47, and shTAR43
(Figs. 2.1A and 2.5C). These variants remove 3, 5, or 7 base pairs from the base of the
stem, respectively. Binding of p20 to shTAR51 and shTAR47 remains fairly strong, with
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1 µM p20 giving 60% and 40% complex, respectively. This indicates that the last two
base pairs are dispensable for binding. The affinity of p20 to shTAR43, a 16-bp RNA, is
significantly diminished, however, with only 11% complex formed, which is consistent
with previous reports that 16-bp is the minimal length RNA that supports binding of p20
(Bevilacqua & Cech, 1996), and is consistent with binding to a monomeric TAR.

2.4.5 Affinity and Stoichiometry of PKR binding to TAR: AUC analysis
Stoichiometry between p20 and monomeric TAR was explored by native gel analysis
(previous section) and led to the conclusion that these form a 1:1 complex that requires
both dsRBMs and ~16-bp in the stem. Next, the interaction of full-length PKR with
monomeric and dimeric TAR was investigated by sedimentation velocity AUC to
measure the binding affinities and stoichiometries under rigorous equilibrium conditions.
Our goal for AUC analysis was to correlate TAR multimerization with PKR activation
and binding stoichiometries.
First, the homogeneity and association state of RNAs were analyzed in the
absence of PKR. The sedimentation velocity data were analyzed using SEDFIT (Schuck,
2000) to provide the c(s) continuous sedimentation coefficient distribution function. The
presence of contaminants gives rise to additional peaks in the distribution. All the RNA
samples were found to be homogeneous by c(s) analysis with less than 5% contaminants
present. Fitting of data to a single-species model yielded apparent molecular weights that
are within 10% of the expected values for the scTAR monomer [a bulgeless version of
TAR (Fig. 2.1B) that is described fully below] and for all of the RNA dimers, assuming a
partial specific volume of υ = 0.55 mL/g (Table 2.1). However, the apparent molecular
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weights of the monomers of TARwt, A34U and U37A are about 15% higher than the
expected values (Table 2.1). The origin of this discrepancy is not clear, but may reflect
differences in the hydration of the TAR monomers that contain three bulges. We also
note that the apparent molecular weights for the TAR dimers are in good agreement with
the expected values (Table 2.1).
Table 2.1. RNA hydrodynamic parameters and molecular weights.
Mexperimental (kDa)a

Mpredicted (kDa)

sb

RMSc

TARwt

21.2 (20.9, 22.3)

18.3

3.22

0.00678

A34U

21.4 (20.6, 22.0)

18.3

3.19

0.00604

U37A

21.8 (20.7, 22.6)

18.3

3.20

0.00634

scTAR

18.0 (17.3, 18.6)

16.7

2.98

0.00689

RNA
Monomers

Dimers
TARwt

34.7 (31.1,39.0)

36.6

4.25

0.00721

A34U:U37A

39.9 (38.7,41.2)

36.6

4.31

0.00708

scTAR

32.0 (31.3,32.7)

33.4

4.07

0.00618

Parameters obtained by global nonlinear least-squares analysis of sedimentation velocity
experiments. The values in parentheses represent the 95% joint confidence intervals. All data in
this table were collected in AU200 buffer.
a
Experimental molecular weights obtained by fitting to a single ideal species model and the
Svedberg equation.
b
Uncorrected sedimentation coefficient (Svedbergs).
c
RMS deviation of the fit in absorbance units.

A representative sedimentation velocity experiment performed with TARwt
monomer and PKR is shown in Figure 2.6. The data were initially analyzed by the time
derivative method (Stafford, 1992) to define the binding mechanism. The normalized
g(s*) distributions of PKR binding to TARwt monomer are plotted in Figure 2.6A. In the
absence of PKR, a single feature at s = 3.2 S is observed. As the concentration of PKR
increases, the peak maximum shifts to higher S, up to about s = 5 S at the highest PKR
concentration.
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Figure 2.6. Sedimentation velocity analysis of PKR binding to TARwt monomer. (a) Plot
of normalized g(s*) distributions for 1 µM TARwt monomer (red), and 1 µM TARwt
monomer plus 0.5 µM PKR (green), 1 µM PKR (blue) or 4 µM PKR (black). The
distributions are normalized by area under the curve. (b) Global analysis of the
sedimentation difference curves. Scans within each dataset were subtracted in pairs to
remove time-invariant background and fit to a 1:1 binding model using
SEDANAL.(Stafford & Sherwood, 2004) Top panels show data points and the solid lines
represent fitting results using the parameters presented in Table 2. Bottom panels show
residuals for each fit. Only every 4th difference curve is shown for clarity purpose.
Measurements were performed in AU200 buffer at 20 oC and 40 000 RPM using
absorbance detection at 260 nm.
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The monotonic increase in the peak position with increasing PKR concentration is
consistent with PKR binding to TARwt in rapid exchange on the timescale of the
sedimentation velocity experiment. The same trend is observed for PKR binding to all
other RNAs used in this study (data not shown). The magnitude of the increase in the
sedimentation coefficients is consistent with a single PKR binding to TARwt monomer.
Figure 2.6B shows a global fit of the sedimentation velocity data for PKR binding to
TARwt monomer to a simple one-to-one binding model (Model 1) where R corresponds
to TAR RNA, P to protein, and RP to the complex.

Model 1
The data fit well to this model with a low RMS deviation and random residuals,
yielding a dissociation constant of Kd = 667 nM (Table 2.2). Sedimentation velocity
experiments were also performed using the other three RNA monomers (A34U, U37A,
and scTAR). In all cases, the data fit well to a 1:1 binding stoichiometry. As shown in
Table 2.2, PKR binds with similar affinity to TARwt, A34U and U37A monomers.
Slightly weaker binding of U37A as compared to A34U is consistent with the
former having an AA mismatch in place of a base pair in the upper portion of the stem
(see below). Higher PKR binding stoichiometries were observed for the TAR dimers.
The sedimentation velocity data for the dimer forms of TARwt and A34U:U37A fit best
to a model in which two molecules of PKR bind to one molecule of RNA dimer (Model
2) with stepwise macroscopic binding constants K1 and K2 to form RP and RP2,
respectively.

42
Table 2.2. PKR–RNA interaction parameters
Modela

Kd1(nM)

Kd2 (nM)

s(RP)b

s (RP2)b

Monomers
TARwt

1

-

0.00699

1

-

0.00729

U37A

1

-

0.00637

scTAR

1

5.10
(5.04,5.16)
5.01
(4.93,5.09)
4.92
(4.84,5.00)
4.97
(4.88,5.07)

-

A34U

667
(589,752)
752
(641,900)
926
(746,1150)
188
(148, 236)

-

0.00595

Dimers
TARwt

2

0.00794

A34U:U37A

2

A34U:U37A

3

7.70
(6.97,8.60)
7.18
(6.86,7.66)
11.85

RNA

404
(257, 648)
331
(226,490)
980

-

2760
(1170, 4540)
1470
(910,2430)
6
2.58x10

5.51
(5.02,5.95)
5.29
(5.13,5.47)
6.75

Parameters obtained by global nonlinear least-squares analysis of sedimentation velocity
experiments. The values in parentheses represent the 95% joint confidence intervals. All data in
this table were collected with wild type PKR in AU200 buffer.
a
Model 1 is R+P=RP; Model 2 is R+P=RP, RP+P=RP2; Model 3 is R+P=RP; 2RP=(RP)2.
b
Uncorrected sedimentation coefficient (Svedbergs).
c
RMS deviation of the fit in absorbance units.

Model 2
Global fitting yields values of Kd1 = 404 nM and Kd2 = 2.76 µM for PKR binding to
TARwt dimer (Table 2.2). Note that the reduced affinity of binding of the second PKR
does not indicate negative cooperativity. The stepwise, macroscopic binding constants
measured here correspond to the product of the intrinsic binding constant and a statistical
factor related to the number of configurations of the free and bound forms of the RNA.
The reduction in the number of accessible configurations upon binding of the first PKR
causes an apparent decrease in affinity for the second PKR (Bevilacqua & Cech, 1996;
Lemaire et al., 2008; McGhee & von Hippel, 1974; Ucci et al., 2007). This is further
addressed in Discussion. As we observed for the corresponding monomeric constructs,

RMSc

0.00581
0.00785

43
PKR binds to the A34U:U37A and TARwt dimers with very similar affinities (Table
2.2). We also examined an alternative binding model that has been proposed in the
context of PKR activation by TAR (McKenna et al., 2007a; McKenna et al., 2007b). In
this case, binding of a molecule of PKR to TAR enhances protein dimerization, resulting
in formation of an (RP)2 complex (Model 3).

Model 3
This model does not fit the sedimentation velocity data for PKR binding to
dimeric TAR constructs. For example, the fit of the A34U:U37A dimer data to Model 3
gives higher RMS deviations relative to Model 2 (Table 2.2), an exceptionally weak Kd2 as
compared to activation requirements, and systematic deviations in the residuals (data not
shown).

2.4.6 Secondary structure of RNA monomers and dimers
The above experiments establish a correlation between RNA dimerization and the
dimerization and activation of PKR. However, certain RNA variants bound and activated
PKR more effectively than others. In particular, A34U:U37A activated PKR at lower
concentrations of PKR than TARwt (Fig. 2.4), and bound PKR somewhat tighter than
TARwt (Table 2.2). We therefore probed the secondary structures of the RNA monomers
and dimers for TARwt and A34U:U37A since these could contribute to these differing
activities.
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Using native gel analyses, we observed that TARwt dimer migrates slightly
slower than A34U:U37A dimer (Fig. 2.3B, lanes 3 and 6), suggesting that they have
different secondary structures and that TARwt dimer may be more bent than A34U:U37A
dimer (Riordan et al., 1992). We used enzymatic structure mapping to probe the
secondary structures of native gel-purified TARwt monomer and dimer, as well as
A34U:U37A monomer and dimer (Fig. 2.7). Single-strand specific RNases A, T1, and
T2, and double-strand-specific RNase V1, which also cleaves stacked bases adjacent to a
helix (Ehresmann et al., 1987; Lockard & Kumar, 1981; Lowman & Draper, 1986), were
used to probe secondary structures. We also not that RNase V1 does not cleave all
double-stranded regions of a given RNA, especially regions with four or more contiguous
stacked bases (Lowman & Draper, 1986). Regions of the RNA were therefore assigned
as double-stranded on the basis of RNase V1 cleavage or absence of cleavage by any
double- or single-strand specific RNases.
First, the secondary structures of TARwt and A34U:U37A monomers are
presented (Fig. 2.7). The secondary structure of TARwt monomer gave a cleavage
pattern in agreement with its published secondary structure (Berkhout et al., 1989;
Muesing et al., 1987), with a 6-nt hairpin loop, a 3-nt UCU bulge, and two 1-nt bulges
nearer to the base of the stem (Fig. 2.7A). The secondary structure of the A34U:U37A
monomer, on the other hand, revealed intense single-strand cleavages at and near G25
than TARwt, along with RNase V1 cleavages (Fig. 2.7B). These data are consistent with
the secondary structure of A34U:U37A having an AA mismatch in the upper stem, which
likely causes local breathing. Moreover, the monomer-specific destabilizing effect of the
AA mismatch likely contributes to shifting the equilibrium toward dimer (Fig. 2.2A).
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Figure 2.7. Enzymatic structure mapping of TARwt and A34U:U37A monomers and
dimers. Monomeric and dimeric RNAs were prepared by native gel-purification and
renaturations of monomer, as described. Sequencing lanes for G (T1) and all nucleotides
(OH-) are provided to the left of each dataset. The secondary structures were determined
using RNases A (C, U-specific) orange, T1 (G-specific) blue, T2 (single strandedspecific) green, and V1 (double strand-specific) red. Open triangles represent weaker
cleavages and closed triangles stronger cleavages. RNA samples were run on 12%
PAGE/1x TBE/8.3 M urea denaturing gels. For simplicity, triangles are displayed only
on the lower half of dimer RNA secondary structures. (A) TARwt monomer mapped as
expected, while mapping of the dimer is consistent with a completely extended duplex
with two 3-nt bulges. (B) A34U:U37A monomer data are consistent with an AA
mismatch in the upper stem, which destabilizes the monomer. Mapping of the
A34U:U37A dimer is consistent with a completely extended duplex with two [2x1]
internal loops. The transition from two monomers to one dimer is annotated for both
TARwt and A34U:U37A. Two-state hybridization server (UNAFold) by M. Zuker also
predicts these two secondary structures well (Markham & Zuker, 2008).
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Figure 2.7 (legend on previous page)
Next, the secondary structures of TARwt and A34U:U37A dimers were probed
(Fig. 2.7). Structure mapping of TARwt and A34U:U37A dimers revealed 19-bp
segments at each end, with each segment containing two 1-nt bulges, resembling the
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lower stem of the TAR monomer. Larger bulges, which are localized near the middle of
the duplex between residues U22 and C38, mapped differently for TARwt and
A34U:U37A. This region of the TARwt dimer contained two UCU bulges, two 1-nt A
bulges, and GG mismatch (Fig. 2.7A). The two UCU trinucleotide bulges are the same as
in TARwt monomer, and the single GG mismatch is cleaved by RNase V1, suggesting
that the GG stacks with the helix and/or forms some interaction, which is consistent with
GG being the most stable mismatch and largely A-form (Kierzek et al., 1999). It can also
be noted that there are regions in the dimer RNA that are cleaved very weakly by single
strand-specific ribonucleases (A, T1, and T2) that are also cleaved strongly in the
monomer RNA (Fig. 2.7, compare right-hand lanes to left-hand lanes). This is likely due
to the presence of very small amounts of monomer RNA in the dimer RNA preparation
(Fig. 2.3B).
Analysis of structure mapping data for the A34U:U37A dimer in the U22 to C38
region suggest that it contains two [2x1] internal loops, which replace the UCU bulges,
and two AG single mismatches two base pairs from the [2x1] loops (Fig. 2.7B). The UA
and GC base pairs between the [2x1] loop and AG mismatch are cleaved with both
single-strand- and double-strand- specific ribonucleases, suggesting that they form only
some of the time. In addition, a strong RNase V1 cleavage appears in the dimer RNA at
U30, consistent with the proposed dimer RNA secondary structure (Fig. 2.7B).
We compared the resultant ribonuclease cleavage patterns of TARwt and
A34U:U37A dimers with 2-state hybridization predictions (Markham & Zuker, 2008) and
found them to be in complete agreement. The secondary structural models of the dimer
RNAs that are consistent with both the experimental data and hybridization predictions
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are shown in Figure 2.7. Overall, the main differences between the TARwt and
A34U:U37A secondary structures is that TARwt has stronger asymmetry in its secondary
structural defects, which is consistent TARwt migrating slower in the native gel (Riordan
et al., 1992).
We note that both TARwt and A34U:U37A dimer structures differ with the
secondary structures reported from Andersen et al. for TARwt dimer (Andersen et al.,
2004). Our secondary structure mapping revealed a complete duplex having no
intramolecular monomer interactions, while the previously reported structure (Andersen
et al., 2004) has kissing interactions that are not fully resolved in the lower stem. This
disparity could be attributed to difference in experimental conditions. For example, we
used high concentrations of RNA and 90 °C renaturations to promote dimer formation,
which completely melts the lower stem, while Andersen et al. used nucleocapsid protein
to drive duplex formation with a low concentration of RNA and incubating at 37 °C.

2.4.7 Dimerization and activation by scTAR variants
Results from activation assays (Fig. 2.4) and structure mapping (Fig. 2.7) suggested that
RNAs with more symmetry are potentially stronger activators of PKR. It was therefore
possible that RNAs with no secondary structural defects would show an even stronger
dependence of PKR activation on RNA dimerization. In an effort to test this possibility,
we examined a final series of RNA variants in which all the bulges were removed and
three mutations were incorporated into the loop to promote loop self-complementarity
and facilitate formation of a defect-free duplex (Fig. 2.1B). This variant is referred to as
self-complementary TAR (scTAR). A second variant in which the two GU wobbles near
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the base of the stem were converted to GC Watson-Crick base pairs was also designed,
and is referred to as perfectly self-complementary TAR (pscTAR). As with the bulgecontaining RNAs, these self-complementary RNAs were analyzed by native gels and
activation assays (Fig. 2.8), and by AUC (Fig. 2.9).

Figure 2.8. scTAR dimerization promotes very strong PKR activation. Native gel and
activation assays were performed with scTAR (A and B) and pscTAR (C and D). (A)
Conditions promoting self-complementary TAR (scTAR) monomer and dimer formation
were optimized and analyzed on a native gel. Monomer (M) was prepared by
renaturation of 1 µM RNA in 1x TE at 90 oC for 3 min, followed by incubation at room
temperature for 10 min (heat condition 1) (lane 1). (Legend continued on next page)
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Preparation of dimer (D) was attempted by renaturation of 20 µM RNA in 1x TE, 3.2 M
NaCl using heat condition 1 (lane 2), or incubating at 98 oC for 5 min, followed by slow
cooling to ~40 oC over 1.5 h (heat condition 2) (lane 3). Only the latter conditions gave
dimer. (10% polyacrylamide native gel /0.5xTBE). (B) Activation assays using scTAR
renatured at 0.8 µM in 1x TE for monomer with heat condition 1, or at 23 µM in 1x TE,
3.2 M NaCl for dimer with heat condition 2, followed by serial dilution to 0.01, 0.05, and
0.2 µM concentrations in 70 mM NaCl to maintain constant ionic conditions for these
high-salt prepared RNAs. Gels are 10% SDS-PAGE, and PKR concentration was 0.8
µM. (C) Conditions promoting perfectly self-complementary TAR (pscTAR) monomer
and dimer formation were optimized and analyzed on a native gel. Monomer and dimer
were prepared by renaturation in 1x TE at 90 oC for 3 min, followed by incubation at
room temperature for 10 min. Concentrations of pscTAR ranging from 0.2 to 20 µM
were tested to determine optimal RNA conditions for monomer (M) or dimer (D)
formation. (10% polyacrylamide native gel /0.5xTBE). (D) Activation assays using
RNAs that were renatured in 1x TE at 0.4 µM for monomer or 20 µM for dimer, followed
by serial dilution to 0.01, 0.05, and 0.2 µM concentrations. Gels are 10% SDS-PAGE,
and PKR concentration was 0.8 µM. A bell-shaped dependence of activation on scTAR
and pscTAR concentration is observed, wherein 0.05 µM dimer gives very strong
activation of PKR, while scTAR and pscTAR monomers do not significantly activate
PKR. For all panels, a no-RNA lane (-) is provided, and phosphorylation activities are
normalized to 0.01 µM 79 bp RNA. In order to provide RNA-dependent activation
values, the no-RNA lane was subtracted from each lane. These background-subtracted
values are provided, as are RNA-dependent fold-effects for dimer over monomer (panels
B and D).
We screened solution conditions for formation of scTAR monomer and dimer.
Monomer scTAR was prepared by heating 1 µM RNA in 1x TE to 90 °C for 3 min,
followed by incubation at room temperature for 10 min (heat condition 1) (Fig. 2.8A,
lane 1), which is similar to conditions used for other TAR variants. Dimer scTAR was
more difficult to prepare and required exploration of unusual salt and heating conditions.
We were able to prepare a high fraction of dimer scTAR by heating the 20 µM scTAR in
3.2 M NaCl/1x TE to 98 oC for 5 min, followed by slow cooling to ~40 °C over 1.5 h
(heat condition 2) (Fig. 2.8A, lane 3). Remarkably, related conditions involving heat
condition 1 at 20 µM scTAR did not give appreciable dimer (Fig. 2.8A, lane 2). Thus, it
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is possible to obtain highly pure preparations of monomeric and dimeric scTAR without
native gel purification.
Next, we tested how scTAR monomer and dimer function in PKR activation
assays. Monomer was prepared by renaturing 0.8 µM scTAR in 1x TE (heat condition 1)
while dimer was prepared by renaturing 23 µM scTAR in 1x TE, 3.2 M NaCl (heat
condition 2), followed by serial dilution. As shown in Figure 2.8B, scTAR dimer is a
potent activator of PKR, whereas scTAR monomer does not significantly activate PKR.
In particular, 0.05 µM scTAR dimer gave nearly a 100-fold increase in activation as
compared to scTAR monomer. Moreover, 0.05 µM scTAR is only two-fold less potent an
activator of PKR as 0.01 µM 79 bp RNA. The decrease in fold-activation at 0.2 µM
scTAR dimer is due to the bell-shaped dependence of RNA activation on scTAR dimer
concentration, as well as an increase in activation from RNA prepared to be monomer,
perhaps because it is slightly dimerizing at these higher RNA concentrations.
PKR binding to the monomeric and dimeric forms of scTAR was characterized
using the same sedimentation velocity AUC methodology that we employed with the
other TAR variants. As described above, AUC data on scTAR in the absence of PKR
showed the RNA to be homogeneous, with apparent molecular weights for the monomer
and dimer RNAs within 10% of the expected values (Table 2.1). As observed for
TARwt, and A34U and U37A monomers, a single PKR binds to scTAR monomer (data
not shown). However, the affinity of PKR for scTAR monomer (Kd=188 nM) is about 4fold higher than that for the three bulge-containing RNA monomers (Table 2.2). Figure
2.9 shows the g(s*) distributions for PKR binding to scTAR dimer. Increasing the ratio
of PKR:RNA from 0 to 8 causes a large shift in the distribution from 4 to 7.5 S (see the
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legend to Fig. 2.9). The magnitude of this shift is greater than that observed for the other
two dimers (TARwt and A34U:U37A) over a comparable range of PKR:RNA, where sw
increases from about 4.0–4.2 S to 5.8–6.0 S (data not shown), which indicates that three
PKRs bind to the scTAR dimer. Although the stoichiometry of PKR binding to scTAR
dimer is well defined by the sedimentation velocity experiments, the binding affinity is
too high to be measured accurately at the RNA concentrations used in these
measurements, which is dictated by the detection limit of the absorption optics. Based on
these experimental conditions, we estimate the upper limit for the first binding constant
of PKR to scTAR dimer to be on the order of 10 nM.

Figure 2.9. Sedimentation velocity analysis of PKR binding to scTAR dimer. Plot of
normalized g(s*) distributions for 0.3 µM scTAR dimer (red), and 0.3 µM scTAR dimer
plus 0.15 µM PKR (magenta), 0.3 µM PKR (cyan), 0.6 µM PKR (green), 1.2 µM PKR
(blue) and 2.4 µM PKR (black). The corresponding values of sw obtained by integration
of the g(s*) distributions are: 4.0 S (0 eq. PKR), 5.0 S(1 eq.), 6.0 S(2 eq.), 6.8 S(4 eq.)
and 7.5 S (8 eq.). Measurements were performed in AU200 buffer at 20 oC and 40 000
RPM.
To examine activation of PKR by an RNA dimer requiring less severe salt and
heating conditions, pscTAR was prepared in which the two GU wobbles near the base of
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the stem were converted to Watson-Crick GC base pairs (Fig. 2.1B). In addition, this
variant was prepared because recent data from our laboratory indicate that a sufficient
number of GU wobbles in the context of dsRNA can abrogate PKR activation (Nallagatla
& Bevilacqua, 2008). To optimize dimer formation, various concentrations of pscTAR
were renatured with trace radiolabel and fractionated on a native gel (Fig. 2.8C).
Renaturation of pscTAR in 1x TE at concentrations of 0.4 µM or less yielded greater than
95% monomer, while renaturation at 20 µM yielded 97% dimer. Thus, as with scTAR, it
was possible to obtain highly pure preparations of monomeric and dimeric RNA without
native gel purification, although in the case of pscTAR this can be done without recourse
to extreme salt conditions.
Next, PKR activation by pscTAR monomer and dimer was tested. The pscTAR
RNA was renatured at 0.4 µM to afford monomer and at 20 µM to afford dimer, followed
by serial dilution. As shown in Figure 2.8D, pscTAR dimer is a remarkably potent
activator of PKR. At a concentration of 0.05 µM pscTAR, there is a nearly a 100-fold
increase in activation by dimer as compared to monomer, and 0.05 µM pscTAR activates
PKR to the same level as 0.01 µM 79 bp RNA. We also compared the ability of scTAR
and pscTAR to activate PKR (compare Fig. 2.8B to Fig. 2.8D). As with scTAR, the
dimer of pscTAR is a much more effective activator of PKR than the monomer.
However, activation by scTAR is approximately 2-fold less potent than for pscTAR and
its bell-shaped dependence of activation on RNA concentration is shifted toward a higher
concentration, consistent with a slightly deleterious effect of GU wobbles (Nallagatla &
Bevilacqua, 2008). As with scTAR, a decrease in fold activation at higher concentrations
of RNA dimer is likely due to the bell-shaped dependence of RNA activation on RNA
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dimer concentration, as well as an increase in activation from the RNA prepared to be
monomer, likely because it is dimerizing somewhat at these higher RNA concentrations.
Overall, data on scTAR and pscTAR (Fig. 2.8), similar to that on other TAR variants
(Fig. 2.4), demonstrate that RNA dimer is a very strong activator and provide no support
for RNA monomer activating PKR.

2.5 Discussion
Although the TAR RNA hairpin has served as a model system for investigating the
regulation of PKR by a structured RNA, the extent to which RNA dimerization
contributes to PKR activation and binding has not been investigated. A minimum length
of approximately 15-bp of dsRNA is required to bind PKR and inhibit activation by
longer dsRNAs (Bevilacqua & Cech, 1996; Schmedt et al., 1995; Ucci et al., 2007),
whereas at least 30-bp are required to induce PKR dimerization and activation (Lemaire
et al., 2008; Manche et al., 1992; Zheng & Bevilacqua, 2004). Thus, the 23-bp stem of
the TAR monomer is expected to be long enough to bind PKR but too short to function as
an activator. Some studies have reported activation of PKR by TAR (Carpick et al., 1997;
Edery et al., 1989; Maitra et al., 1994; McKenna et al., 2006; McKenna et al., 2007a;
McKenna et al., 2007b; SenGupta et al., 1990; SenGupta & Silverman, 1989), whereas
others have found that TAR does not activate and, in fact, is capable of inhibiting PKR
activation by dsRNA (Gunnery et al., 1992; Gunnery et al., 1990). These discrepancies
may relate to the propensity of the TAR RNA to dimerize (Andersen et al., 2004). Here,
we have prepared homogeneous monomer and dimer TAR RNAs and characterized their
secondary structures and their ability to bind and activate PKR using a combination of gel
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mobility-shift measurements, autophosphorylation assays, AUC, and enzymatic structure
mapping.
Our results indicate that TAR RNA dimerization leads to a greatly enhanced
ability to activate PKR (Figs. 2.4 and 2.8). Dimerization effectively doubles the length of
dsRNA; thus, these data are fully consistent with previous studies demonstrating that at
least 30-bp are required for PKR activation (Lemaire et al., 2008; Manche et al., 1992;
Zheng & Bevilacqua, 2004). TAR monomer is also capable of inhibiting PKR activation
by a longer dsRNA (Fig. 2.4). Given the potential of short RNA hairpins to form different
fractions of monomers and dimers depending on RNA concentration, salt concentration,
and temperature, it is important to purify the individual oligomeric forms and ensure that
they do not equilibrate during measurement. Prior reports that T7-transcribed RNAs
contain low levels of antisense transcripts that lead to dsRNA contaminants (Gunnery et
al., 1990; Mellits et al., 1990) instigated a study in which TAR RNA was chemically
synthesized to eliminate any such species, but this TAR was still found to be an activator
(Maitra et al., 1994). However, both of these reports can be reconciled with our model
wherein TAR forms a self-complementary homodimer that activates PKR: such a
homodimer does not need an antisense transcript to form and would be present even in
chemically synthesized RNA.
Dimerization of TAR RNA regulates PKR binding. Native gel analysis and AUC
demonstrate that the monomeric RNA hairpin forms a 1:1 complex with p20 or fulllength PKR (Figs. 2.5, 2.6, and 2.9) and that RNA dimerization leads to binding of a
second PKR (Table 2.2). Thus, the ability of the RNA dimer to function as an activator is
correlated with binding of two PKR monomers. We have previously reported a similar
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correlation of PKR activation and binding stoichiometry for a series of linear dsRNAs of
increasing length (Lemaire et al., 2008). These data support an activation model where
dimerization of the RNA hairpin facilitates sequential binding of two PKR monomers
(Model 2), leading to protein dimerization and subsequent activation, as summarized in
Figure 2.10. This model also explains the characteristic bell-shaped curve for PKR
activation by both dsRNA (Manche et al., 1992; Minks et al., 1979) and TAR RNA
(Maitra et al., 1994) (Appendix A, Supplementary Fig. 2.2), wherein low concentrations
of dsRNA activate but high concentrations inhibit due to dilution of the PKR monomers
onto separate molecules of RNA. Our sedimentation velocity data are not consistent with
an alternative model (McKenna et al., 2007a; McKenna et al., 2007b) where PKR
binding to a hairpin RNA enhances protein dimerization, leading to formation of an (RP)2
complex (Model 3; Table 2.2). Moreover, Model 3 does not account for the inhibition of
PKR observed at high RNA concentrations, as seen in Fig. 2.8 and Ref. (Maitra et al.,
1994).
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Figure 2.10. Model for PKR activation by dimer RNA hairpin. Monomer RNA hairpin
(~23-bp) binds PKR monomer and PKR is inhibited. In contrast, dimer RNA (~46-bp),
which is double the number of monomer base pairs, binds PKR dimer and PKR is
activated. Not shown are the two dsRBMs in the dsRBD, both of which contact TAR
monomer.
The secondary-structure defects in the RNA stem function as antideterminants to
PKR binding and activation. The presence of three bulges in TARwt, A34U, and U37A
monomers decreases the binding affinity about 3–4 times when compared to the bulgefree scTAR monomer (Table 2.2). Thus, in contrast to the specific recognition of the
trinucleotide bulge in TAR by the Tat protein (Puglisi et al., 1995; Puglisi et al., 1992),
PKR prefers to bind to regular dsRNA lattices. This interpretation is consistent with
previous studies demonstrating that incorporation of G–I mismatches in the context of a
poly(rI)–poly(rC) homopolymeric dsRNA blocks PKR activation (Minks et al., 1979), as
does incorporation of GU wobbles (Nallagatla & Bevilacqua, 2008). In contrast to our
present findings, it was previously reported that the dsRBD of PKR binds to a TARwt
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monomer about 50-fold more strongly than to a fully complementary RNA hairpin
monomer similar to the scTAR monomer used in this study (Kim et al., 2006).
The effects of bulges on the interaction of PKR with RNA dimers are even more
dramatic. Removal of the secondary-structure defects present in TARwt and A34U:U37A
dimers to produce the scTAR dimer allows a third PKR to bind and greatly enhances
binding affinity (Fig. 2.9). The binding data correlate well with activation data. Both
scTAR and pscTAR dimers are potent PKR activators, leading to autophosphorylation
activities that approach those observed for a homogeneous 79 bp dsRNA (Fig. 2.8). The
binding stoichiometries and affinities are also consistent with secondary-structure
probing results (Fig. 2.7). Both TARwt and A34U:U37A dimers consist of two 19-bp
dsRNA regions interrupted by two bulges. We propose that the dsRNA regions function
as isolated binding sites, each of which is long enough to bind one PKR. Native gel
analysis and enzymatic structure mapping of TARwt and A34U: U37A dimers suggest
that TARwt is more asymmetric than A34U:U37A (Figs. 2.3 and 2.7). The TARwt dimer
is also a poorer activator compared to A34U: U37A under the same assay conditions
(Fig. 2.4). Presumably, the orientation of the two dsRNA regions in TARwt dimer is less
favorable for productive PKR dimerization.
The model in Figure 2.10 also explains the relative affinities for PKR binding to
the bulged monomers and dimers. There is a modest decrease in Kd from 600–900 nM for
the bulged monomers to 300–400 nM for the bulged dimers, while there is also about a 5fold increase in Kd for the second PKR binding to the dimer relative to the first (Table
2.2). Assuming a simple model of a pair of noninteracting, identical sites in the dimer,
these relative affinities agree with the expected statistical effects on macroscopic binding
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constants. The affinity for the first binding event of PKR to dimer RNA is predicted to be
twice the affinity for binding to monomer RNA, while the second binding event of PKR
to dimer RNA is expected to be 4-fold weaker than the first binding event to the dimer
RNA (Bevilacqua & Cech, 1996). Larger statistical factors are predicted for PKR binding
to regular dsRNAs because of the larger number of microstates accessible for nonspecific
binding to a finite lattice (Lemaire et al., 2008; Ucci & Cole, 2004; Ucci et al., 2007). For
example, PKR binds 10-fold more strongly to a 30-bp dsRNA than to a 20-bp dsRNA
(Lemaire et al., 2008). The large number of bound configurations accessible for the 52-bp
scTAR and pscTAR dimers is thus responsible for a third PKR binding, as well as the
high affinity and potent PKR activation (Figs. 2.8 and 2.9; Table 2.2). As mentioned,
PKR activation is decreased in the presence of RNAs containing GU wobbles (Nallagatla
& Bevilacqua, 2008), which is supported by activation with pscTAR being 2-fold higher
than with GU-containing scTAR. Roles for wobbles appear to be complex, however, as
AG mismatches fully support PKR activation (Bevilacqua et al., 1998). Bulges may serve
important roles in distinguishing self and non-self RNA (Nallagatla et al., 2008) and
defining cellular and viral miRNAs, including TAR (Ouellet et al., 2008).
Any role for TAR dimers in the life cycle of HIV is unclear at present. Early
models for viral replication suggest that dimerization of genomic HIV RNA involves the
stem adjacent to the TAR loop (Andersen et al., 2004; Andersen et al., 2003; Paillart et
al., 2004), but other studies, including recent probing of genomic RNA purified from
virions (Wilkinson et al., 2008), indicate that the TAR stem and other dimerization
signals are not required for viral replication (Das et al., 2007). The studies herein support
the ability of TAR to activate PKR as a dilute dimer and to inhibit PKR as a concentrated
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dimer or a monomer of any concentration. Whether TAR functions as an activator or
inhibitor in vivo will depend on the structure of TAR in the HIV RNA genome, as well as
the structure of adjacent RNA regions and the binding of any proteins. The studies herein
help establish fundamental behaviors of TAR RNA in its different folds and demonstrate
that RNA refolding and multimerization can alter the innate immune response.
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Appendix A
Supplementary Figures for Chapter 2

Supplementary Figure 2.1. Additional analysis of native gel-purified RNAs. See Fig.
2.3 in the main text for additional details. (A) Analysis of native gel-purified single
mutants: A34U, U37A, or [A34U +U37A]. In the preparative native gels, only monomer
was visible for A34U and U37A, while both monomer and dimer were visible for [A34U
+ U37A] and were isolated separately. As observed in Lanes 1 and 4 of panel (B), various
amounts of dimer are present in samples of monomer isolates (Lanes 1, 2 and 3),
however integrity of [A34U + U37A] dimer is maintained.(B) Analysis of renatured
A34U and U37A monomers. These samples were treated as per the samples in lanes 2
and 5 in panel B. A34U and U37A dimer bands are absent after renaturation (Lanes 1 and
2). All gels are 10% polyacrylamide native gels (0.5xTBE) fractionated for ~2 h at 16 oC.
The percent of strands in dimer is provided below the gel.
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Supplementary Figure 2.2. PKR activation has a bell-shaped dependence on TARwt
dimer concentration. Activation assay (10% SDS-PAGE) with native gel-purified TARwt
dimer in the presence of 5 µM PKR. A no-RNA lane (-) is provided, and phosphorylation
activities are normalized to 0.01 µM 79 bp RNA. In order to provide RNA-dependent
activation values, the no-RNA lane was subtracted from each lane.
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Supplementary Figure 2.3. Electrophoretic mobility shifts for p20, K60A and K150A.
10% native gels were run at 16 °C. For 16- and 22-bp RNA, the leftmost lane shows top
strand 5'-end labeled (TS) oligomer alone, and the other lanes are in the presence of 0.2
µM unlabeled bottom strand (BS) oligomer. Formation of duplex was confirmed by a
microshift of p*TS upon addition of BS. (A-C) Concentrations of proteins used were 0,
0.01, 0.1, 1.0, and 5.0 µM. (A) Mobility–shift experiment of wt p20 binding to 16-bp, 22bp dsRNA and TAR RNAs. Binding to TAR RNA shown here was run on a different gel
and included a 0.3 µM point. (B) Mobility–shift experiment of a dsRBM1 mutant, K60A,
binding to 16-bp, 22-bp dsRNA and TAR RNAs. (C) Mobility–shift experiment of a
dsRBM2 mutant, K150A, binding to 16-bp, 22-bp dsRNA and TAR RNAs. The 16- and
22-bp RNAs were prepared as previously described (Bevilacqua & Cech, 1996).
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Chapter 3
Activation of PKR by semi-globular RNA: the HDV ribozyme
3.1 Abstract
The HDV ribozyme is a mostly globular RNA, with a projecting 13-bp P4 pairing region.
Shortening P4 does not significantly affect catalytic activity of the ribozyme, nor does it
affect the ability of the ribozyme to crystallize. In this study, we report PKR activation
by the HDV ribozyme. To understand the RNA structural basis for this activity, we
prepared two HDV variants with shortened and lengthened P4 pairing regions, with
anticipation that lengthening P4 would yield a more potent activator. Surprisingly, we
find HDV with a shortened P4 to be the most potent activator and assign this activity to
PKR activation by HDV dimers.

3.2 Introduction
Hepatitis delta virus (HDV) is a satellite virus of hepatitis B virus (HBV), where coinfection by HDV leads to a more virulent form of infection (Karayiannis, 1998; Lai,
1995; Lazinski & Taylor, 1995). The 1.7 kb circular, single-stranded RNA genome of
HDV is responsible for making genomic and antigenomic strands of RNA. Replication
of the HDV genome is carried out by formation of a semi-globular (Ferre-D'Amare et al.,
1998), ~84-nt self-cleaving ribozyme located in both genomic and antigenomic RNA
strands. Sequence downstream of the ribozyme, referred to as ‘attenuator’ sequence,
sequesters native ribozyme pairings and forms a long rod-like structure (Lazinski &
Taylor, 1993; Lazinski & Taylor, 1995; Wang et al., 1986).
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Two previous studies characterized PKR activation by a 482-nt segment of HDV
genomic RNA (annotated as -207/275 in our lab) (Circle et al., 1997; Robertson et al.,
1996). This region of RNA includes the ~84-nt ribozyme and forms a rod-like structure
as a consequence of native ribozyme base pairs being fully sequestered by attenuator
sequence (Fig. 3.1). Within this rod-like structure, there are no stretches of dsRNA
greater than 20-bp. In addition to reporting PKR activation by this long segment of
HDV, the authors also identified a PKR binding site on the rod-like structure. This
particular site has been reported to form a cruciform structure and has overlapping
sequence with the ribozyme (Branch & Robertson, 1991) (Fig. 3.1A).
In this report, we focus on the regulation of PKR by 1/99 HDV ribozyme
sequence and investigate the role of P4 region in PKR activation. The P4 region of the
ribozyme forms half the cruciform structure described as a PKR binding site, the other
half is attenuator sequence and is not included in this study. Two 1/99 variants were
prepared with shortened or lengthened P4 regions, with expectations that lengthening P4
would lead to increased PKR activation. Surprisingly, shortening P4 increased PKR
activation and, in this chapter, we describe how HDV dimerization and aggregation
promote this activity. In a complementary chapter, Chapter 6.1, a systematic analysis is
performed on HDV sequences of various lengths to better understand the RNA structural
basis for PKR activation by HDV.

3.3 Materials and Methods
3.3.1 Protein expression and purification
Full-length PKR was cloned, expressed and purified as describe in Chapter 2. A
glutathione S-transferase (GST)–λ-PPase fusion protein was cloned, expressed, and
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purified to treat partially phosphorylated PKR before PKR activation assays. λ-PPase
was subcloned from pET21a containing λ-PPase and GST-PKR into pET-42a between
BamHI and HindIII restriction sites and transformed into E. coli BL21(DE3)pLysS cells.
Bridging amino acid sequence is present between GST and λ-PPase, including (His)6 and
a Factor Xa cleavage site. Protein was overexpessed in the presence of chloramphenicol
and kanamycin. Protein was purifed by sonication and filteration through a 0.45 micron
filter, followed by GST column purification (Novagen). Full-length GST–(His)6-Factor
Xa- λ-PPase (referred to as GST-λ-PPase) was dialyzed into storage buffer: 50 mM
HEPES (pH 7.5), 100 mM NaCl, 0.1 MnCl2, 0.1 mM EGTA, 2 mM DTT, 0.01% Brij 35,
50% glycerol. Protein contentration was determined spectrophotometrically using
extinction coefficient 81,370 M-1cm-1.
Small scale Factor Xa cleavage of GST-λ-PPase was performed and expected
cleavage products, GST–(His)6-Factor Xa and 8aa- λ-PPase, verified by SDS-PAGE.
This procedure was not necessary for dephosphorylation of PKR, but could be used to
isolate a minimal λ-PPase protein for other purposes.
A dephosphorylated prep of PKR was prepared by treatment with GST-λ-PPase
using a standard NEB dephosphorylation protocol. During dephosphorylation, GST-λPPase was present at ¼ the concentration of PKR. An additional glutathione column was
run to isolate PKR from GST–λ-PPase, and then PKR was dialyzed into storage buffer:
10 mM Tris (pH 7.6), 50 mM KCl, 2 mM MgOAc, 10% glycerol, and 7 mM βmercaptoethanol.
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We also prepared p20, a truncated version of PKR that contains residues 1–184
and has an N–terminal (His)6 tag. p20 was cloned, expressed and purified as describe in
Chapter 2.

3.3.2 Plasmid and RNA preparation
HDV variants 1/99 ∆3 bp and 1/99 +3 bp were prepared using QuikChange Site-Directed
Mutagenesis (Stratagene) to remove or introduce nucleotides in pUC19 plasmid
containing -54/271 HDV sequence (accession number M28267) (Diegelman-Parente &
Bevilacqua, 2002; Makino et al., 1987). Sequence was verified by dideoxy method (Penn
State Nucleic Acid Sequencing Facility).
Plasmids were linearized with BfaI for run-off T7 transcription (Ambion)
(Chadalavada et al., 2000). Transcription product contained -54/99 HDV sequence and
cleaved to ~80-90% (as verified by 6% denaturing PAGE) giving cleavage products-54/1 and 1/99. The 1/99 HDV sequences, which contain the ribozyme and 14 downstream
nt, were excised and soaked overnight at 4 °C in 1x TEN250 [10mM Tris (pH 7.5), 1 mM
EDTA, and 250 mM NaCl]. Subsequently, RNAs were ethanol precipitated and
resuspended in 1x TE [10 mM Tris (pH 7.5) and 1 mM EDTA]. Concentrations were
determined spectrophotometrically. 5′-end-labeled RNAs were prepared by
polynucleotide kinase treatment in the presence of [γ-32P]ATP.

3.3.3 Native gel analysis
Native gels were used to analyze the monomeric and dimeric nature of the RNA and
contained 10% of 29:1cross-linking polyacrylamide. The buffer both in the gel and for
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electrophoresis was 0.5x TBE [(50 mM Tris base, 40 mM boric acid, and 0.5 mM
ethylenediaminetetraacetic acid (EDTA)] or 1x THEM4 [0.1 mM EDTA, 66 mM Hepes,
34 mM Tris-base, and 4 mM MgCl2]. Native gels were run at 300 V and 16 °C for 45 min
prior to loading samples. In general, samples were fractionated for ~2 h.
Prior to loading onto a native gel, trace amounts (~1 nM) of 5′-end-labeled RNA
was added to unlabeled RNA and renatured in 1x TE or 1x TEN100 [10 mM Tris (pH 7.5),
1 mM EDTA, and 100 mM NaCl] by incubating at 90 °C for 1 min, followed by
incubating at 55 oC for 10 min or at 95 °C for 4 min, followed by slow cooling to 40 oC
over 1.5 h. In some cases, samples in 1x TE were then treated in one of three ways by
adding an equal volume to the following: (1) 1x TE, (2) 1x TEK400M20 [10 mM Tris (pH
7.5), 1 mM EDTA, 400 mM KCl, and 20 mM MgCl2], or (3) 1x TEN400M20 [10 mM Tris
(pH 7.5), 1 mM EDTA, 400 mM NaCl, and 20 mM MgCl2], followed by another
incubation at room temperature for 10 min. Final concentrations were 200 mM KCl or
NaCl and 25 mM MgCl2. 5% glycerol was added to samples prior to native gel analysis.
Native gels were run in both analytical and preparative formats. Analytical gels were
exposed to a storage screen for 16 h and analyzed on a Phosphor-Imager (Molecular
Dynamics). Preparative gels were examined by UV shadowing, and bands of interest
were isolated as described in the next subsection.

3.3.4 Purification of RNA from native gels
Native gels were used to purify monomeric and dimeric RNAs. In most cases, 20 or 50
µM RNA in 1x TE or 1x TEN100 was renatured in the presence of radiolabeled RNA by
incubating at 90 °C for 1 min, followed by incubation at 55 oC for 10 min or incubating at
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95 °C for 4 min, followed by slow cooling to 40 oC over 1.5 h. Next, 5% glycerol was
added to the RNA and it was fractionated on a native gel for 2 h. Monomer and dimer
RNA bands were visualized by UV shadowing and excised. RNAs were crushed and
soaked overnight in 1x TEN250 at 4 °C, resuspended in 1x TE, and stored at −20 °C. All
radiolabeled samples were re-run on an analytical native gel to verify the identity of
monomers and dimers.

3.3.5 Mobility-shift assays
Native gel mobility-shift analyses were performed using limiting concentrations of
radiolabeled RNA, as described previously (Bevilacqua et al., 1998). Binding reactions
were allowed to equilibrate at room temperature for 30 min and then loaded on a 10%
29:1 cross-linking polyacrylamide native gel in 0.5x TBE. Gels were run at 300 Volts at
16 °C with a circulating system. Gels were analyzed using a PhosphorImager (Molecular
Dynamics).

3.3.6 PKR activation assays
RNAs were tested for their ability to activate PKR. GST-λ-PPase-treated PKR (0.6 µM)
was incubated with various concentrations of RNA, 20 mM Hepes (pH 7.5), 5 mM
MgCl2, 100 mM NaCl, 1.5 mM DTT, 100 µM ATP (Ambion), and 15 µCi [γ-32P]ATP.
Heterogeneous RNAs, which are a mixture of unseparated monomer and dimer species,
were prepared by incubating 4x concentration RNA at 90 °C for 1 min, followed by
incubation at 55 oC for 10 min. Then RNAs were added to an equal volume 1x
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TEN400M20, followed by incubation at RT to give 2x stocks that were then added to a
PKR reaction mixture to give 1x final concentration RNA (indicated in figure panels).
RNA monomers were renatured at 90 °C for 3 min to help remove any dimer, as
previously described (Heinicke et al., 2009) and final concentrations of RNA did not
exceed 0.1 µM to avoid the increased likelihood of introducing small amounts of dimer
into renatured monomer samples. PKR activation reaction mixtures were incubated at 30
°C for 10 min, quenched with 1x SDS loading buffer, and loaded on 10% SDS-PAGE
(Pierce). Gels were exposed to a storage PhosphorImager screen, and intensities of PKR
bands were quantified using a Phosphor-Imager (Molecular Dynamics). In activation
assay gels, a no-RNA lane is provided and phosphorylation activities are normalized to
0.01 µM 79 bp RNA.

3.3.7 Enzymatic structure mapping of RNA
Prior to all structure mapping, 5′-end-labeled RNA was renatured in 1x TEN100 with
1000-fold excess unlabeled RNA (50 µM) by incubating at 90 °C for 3 min, followed by
incubation at RT for 10 min. Then both monomer and dimer were isolated and purified
from a native gel so that the same amount of ribonuclease could be used for mapping
both monomeric and dimeric RNAs. RNA monomers were renatured at 3 µM in water by
incubating at 90 °C for 3 min to help remove any dimer, while dimer samples were not
renatured (Heinicke et al., 2009). Final concentrations of monomer and dimer RNAs for
both native and denaturing structure mapping reactions were 1 and 0.5 µM, respectively,
to give the same total concentration of nucleotides. Ribonuclease concentrations were 4
ng/mL RNase A, 0.001 U/µL RNase T1, 5x 10-4 U/µL RNase T2, and 0.002 U/µL RNase
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V1. Higher concentrations of ribonucleases were tested but resulted in nonspecific
cleavage. Ribonucleases were diluted into 10 mM Tris (pH 8.0), 10% glycerol, and 1 mM
DTT, as needed. Native RNA cleavage reactions were performed in 20 mM Mes (pH
6.0), 50 mM NaCl, and 10 mM MgCl2 at 37 °C for 15–60 min. Denaturing reactions,
used as sequencing lanes, were 0.1 U/µL T1, 4.7 M urea, 14 mM sodium citrate (pH 3.5),
and 0.7 mM EDTA at 50 °C for 15 min, and hydrolysis reactions were 50 mM
Na2CO3/NaHCO3 (pH 9.0) and 1 mM EDTA at 90 °C for 4 min. Fractionated samples
were loaded onto 12% PAGE/1x TBE/8.3 M urea denaturing gel.

3.4 Results and Discussion
3.4.1 PKR activation by heterogeneous 1/99 HDV variants
Prior to this study, we found HDV sequence -54/99 C75U, a non-reactive mutant, and
1/99 wt to be activators of PKR (examined in Chapter 6.1, data not published). Given
that -54/-1 alone does not activate PKR (data not published) and that 1/99 wt is an
activator, we chose to focus this study on the 1/99 wt ribozyme cleavage product.
Biochemical and structural analyses indicate that this region is highly globular, but has a
long, protruding paired region, P4 (Chadalavada et al., 2000; Ferre-D'Amare et al., 1998).
Shortening P4 does not significantly affect catalytic activity and shortened forms readily
crystallize (Ferre-D'Amare et al., 1998). P4 has the loop sequence ACCGU, which is
largely self-complementary. Thus, we hypothesized that two molecules of HDV may be
interacting through its complementary P4 loop by forming kissing hairpins. Thus, we
proposed that shortening P4 may decrease PKR activation, while lengthening P4 may
increase activation.
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Figure 3.1. Secondary structures of HDV genome segment and HDV ribozyme. (A) A
portion of the HDV genome illustrating rod-like and alternative cruciform structures. (B)
Secondary structures for 1/99 wt and changes in 1/99 P4 variants 1/99 ∆3 bp and 1/99 +3
bp. Variant 1/99 ∆3 bp was prepared by removing three base pairs: G50, A51, G52, C64,
U65, and C66 (these residues are boxed). Variant 1/99 +3 bp was prepared by adding
three base pairs: C51, A52, C53, G69, U70, and G71. Position of insertion is indicated by
arrows. Paired regions are numbered and shown in different colors.
To test this hypothesis, three RNAs were prepared, 1/99 ∆3 bp, 1/99 wt, and 1/99
+3bp (Fig. 3.1B). Variant 1/99 ∆3 bp has three base pairs removed from P4, and variant
1/99 +3 bp has three base pairs inserted into P4 (Fig. 3.1B). For this study, all three 1/99
variants were prepared from self-cleaving -54/99 transcripts and isolated on denaturing
6% PAGE. The extent of -54/99 cleavage during transcription was dependent on the
variant, with -54/99 ∆3 bp cleaving up to ~80% and -54/99 wt and -54/99 +3 bp cleaving
~90%. These values were more than sufficient to provide adequate 1/99 for this study.
Isolation of full-length (uncleaved) sequence was also attempted to examine kinetics of
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P4 variants. Both transcription and kinase reactions were performed in low Mg2+ in an
attempt to suppress self-cleavage. However, low yields of uncleaved RNA following
purification prevented analysis of full-length uncleaved sequences.
Next, we performed a native gel analysis of renatured HDV variants to determine
folding heterogeneity (Fig. 3.2A). The monomeric HDV ribozyme is known to be wellfolded in 200 mM NaCl and 10 mM MgCl2, however salt dependent HDV dimer
conditions have not been tested. Thus, we examined three salt conditions by incubating
the variants at 55 oC and then treating the RNA with an equal volume (1) 1x TE, (2) 1x
TEK400M20, or (3) 1x TEN400M20. Changing salt did not affect mobility, but increasing
RNA concentration yielded more dimer for all variants, consistent with Le Chatlier’s
principle. Variant 1/99 ∆3 bp formed the most dimer, while 1/99 wt and 1/99 +3 bp
formed little dimer. Increased dimer formation in 1/99 ∆3 bp is likely attributed to
destabilization of P4 in the monomeric form, due to removal of 3-bp. In some cases,
native gels contained two bands assigned to monomer or dimer. This behavior was not
consistent in all gels examined, but could result from differing secondary and tertiary
structures or presence of shortened contaminant sequence.
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Figure 3.2. Native gel analysis of HDV heterogeneity and correlation between HDV
heterogeneity and PKR activation. (A) 1/99 ∆3 bp, 1/99 wt, and 1/99 +3 bp were
renatured at 2 or 20 µM concentrations (with trace 5’-end labeled RNA) in 1x TE by
incubating at 55 oC for 10 min, followed by incubation at room temperature for 10 min.
The sample was then mixed with an equal volume of one of three following salts: (1) 1x
TE, (2) 1x TEK400M20, or (3) 1x TEN400M20. tRNA monomer (M) and tRNA dimer (D)
are provided to compare mobility of a similar length RNA to mobility of HDV variants.
Number of nucleotides in cleaved monomer HDV is provided above the gel. The faster
migrating bands are assigned as monomer (M) and the slower migrating bands as dimer
(D). Gel is 1x THEM4. (B) PKR activation by HDV variants containing a
heterogeneous mixture of M and D. RNAs were renatured at 4x concentrations in 1x TE
at 90 oC for 1 minute, followed by incubation at 55 oC for 10 min. Equal volume RNA
was added to 1x TEN400M20 and incubated at room temperature for 10 min to give 2x
RNA stocks. A no-RNA lane is provided, and phosphorylation activities are normalized
to 0.01 µM 79 bp RNA. Both no-RNA 79 bp RNA lanes contain 100 mM NaCl and 5
mM MgCl2. The no-RNA lane was subtracted from each lane in order to provide RNAdependent activation values.
To test whether HDV sample heterogeneity affects PKR activity, we performed a
PKR activation assay on RNAs that had been renatured and presumably had the
populations shown in Fig. 3.2A. RNAs were serially diluted and renatured separately and
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PKR activation assays were performed in the presence of 100 mM NaCl + 5 mM MgCl2
final salt (Fig. 3.2B). Activation of PKR by 1/99 ∆3 bp was significantly higher than
1/99 wt and 1/99 +3 bp, which is correlated with increased dimer in the 1/99 ∆3 bp
sample. Strangely, PKR activation by 1/99 ∆3 bp was observed at RNA concentrations
as low as 0.2 µM. On native PAGE, 2 µM 1/99 ∆3 bp showed no dimer, thus 0.2 µM
likely had no dimer. Three explanations for this activity include dissociation of a small
amount of dimer upon loading onto native PAGE, activating RNA aggregates are not
visible on the gel, or there is increased dimer formation during PKR activation conditions
due to incubation at 30 oC and/or presence of salt.
A native gel mobility shift assay was performed to assess the binding of p20, the
double-stranded RNA binding domain of PKR, to HDV monomers (Fig. 3.3). Samples
were loaded onto 0.5x TBE or 1x THEM4 gels. Including magnesium in native gels
promotes RNA tertiary structure formation and binding data would provide evidence for
p20 binding a globular RNA.
Samples run on the standard 0.5x TBE gel indicated formation of multiple
complexes at high concentrations of p20, with 1/99 +3 bp forming the tightest complex
and 1/99 ∆3 bp forming the weakest complex (Fig. 3.3A). This data further supports the
possibility of dimer HDV being an activator of PKR, since p20 binding to 1/99
monomers does not correlate with PKR activation assay results. Samples loaded onto the
1x THEM4 gel indicate very little complex formation between globular RNA and p20
(Fig. 3.3B). This suggests enhanced tertiary structure prevents binding of p20 to 1/99
monomers. However, it is noteworthy that both gels indicate formation of a small
population of 1/99 ∆3 bp-p20 complex, which has retarded mobility, and is not observed
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in lanes containing 1/99 wt or 1/99 +3 bp. The retarded mobility of the shifted 1/99 ∆3
bp, without protein, indicates a more elongated structure. Given that PKR is more likely
to bind and be activated by a less globular RNA, this small population of complex may
represent the 1/99 ∆3 bp activating species in PKR activation assays.

Figure 3.3. Native gel mobility shift of p20 binding HDV monomers. Trace 5’-end
labeled RNAs were renatured by incubating at 55 oC for 10 min, followed by addition of
an equal volume 1x TEN400M20 and incubation at RT for 10 min. This samples was then
incubated with various concentrations of p20 (0.05, 0.125, 0.25, 0.5, 1.25, 2.5, and 5 µM)
and loaded onto 10% native (A) 0.5x TBE or (B) 1x THEM4 gels. Heterogeneous 1/99
∆3 bp RNA is included to compare mobility of RNA on different composition gels.
Multiple RNA monomer bands have been assigned as 2o or 3o structure.
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3.4.2 HDV aggregates activate PKR
After renaturation of RNAs from different transcription stocks, we observed variable
native gel mobility of monomer, dimer, and aggregate species. To determine if RNAs
containing aggregates were activators of PKR, various concentrations of 1/99 ∆3 bp
(from two transcription stocks) were subjected to one of two heating conditions to
promote dimer formation: (1) serially diluting the RNA, incubating at 55 oC, and then
treating the RNA with an equal volume 1x TEN400M20 (4x RNA stocks at 0.2, 2, and 20
µM) or (2) incubating at 95 oC for 4 min, slow cooling over 1.5 h to 40 oC, serially
diluting the RNA, then adding an equal volume to 1x TEN400M20 (4x RNA stock at 50
µM) and analyze on native 0.5x TBE PAGE (Fig. 3.4A). Slow cooling was recently
described as promoting TAR dimer formation, and was used here to promote a similar
effect (Heinicke et al., 2009).
Extent of monomer and dimer formation, using heat condition 1, was similar for
the two preps. Thus, fast cooling at concentrations of 20 µM or less seem to have little
affect on variability of migrating bands. However, sample aggregation, which was
judged by the amount of sample present in the well, was pronounced in the 297 µM stock
sample, where the sample had been renatured using heat condition 2 (slow cool).
Aggregation hindered subsequent attempts to isolate dimer species from native PAGE
due to different HDV preps having different optimal heating and salt conditions for dimer
formation. In fact, multiple attempts were made to isolate HDV dimer, but samples were
not penetrating the gel and were lost in the large buffer chamber.
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Figure 3.4. HDV aggregates activate PKR and extent of HDV aggregation is dependent
on stock sample. (A) Native gel analysis of 1/99 ∆3 bp stock-dependent sample
heterogeneity. Prior to PKR activation assays, 104 µM and 297 µM RNA stocks (with
trace 5’-end labeled RNA) were diluted to 4x concentrations and treated with one of two
heat conditions: (1) serial dilution in 1x TE, incubation at 90 oC for 1 minute, followed by
incubation at 55 oC for 10 min. Equal volume RNA was added to 1x TEN400M20 and
incubated at room temperature for 10 min, or (2) 50 µM RNA in 1x TE was incubated at
95 °C for 4 min, followed by slow cooling to 40 oC over 1.5 h. This 50 µM RNA was
diluted into 4x concentrations and then added to an equal volume 1x TEN400M20 and
incubated at room temperature for 10 min. A small volume of 2x RNA stocks, in salt,
was added to 5% glycerol prior to loading on 0.5x TBE native gel. Bands corresponding
to monomer (M), dimer (D), and aggregates (well) are indicated. Aggregates are
presumably in the well of the gel. (B) PKR activation by HDV M, D, and aggregates.
Samples prepared for native gel (A) are same samples used in PKR activation assay. A
no-RNA lane is provided, and phosphorylation activities are normalized to 0.01 µM 79
bp RNA. Both no-RNA and 79 bp RNA lanes contain 100 mM NaCl and 5 mM MgCl2.
The no-RNA lane was subtracted from each lane in order to provide RNA-dependent
activation values.
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Using the unpurified samples analyzed in Figure 3.4A, a PKR activation assay
was performed to test if HDV aggregates can activate PKR (Fig. 3.4B). Percent PKR
activation by 5 µM RNA was similar for all four sample preparations, with maximal
activation between 56% and 72%. Thus, HDV aggregates were able to activate PKR
similar to heterogeneous samples containing monomer and dimer.

3.4.3 Optimization of HDV dimer formation and PKR activation by HDV dimers
Next, a more rigorous analysis of HDV dimer and aggregate formation was performed
using large volumes of newly transcribed HDV variants (Fig. 3.5). In Figure 3.2A, we
found adding salt after heating did not affect the extent of dimer formation. Therefore,
we examined the affect of adding 100 mM NaCl prior to the incubation. Two
concentrations of RNA in 1x TE or 1x TEN100 were subjected to one of two heating
conditions: (1) incubation at 90 oC for 3 min, followed by incubation at room temperature
for 45 min or (2) incubating at 95 oC for 4 min, followed by slow cooling over 1.5 h to 40
o

C. As observed previously, 1/99 ∆3 bp formed the most dimer, while 1/99 wt and 1/99

+3 bp formed a small amount of dimer (Fig. 3.5, compare lanes 6, 14, and 22).
Aggregation was observed only when samples were slow cooled, with 1/99 ∆3 bp
forming the largest amount of aggregate.
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Figure 3.5. Optimization of HDV dimer formation. 1/99 ∆3 bp, 1/99 wt, and 1/99 +3 bp
were renatured at 20 or 50 µM concentrations (with trace 5’-end labeled RNA) in 1x TE
or 1x TEN100 and renatured using one of two heat conditions: (1) incubation at 90 oC for
3 min, followed by incubation at room temperature for 45 min or (2) incubation at 95 oC
for 4 min, followed by slow cool to 40 oC over 1.5 h. Gel is native 0.5x TBE.

Using optimized dimer conditions, HDV monomers and dimers were prepared
and isolated from a 0.5x TBE native gel. All three RNAs (1/99 ∆3 bp in 1x TE and 1/99
wt and 1/99 +3 bp in TEN100) were renatured at 20 µM concentrations by incubated at 95
o

C for 4 min, followed by slow cooling over 1.5 h to 40 oC. Monomer and dimer bands

were excised, gel slices soaked overnight in 1xTEN250, ethanol precipitated the next day,
and stored in 1x TE at -20 oC.
Prior to testing all three HDV variants together, an analytical native gel and PKR
activation assay was performed in the presence of 1/99 wt native gel-purified monomer
and dimer. To remove possible dimer contaminants, 1/99 wt monomer was prepared for
native gel analysis and PKR activation by incubating serially diluted RNA (maximal
concentration 0.4 µM) in 1x TE at 90 oC for 1 min, followed by incubation at 55 oC for
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10 min, then treating the RNA with an equal volume 1x TEN400M20. HDV dimer was
treated by adding RNA to an equal volume 1x TEN400M20. Percent 1/99 wt dimer was
75% (Fig. 3.6A). PKR activation by 1/99 wt indicated 0.05 µM RNA dimer was optimal
for PKR activation (Fig. 3.6B). Therefore, concentrations between 0.004 and 0.1 µM
RNA were chosen for subsequent analyses of all three variants in PKR activation assays.
Next, an analytical native gel was run which confirmed that all monomer and
dimer RNAs retained their identity, where RNAs were renatured using the above protocol
(Fig. 3.6C). RNAs migrated as expected, except that 1/99 ∆3 bp dimer band was much
more intense compared to 1/99 wt and 1/99 +3 bp dimer bands. This indicates the
concentration of 1/99 ∆3 bp dimer is likely 20x greater than indicated, given the same
amount of 5’-end labeled RNA was added to each variant RNA prior to renaturation and
isolation from native PAGE and that all three purified monomer bands are similar in
intensity.
Next, purified monomer and dimer RNAs were tested for PKR activation (Fig.
3.6D). For all variants, PKR was not activated by monomers, but was activated by
dimers. Compared to PKR activation by heterogeneous HDV samples, optimal RNA
concentrations had shifted from 5 µM (Fig. 3.2B) to ~0.1 µM (Fig. 3.6D). As observed
in Fig. 3.2B, 1/99 ∆3 bp activated PKR at a lower RNA concentration, compared to 1/99
wt and 1/99 +3 bp. However, we expected higher activation with 1/99 +3 bp dimer, since
the dimer species is fully populated, and this variant had the longest stretch of P4 base
pairs. An explanation for lower optimal concentration of 1/99 ∆3 bp dimer is that it is
more concentrated than indicated in the figure. Native gel analysis indicated that 1/99 ∆3
bp dimer is likely ~20x more concentrated than shown in the panel. Thus, ‘0.004 µM’
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1/99 ∆3 bp dimer, where 21% activation is observed, may actually correspond with a
concentration of ~0.08 µM dimer and PKR activation is now comparable to other dimer
variants that activated between 20-33%.

Figure 3.6. HDV dimers are activators of PKR. (A and C) Native gel analysis of
isolated and purified monomer and dimer HDV variants. 20 µM RNA (with trace 5’-end
labeled RNA) was renatured in 1x TE (1/99 ∆3 bp) or 1x TEN100 (1/99 wt and 1/99 +3
bp) by incubation at 95 oC for 4 min, followed by slow cool to 40 oC over 1.5 h.
Monomer and dimer RNAs were purified from native gel (gel not shown) and placed in
1x TE. Then, 4x [RNA] monomer and dimer were added to an equal volume 1x
TEN400M20 (indicated with “s” for salt), followed by incubation at room temperature for
10 min. Prior to adding salt, all monomer samples were renatured (indicated with “h” for
heat), to remove possible dimer contaminants, by incubating at 90 oC for 1 minute,
followed by incubation at 55 oC for 10 min. (Legend continued on next page)
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5 % glycerol was added to sample before loading onto native 0.5x TBE gel. Both
untreated monomers (M) and monomers treated with heat and salt (M (h+s)) are shown.
Percent dimer is provided for the dimer lanes. (B and D) PKR activation by isolated and
purified HDV monomers and dimers are same samples used in PKR activation assay are
the same samples prepared for native gel (A). A no-RNA lane is provided, and
phosphorylation activities are normalized to 0.01 µM 79 bp RNA. Both no-RNA and 79
bp RNA lanes contain 100 mM NaCl and 5 mM MgCl2. The no-RNA lane was subtracted
from each lane in order to provide RNA-dependent activation values.
3.4.4 Secondary structure mapping of HDV monomers and dimers
The above experiments established a very strong correlation between RNA dimerization
and PKR activation. To further our understanding of the molecular basis of PKR
activation by HDV dimers, we performed secondary structure mapping of 1/99 ∆3 bp and
1/99 wt monomers and dimers (Fig. 3.7) (1/99 wt data not shown, but were similar to
1/99 ∆3 bp). Another purification of HDV monomers and dimers was required for
structure mapping. To ensure very little loss of RNA during purification, 50 µM RNA
(with 50 nM 5’-end labeled RNA) was renatured in 1x TEN100 by incubating at 90 oC for
3 min, followed by incubation at room temperature for 10 min. This method of
renaturation contrasts the slow cooling method used in Figure 3.6, which can cause
aggregation and sample loss. Identical mobility of dimer bands, using both renaturation
conditions, suggested an equivalent dimer species would be isolated (Fig. 3.5). Purified
monomer and dimer RNA samples were now sufficient for native gel analysis, structure
mapping, and PKR activation assays.
Prior to performing secondary structure mapping, RNA monomers and dimers
were run on a native gel to confirm identity (Fig. 3.7A). The secondary structure of 1/99
∆3 bp monomer and dimer is presented (Fig. 3.7B).The secondary structure of 1/99 ∆3
bp monomer gave a cleavage pattern in agreement with its published monomeric wildtype HDV ribozyme secondary structure (Been & Wickham, 1997; Ferre-D'Amare et al.,
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1998), with P4 loop giving the most intense single-stranded cleavages (Fig. 3.7B,C). The
secondary structure data for 1/99 ∆3 bp dimer reveal an absence single-stranded
cleavages in the P4 loop, and is consistent with two different dimers, both a globular and
extended dimer structure (Fig. 3.7 B,D, and E).

Figure 3.7. Enzymatic structure mapping of 1/99 ∆3 bp monomer and dimer. (A) Native
gel analysis of RNAs used for structure mapping. Monomeric and dimeric RNAs were
prepared by renaturation in 1x TEN100 and incubation at 90 oC for 3 min, followed by
native gel-purification. (Legend continued on next page)
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This gel is not the purification gel, but the gel to show that monomer and dimer identities
had been retained. (B) Enzymatic structure mapping of 1/99 ∆3 bp monomer and dimer.
Sequencing lanes for G (T1) and all nucleotides (OH-) are provided to the left of each
dataset. The secondary structures were determined using RNases A (C, U-specific)
orange, T1 (G-specific) blue, T2 (single stranded-specific) green, and V1 (double strandspecific) red. Open triangles represent weaker cleavages and closed triangles stronger
cleavages. (C) Monomer cleavage data superimposed on the monomer secondary
structure are consistent with published 1/99 HDV ribozyme structure. (D, E). Dimer data
cleavage data superimposed on two secondary structure models is consistent with both a
globular and extended dimer.

Figure 3.7 (legend on previous page)

Finally, a PKR activation assay was performed to confirm that the mapped dimer
species is a PKR activator. Monomer and dimer RNAs from all three variants were
analyzed and treated for activation assays as described in Fig. 3.6. However, in this case
activation data showed neither monomer nor dimer activated PKR (data not shown).

86
Three possible explanations for the lack of activity include (1) only slow cooling supports
proper activator dimer formation, (2) freeze-thawing can cause dimer conversion from
globular to extended or visa versa, or (3) salt was not sufficiently removed from the
sample. Unfortunately, structure mapping and native mobility analysis can not be used to
differentiate between the two types of dimer or which is the activator of PKR.

3.5 Conclusions
In this study, we examined the ability of the HDV ribozyme to activate PKR. The
ribozyme is highly globular, but has a protruding, GC-rich P4 pairing region. This region
seemed most likely to interact with PKR, given that PKR binds and is activated by long
double-stranded RNA. Thus, we examined PKR activation as a function of P4 length by
preparing shortened and lengthened P4 variants. We anticipated that 1/99 +3 bp, with a
lengthened P4, would be a potent activator, but instead found 1/99 ∆3 bp, with a
shortened P4, to be the most potent activator.
A correlation between dimer formation on native PAGE and PKR activation was
observed. All three variants were subjected to identical renaturation conditions and
consistently 1/99 ∆3 bp formed the most dimer and was the most potent PKR activator.
Dimer formation was likely facilitated in the 1/99 ∆3 bp variant by shortening and
destabilizing P4. To support the hypothesis that HDV dimers are activators, HDV
monomers and dimers were isolated from native gels and tested for PKR activation. In
all cases, monomers did not activate PKR, while dimers were potent activators, with
potency similar to heterogeneous samples, but at 50-fold lower RNA concentrations.
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We also performed structure mapping of HDV monomer and dimers to better
understand the RNA structural basis for PKR activation. Monomer data mapped as
expected onto the native secondary structure of the ribozyme, but dimer data mapped
well onto two dimer structures. A complication arose, however, where PKR was not
activated by HDV dimers used in structure mapping analyses. Some factors that may
have influenced the ability of HDV dimers to activate PKR include: (1) differences in
dimer renaturation conditions, where only slow-cooling over 1.5 h yields an activating
dimer species, or (2) too many freeze-thaw cycles caused RNA dimer inter-conversion.
If the dimer does exist as two distinct populations, native gel analysis cannot be used to
resolve these structural differences, as HDV dimers migrated as one band under all
conditions examined in this study. To obtain a better structural understanding of PKR
activation by HDV dimers, a different technique, such as dynamic light scattering (DLS)
or SAXS analyses, should be attempted to resolve RNA structural ambiguities. Both
DLS and SAXS techniques are based on shape, and thus should be able to differentiate
between the two dimer models.
Lastly, we observed a correlation between HDV aggregation and PKR activation.
Traditionally, protein misfolding and aggregation has been associated with disease
(Carrell & Gooptu, 1998). Similarly, misfolding of RNA to form aggregates, as well as
dimers, could potentially cause disease.
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Chapter 4
Activation of PKR is regulated by precursor miRNAs and low pH
4.1 Abstract
Human protein kinase R (PKR) and precursor/mature miRNAs are localized in the
cytosol. Precursor stem-loop miRNAs are ~70-nt in length and contain numerous
secondary structure defects, including mismatches and bulges. PKR is inhibited by
RNAs between 15- to 30-bp and activated by RNAs >30-bp. In this study we investigate
PKR regulation by precursor mir-374a and three variants which had secondary structure
defects replaced with Watson-Crick base pairs. Lowered pH in PKR activation assays
was attempted to promote formation of an AC wobble from an AC mismatch. These pH
dependent assays led us to the observation that PKR activation is favored by low pH. We
report that PKR is inhibited by precursor miRNAs, with variants containing fewer
secondary structure defects having the strongest effect on inhibition, and that PKR
activation is RNA-independent at low pH. Some viruses require low pH to enter the host
cell, while cancer cells also have decreased pH. Thus, PKR activation at low pH could
be an initial response to viral entry and may also prevent cancer cell proliferation.

4.2 Introduction
MicroRNAs (miRNAs) are a family of small (~22-nt) non-coding RNAs, that were first
discovered in C. elegans (Lee et al., 1993), and are now known to regulate gene
expression in many organisms by binding complementary target mRNAs (Chekulaeva &
Filipowicz, 2009; Lai, 2002; Lee et al., 1993). Binding of miRNAs to target mRNA can
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repress translation or target the mRNA for degradation, but more recently have been
shown to activate translation (Orom et al., 2008; Vasudevan et al., 2007). These RNAs
are found in diverse organisms including multicellular mammals, fungi, and plants, and
have even been identified in unicellular organisms and viruses (Nakayashiki & Nguyen,
2008; Napoli et al., 1990; Pfeffer et al., 2004; van der Krol et al., 1990; Zhao et al.,
2007). In humans, there are more than 700 annotated miRNAs that have different
cellular expression patterns and can regulate numerous cellular processes including cell
differentiation, proliferation, and apoptosis (Griffiths-Jones, 2004; Wienholds & Plasterk,
2005). Not surprisingly, malfunction of miRNAs can lead to disease, with 346 miRNAs
having been linked to over 100 diseases (Alvarez-Garcia & Miska, 2005; Jiang et al.,
2009).
Processing of miRNAs begins in the nucleus, where long pri-miRNA transcripts
are cleaved by Drosha/Prasha proteins to produce ~70-nt precursor miRNAs (premiRNA) (Fig. 4.1) (Kim, 2005).These pre-miRNAs are then exported into the cytosol
and further processed by Dicer protein to produce a mature miRNA duplex. Often, one
miRNA strand is predominant with high expression levels (i.e. major strand); while the
complementary strand usually has decreased or undetectable expression levels (i.e. minor
strand) (Ambros et al., 2003). One strand of miRNA is loaded into a RISC protein
complex and is directed to a target mRNA sequence by Watson-Crick base pairing, where
the miRNA functions to reduce or terminate translation of the mRNA (Schwarz et al.,
2003).
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Figure 4.1. MicroRNA processing pathway. Steps are described in detail in the text.

PKR (the double-stranded RNA activated protein kinase) binds to and is activated
by long stretches of dsRNA and is considered a vital component of the innate immune
response (Garcia et al., 2006). It is well documented that PKR is activated by dsRNAs
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(>30-bp), which is commonly found in viral replication intermediates following infection
(Maran & Mathews, 1988b). Upon binding long dsRNAs, PKR forms an activated
dimer, and phosphorylates translation initiation factor, eIF2α. This cascade of events
ultimately leads to inhibition of protein synthesis and cell death. To evade PKR
recognition, some viruses have evolved proteins or highly structured RNA motifs which
inhibit the function of PKR (Elde et al., 2008; Rothenburg et al., 2009). In additional to
viral dsRNAs, PKR is also regulated by numerous cellular proteins including toll-like
receptors, growth receptors, and cytokines, as well IFN-gamma mRNA and other cellular
stresses (Garcia et al., 2006).
PKR is mostly localized in the cytosol, while pre-miRNAs are found both in the
nucleus and cytosol and miRNAs are only localized cytosol. Thus, PKR likely
encounters both pre-miRNAs and miRNAs. The small size of hairpin pre-miRNAs (<70nt) and having numerous defects and a loop, may preclude PKR activation by these
RNAs. However, PKR is inhibited by RNAs 16- to 30-bp in length, suggesting that PKR
more likely is inhibited by both pre-miRNAs and/or duplexed miRNAs. In fact, a well
characterized pre-miRNA inhibitor of PKR, HIV-1 TAR RNA, is now annotated as a
miRNA (Ouellet et al., 2008). Analogous to human cellular miRNAs, TAR contains nonWatson Crick secondary structure features including GU wobbles and bulged
nucleotides.
Given that PKR regulates translation and could be affected by the presence of
these dsRNA-like species, we investigated PKR regulation by precursor mir-374a and
three mir-374a variants, where variants had secondary structure defects systematically
replaced with Watson-Crick GC base pairs. This precursor miRNA was chosen for three
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reasons: (1) precursor mir-374a contained the two most common secondary structure
defects found in precursor miRNAs: GU wobbles and an AC mismatch, (2) similar to
PKR, mir-374a is involved in cell differentiation and (3) a related RNA, miR-374b* is
predicted to target the mRNA of PKR. Thus, mir-374a has the potential to regulate PKR
at both the RNA and protein levels.
In addition to changing secondary structure defects in precursor mir-374a, we
lowered the pH to 6.5 in PKR activation assays in an effort to protonate an adenine in an
AC mismatch and promote formation of an AC wobble, thereby making the RNA more
dsRNA-like. These pH experiments led us to make the unexpected observation that PKR
activation is pH dependent. Herein, were report two novel mechanisms of PKR
regulation: (1) PKR inhibition by certain precursor miRNAs and (2) RNA-independent
activation of PKR at low pH. Possible biological importance of these observations is
discussed.

4.3 Materials and Methods
4.3.1 Protein expression and purification
PKR was purified for activation and inhibition assays and p20, a truncated version of
PKR containing the dsRBD, was purified for gel mobility-shift assays. Details on
plasmid design, expression, and purification are described in Chapter 2.

4.3.2 RNA preparation
Pre-miRNAs were prepared by solid-phase synthesis (Dharmacon, Inc.). Top and bottom
strands of 79 bp RNA are derived from pUC-19 and were prepared from DNA duplex by
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T7 transcription (Milligan & Uhlenbeck, 1989; Nallagatla et al., 2007). All RNAs were
purified on denaturing PAGE and the band corresponding to full-length transcript was cut
out and soaked overnight at 4 °C in 1x TEN250 [10mM Tris (pH 7.5), 1 mM EDTA, and
250 mM NaCl]. Subsequently, RNAs were ethanol precipitated and resuspended in 1x TE
[10 mM Tris (pH 7.5) and 1 mM EDTA]. 5′-end-labeled RNAs were prepared by treating
them with calf intestinal phosphatase, followed by polynucleotide kinase treatment in the
presence of [γ-32P]ATP.

4.3.3 Mobility-shift assays
Native gel mobility-shift analyses were performed with p20, as described in Chapter 2.
Fits are to Equation 1,

Equation 1
where θ is the fraction of RNA bound, ε is the observed maximum fraction bound, and Kd
is the dissociation constant.

4.3.4 PKR activation assays
PKR activation and inhibition was tested in the absence and presence of RNA. Prior to
activation assays, PKR was dephosphorylated by treatment with λ-PPase for 1 h at 30 °C
and then inhibited with 2 mM sodium orthovanadate. In some cases, PKR was pretreated
with and purified from GST–λ-PPase, as noted in the following results sections. The λPPase-treated PKR was incubated with various concentrations of RNA, 20 mM MES (pH
5.5-6.5) or 20 mM Hepes (pH 7.0-7.5), 4 mM MgCl2, 50 mM KCl, 1.5 mM DTT, 100
µM ATP (Ambion), and 15 µCi [γ-32P]ATP. RNAs were renatured in 1x TE at 4 µM or
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less concentrations to remove possible dimer contaminants. Reaction mixtures were
incubated at 30 °C for 4 to 80 min, quenched with 1x SDS loading buffer, and loaded on
10% SDS-PAGE (Pierce). Gels were exposed to a storage PhosphorImager screen, and
intensities of PKR bands were quantified using a Phosphor-Imager (Molecular
Dynamics). In activation assay gels, a no-RNA lane is provided.

4.3.5 Dynamic Light Scattering
Dynamic light-scattering measurements were made using a Viscotek 802 optical system.
Dephosphorylated PKR was concentrated to 16 µM using a Millipore Centricon spin
column and added to standard PKR activation reagents at pH 5.5 or pH 7.5 just prior to
taking measurements.
4.4 Results
4.4.1 Survey of annotated precursor miRNA secondary structures and selection of an
RNA for this study
We anticipated that PKR regulation by precursor miRNAs would largely depend on the
secondary structure defects present in the RNA. Thus, we examined hundreds of
annotated human stem-loop pre-miRNA secondary structure defects and searched for
common motifs using the miRBase database (http://www.mirbase.org/) (Griffiths-Jones,
2004; Griffiths-Jones, 2006; Griffiths-Jones et al., 2008). We found a large number and
variation of secondary structure defects in each pre-miRNA. Given that PKR is known to
bind tightly to perfect dsRNA, we decided to limit our analyses to RNAs containing the
two most common defects: GU wobbles and AC mismatches, both of which form similar
wobbles that might be more tolerated by PKR.
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Next, we wanted to further limit our search by identifying miRNAs that target
PKR mRNA. If a miRNA is capable of targeting PKR mRNA and binding/inhibiting
PKR protein, then PKR could be regulated at both the RNA and protein level. Using
MicroCosm targets search engine (http://www.ebi.ac.uk/enright-srv/microcosm/htcdocs/
targets/v5/), we identified a total of 24 miRNAs that were predicted to target PKR mRNA
(Enright et al., 2003; Griffiths-Jones, 2006; Griffiths-Jones et al., 2008). Secondary
structures of the pre-miRNAs predicted to target PKR are provided in Table 4.1. RNAs
are listed in order of highest to lowest target score, where highest scores are given to
miRNAs with the most complementarity to target PKR mRNA.
These precursor miRNAs varied significantly from one another in both sequence
and secondary structure defects and few stood out as good candidates for our study.
However, one high scoring miRNA, mir-374b, had a strikingly long double-stranded
region with GU wobbles, but lacked an AC mismatch (Fig. 4.2A). Since this miRNA had
an associated lettered suffix, we again searched the miRBase database and found desired
secondary structure defects in a related precursor miRNA, termed mir-374a (Fig. 4.2A).
Only the minor miRNA strand from mir-374b, and not mir-374a, is predicted to
target PKR mRNA. A comparison of the complementarity between miR-374b* and miR374a* bound to PKR mRNA is provided in Figure 4.2B. One significant difference is a
CU mismatch located at the 5’-end of miR-374a* that has been replaced with stable CG
base pair in miR-374b*. Experimental work has shown that increased complementarity
at the 5’-end of miRNAs increases ability to target mRNA (Lewis et al., 2003). This
explains why miR-374a* is not predicted to target PKR mRNA.

96
Even though mir-374b is predicted to target PKR mRNA, we chose mir-374a for
our studies since it contained the most common secondary structure defects found in premiRNAs: GU wobbles and AC mismatches (Fig. 4.2A). In addition, there is an absence
of experimental evidence showing that miR-374b* can target PKR mRNA in vivo.
Therefore, examining either mir-374a or mir-374b for regulation of PKR would provide
preliminary data to support PKR regulation by pre-miRNAs
Dicer processed pre-miRNAs contain 2-nt 3’-end overhangs. In an effort to
remove multiple PKR binding registers and to focus on the two most predominant
secondary structure defects found pre-miRNAs, we chose to truncate one end of mir-374a
with a Dicer processed terminus. The terminus processed-mir-374a (tp-mir-374a) had
two CU mismatches deleted from the pre-miRNA and the remaining fragment included
only two GU wobbles and one AC mismatch (Figure 4.2C).
As mentioned above, PKR binds tightly to perfect dsRNA and thus may be more
strongly regulated by defect-free precursor miRNAs. Therefore, we prepared three tpmir-374a variants by systematically replacing secondary structure defects with GC
Watson-Crick base pairs (Fig. 4.2C). Variant tp-mir-374a GC internal (int) was prepared
by single mutation A39G. This variant was prepared to eliminate possible pH
dependence of an AC mismatch. Variant tp-mir-374a GC external (ext) was prepared by
double mutation U4C:U23C. This variant replaces two GU wobble base with GC
Watson-Crick base pairs. Variant tp-mir-374a GC external/internal (ext/int) was
prepared by triple mutation U4C:U23C:A39G. This variant combines the mutations
found in tp-mir-374a GC (ext) and tp-mir-374a GC (int).
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Table 4.1. Precursor hairpin miRNAs predicted to target PKR mRNA
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Table 4.1. (continued from previous page)
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Figure 4.2. Comparison of mir-374a and mir-374b and structures of tp-mir-374a variants
used in this study. (A) Sequence and structure similarity between precursor stem-loops
mir-374a and mir-374b. (B) Complementarily between minor miRNA strands, miR374a* and miR-374b*, and PKR mRNA. Boxed regions show differences in base
pairing. Only miR-374b* is predicted to target PKR mRNA. (C) Secondary structure of
terminus processed mir-374a (tp-mir-374a) and mutations present in three tp-miR-374a
variants. Variant tp-miR-374a GC internal (int) was prepared by single mutation A39G.
Variant miR-374a GC external (ext) was prepared by double mutation U4C:U23C.
Variant miR-374a GC external, internal (ext,int) was prepared by triple mutation
U4C:U23C:A39G.
4.4.2 Inhibition of PKR activation by tp-mir-374a variants
We examined the ability of tp-mir-374a variants to inhibit PKR activation (Fig 4.3). A
standard PKR inhibition assay was performed by adding increasing concentrations of
RNA inhibitor to a constant concentration of potent activator, in this case 79 bp RNA.
Inhibition reactions were conducted at low pH (6.5) and standard pH (7.5). A low pH
was examined to promote protonatation of adenosine in the AC mismatch and force an
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AC wobble base pair to form. A comparison of Watson-Crick AU and GC base pairs and
wobble base pairs is provided in the introduction of this thesis.
At pH 6.5, we observed strongest inhibition by GC (int/ext), moderate inhibition
by GC (int), and weakest inhibition by wt and GC (ext). Obvious differences in ability of
these variants to inhibit PKR become apparent at concentrations of 0.8 µM RNA. At the
highest concentration of 1.6 µM RNA, fold inhibition was below the backgroundcorrected value for GC (int/ext) and GC (int) and between 1.5- to 3.0-fold for wt and GC
(ext). These effects indicate that variants with fewer defects are more potent inhibitors of
PKR, where replacing all three defects, or a single AC mismatch, with Watson-Crick GC
base pairs has the largest effect.

Figure 4.3. Inhibition of PKR activation by tp-mir-374a and variants using standard
inhibition assay conditions. PKR inhibition by tp-mir-374a wt, GC (int), GC (ext), and
GC (ext/int) at pH 6.5(A) or pH 7.5(B). PKR inhibition reactions in the presence of mir374a wt are shown in each gel to provide a standard. Fold inhibition relative to 79 bp
RNA is provided. Inhibition assays were performed in the presence of 0.01 µM 79 bp
RNA and 0.1 µM PKR, pH 6.5 or 7.5, as indicated to the right of each gel (10% SDSPAGE).
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At pH 7.5, we observe the same trend as at pH 6.5, in the ability of RNAs to
inhibit PKR. At the highest concentration of 1.6 µM RNA at pH 7.5, fold inhibition for
GC (int/ext), GC (int), wt and GC (ext) was >20-, 5.9-, and between 1.4- to 1.6-fold,
respectively. Contrary to our predictions, lowering the pH did not increase PKR
inhibition by wt or GC (ext), both of which contain an AC mismatch. However, replacing
the AC mismatch with a GC base pair in variant GC (int) significantly increased the
ability RNA to inhibit PKR. This suggests PKR is binding AC mismatches and AC
wobbles in a similar fashion, since increased PKR inhibition is only observed when the
AC is replaced with a Watson-Crick GC base pair.
In the process of investigating pH dependence of PKR regulation by tp-mir-374a
variants, we observed a curious increase in PKR activity in the no-RNA lane at pH 6.5
(Fig 4.3A, lanes 2 and 12). The elevated background had the effect of increasing fold
inhibition by tp-mir-374a variants at pH 6.5, where background was subtracted from
percent PKR activation. We further address this RNA-independent activation of PKR in
sections 4.4.4 through 4.4.7.

4.4.3 Stoichiometry between p20 and tp-mir-374a variants
Next, using native gel mobility shift assays we examined the stoichiometry between the
dsRNA binding domain of PKR (p20) and tp-mir-374a variants (Fig. 4.4). Increasing
p20 concentrations, up to 5 µM, were added to trace 5’-end labeled RNA. At p20
concentrations of 0.5 µM and greater, two complexes are formed between p20 and all
four RNAs examined. This suggests two p20 proteins are binding one RNA.
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A subtle, yet significant difference in binding is observed between these variants,
with wt, GC (ext), GC (int), and GC (ext/int) having apparent Kd1’s of 0.68, 0.61, 0.41,
and 0.31 µM, respectively. The tighter binding affinity for GC (int) and GC (ext/int)
correlates with increased PKR inhibition by these variants. Also, the inability to populate
the first shifting intermediate typically correlates with greater cooperatively of binding
(Bevilacqua & Cech, 1996).

Figure 4.4. Native gel mobility shift of p20 binding tp-mir-374a wt and tp-miR-374a
variants (A) Trace 5’-end labeled RNAs were incubated with various concentrations of
p20, as indicated above the gel. All RNAs form two complexes at higher concentrations
of p20, with miR-374a GC (int) and miR-374a GC (ext, int) forming a tighter complex.
Gel is 10% polyacrylamide native (0.5x TBE) and fractionated at 300 V for 2 h at 16 °C.
Gel was loaded while running. (B) Plot of data from panel (A). Non-linear curve fitting
to Equation 1 gave dissociation constant (Kd) values as follows: wt ( ) 0.68 ± 0.08 µM,
GC (ext) ( ) 0.61 ± 0.12 µM, GC (int) ( ) 0.41 ± 0.06 µM, and GC (ext/int) ( ) 0.31 ±
0.03 µM.
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4.4.4 pH dependence of PKR activation in the absence of RNA
As mentioned above, we observed RNA-independent PKR activation in assays performed
at low pH. Thus, we further explored the effect of pH on PKR activation in the absence
of RNA and, as a control, in the presence of 79 bp RNA at pH 5.5, 6.0, 6.5, 7.0, and 7.5
(Fig. 4.5). Time points were collected up to 80 min to assess whether there was a time
dependence on RNA-independent PKR activation. No-RNA lanes were normalized to
0.01 µM 79 bp at a 10 min time point for each pH. Fold-effects relative to pH 7.5 are
provided for both no-RNA and 79 bp RNA lanes. All reactions were performed on the
same day and identical adjustments in band intensity were made to each gel.
Consistent with the observations in Fig. 4.2, lowering the pH promotes RNAindependent PKR activation (Fig. 4.5A left, B). The effect of pH on RNA-independent
PKR activation is evident at the shortest time point of 5 min and begins to plateau at 40
min. Fold effects for RNA-independent PKR activation at 40 min at pH 5.5, 6.0, 6.5, and
7.0 are 36-, 23-, 6.4-, and 1.8-fold, respectively, relative to pH 7.5. The most dramatic
increase in percent PKR activation occurred at 80 min at pH 5.5, where PKR activation
was 30-fold greater than pH 7.5 no-RNA, and 59% of 79 bp RNA.
Consistent with previous reports, PKR activation in the presence of 79 bp RNA
approaches a plateau by 10 min (Fig. 4.5A right, C), beyond which time it decreases. A
plot of PKR activation versus pH for no-RNA and 79 bp RNA activation at 80 min is
provided to emphasize the differences in RNA-independent and 79 bp PKR activation
(Fig. 4.5D). While RNA-independent PKR activation is pH dependent, 79 bp RNA
mediated activation is largely independent of pH (Fig. 4.5D, white bars). As described
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above, RNA-independent activation of PKR at the lower pHs tested closely approach the
level of activation in the presence of 79 bp RNA.
Raw data for PKR activation band counts in the absence of RNA and in the
presence of 79 bp are provided in Figure 4.5E. Trends observed in the raw data for
RNA-independent PKR activation are consistent with normalized data. However, the
raw data show a striking pH dependent grouping of PKR activation by 79 bp RNA into
two areas, high (pH 5.5, 6.0) and low (pH 6.5, 7.0, and 7.5) PKR activation. However,
the fold-effects are less than 2-fold, and are not as striking as the 30-fold effects observed
in no-RNA lanes.
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Figure 4.5. pH dependence of PKR activation. (A) PKR activation time course profiles
at pH 5.5, 6.0, 6.5, 7.0, and 7.5 in the absence of RNA (left) or in the presence of 79 bp
RNA (right). Time points are provided above each gel. Percent PKR activation is
normalized to 0.01 µM 79 bp RNA at 10 min reaction time points. Fold effects relative
to pH 7.5 reaction time points are provided. PKR concentrations are 0.8 µM. Gel is 10%
SDS-PAGE. (B, C) Plot of normalized percent PKR activation in the absence of RNA
(B, closed symbols) or in the presence of 79 bp RNA (C, open symbols) versus time at
pH 5.5 ( , ), 6.0 ( , ), 6.5 ( , ), 7.0 ( , ), and 7.5 ( , ). (D) Plot of log percent
PKR activation versus pH for no-RNA (solid bars) and 79 bp RNA (open bars) at 80 min.
(E) Plot of raw PKR activation data verses time. Symbols are the same as in B and C.
Gels for plots are provided in (A).
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4.4.5 pH dependence of PKR activation: λ-PPase removed prior to assay
Results described above were with a PKR prep that had been treated with λ-PPase prior
to activation assays and, during activation assays, λ-PPase was inhibited by sodium
orthovanadate. We were concerned that a small amount of λ-PPase was still active
during activation assays and could have strongly inhibited RNA-independent PKR
activation at pH 7.5, while poorly inhibited PKR at lower pH.
Therefore, we performed a PKR activation assay with a dephosphorylated prep of
PKR that had been treated with, and subsequently removed from GST–λ-PPase (Fig 4.6).
If similar results were observed, then we could rule out the possibility of pH dependent
inhibition by a small amount of active λ-PPase present in the PKR prep used in Figure
4.5. In addition to the conditions used in Figure 4.5, a lower PKR concentration of 0.1
µM was tested to examine the effect of protein concentration on PKR activation.
In agreement with data obtained in Figure 4.5, we observed RNA-independent
PKR activation at low pH, but only at the higher 0.6 µM PKR, since lower concentrations
are apparently not sufficient to induce PKR dimerization without RNA (Lemaire et al.,
2005). When λ-PPase has been removed, there is a drastic increase in percent RNAindependent PKR activation at 40 min (pH 5.5), where PKR activation was 65% of 79 bp
RNA (Fig. 4.6B, lane 2). This is comparable to PKR activation in the presence of λPPase, where percent RNA-independent PKR activation was 59% of 79 bp RNA at 80
min (pH 5.5) (Fig. 4.5A, lane 5).
Two differences observed between the two protein preps include the λ-PPase-free
prep having smaller fold-effects and decreased fold-effects with time. In the presence of
λ-PPase, the largest fold-effect is 36 at 40 min, while in the λ-PPase-free prep, the largest
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fold-effect is 4.7 at 10 min (compare Fig 4.5A, lane 4 (pH 5.5) to Fig. 4.6B, lane 1).
Both the magnitude and time dependence are linked to the λ-PPase-free prep having
elevated RNA-independent activation at pH 7.5, which is further discussed next
paragraph. Thus, although percent PKR activation is similar between the two protein
preps, the fold-effects in the λ-PPase-free less striking due to elevated RNA-independent
activation at pH 7.5.
A major difference between the two protein preps is apparent at pH 7.5, where
RNA-independent PKR activation in the presence of λ-PPase is only 2.8% of 79 bp RNA,
while in the λ-PPase-free prep activation is 26% (compare Fig. 4.5A, lane 5 (pH 7.5) to
Fig. 4.6B, lane 9). Given that the concentration of PKR is similar in both PKR activation
assays, 0.6 µM in the λ-PPase-free prep and 0.8 µM in the λ-PPase present prep, suggests
λ-PPase is active at pH 7.5 and inhibited at pH 5.5. It is also notable that λ-PPase
requires MnCl2 for activity and that high concentrations of MnCl2 inhibit RNAindependent PKR activation. Specifically, 0.5 mM and 2.5 mM MnCl2 have an
inhibitory effect of 1.6- and 4.4-fold, where 0.5 mM MnCl2 is most similar to PKR
activation conditions in the presence of λ-PPase (data not shown).
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Figure 4.6. pH dependence of PKR activation: λ-PPase removed prior to assay. (A, B)
PKR activation time course profiles at pH 5.5 and 7.5 in the presence of 0.1 (A) or 0.6
µM PKR (B). Percent PKR activation is normalized to 0.01 µM 79 bp RNA at 10 min
(A) or 40 min (B) reaction time points. Time points are provided above each gel. Fold
effects relative to pH 7.5 reaction time points are provided. Gel is 10% SDS-PAGE.
In addition to the above data collected at 0.6 µM PKR, we examined the effect of
lowering the concentration of PKR to 0.1 µM. We observed a decrease in RNAindependent PKR activation at pH 5.5, with a maximum fold effect of 2.5. In addition,
percent PKR activation in the no-RNA lane at pH 7.5 remained low out to 80 min, in
contrast to an elevated response of 26% activation in the presence of 0.6 µM PKR. These
findings suggest both elevated protein concentration and low pH contribute to RNAindependent PKR activation.

4.4.6 Dynamic Light Scattering analysis of PKR
Dynamic Light Scattering (DLS) experiments were attempted to detect RNA-independent
PKR dimerization as a function of pH. DLS is a technique used to examine molecular
size profiles in solution at a set temperature and time. For enhanced detection by the DLS
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instrument, PKR was concentrated to 16 µM (λ-PPase removed prep) and added to
standard activation reagents at pH 5.5 or pH 7.5. DLS data was collected at a 4 min time
point at pH 5.5, while three time points (4, 10, and 15 min) were collected at pH 7.5. At
20 oC, both pH conditions gave MWs of approximately half the expected MW of PKR,
suggesting PKR is elongated, rather than spherical (Cantor, 1980). Increasing the
temperature, from 20 oC to 37 oC, resulted in significant protein aggregation at a short
incubation time (4 min) at pH 5.5 and at longer incubation time (15 min) at pH 7.5.
These data suggest low pH is promoting RNA-independent PKR aggregation and
corresponding activation. However, it should be noted that PKR aggregation occurred in
DLS experiments that were performed at 37 oC with 16 µM PKR, which contrasts PKR
activation conditions of 30 oC with 0.6 µM PKR. Thus, we predict standard activation
conditions would not cause aggregation as quickly as observed in DLS experiments.
Nonetheless, these results do correspond with differences in pH dependent activation
profiles and with previously published reports suggestion PKR aggregation at low pH
(Lemaire et al., 2005).

4.4.7 Inhibition of RNA-independent PKR activation by tp-mir-374a variants
In Figure 4.3, we examined the ability of tp-mir-374a variants to inhibit PKR activation
using standard PKR inhibition assay conditions. Now we wanted to examine RNA
inhibition of RNA-independent PKR activation, where an increasing concentration of
RNA inhibitor is added in the absence of potent activator RNA (Fig. 4.7). Again,
reactions were performed at low pH 6.5 and standard pH 7.5, this time to investigate
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possible pH dependent differences in ability of RNAs to inhibit RNA-independent PKR
activation.

Figure 4.7. Inhibition of RNA-independent PKR activation by tp-mir-374a variants.
PKR inhibition by tp-mir-374a wt, GC (int), GC (ext), and GC (ext/int) at (A) pH 6.5 or
(B) pH 7.5. PKR inhibition reactions in the presence of mir-374a wt were performed in
each gel to provide a standard. Percent PKR activation is normalized to 79 bp RNA.
Fold inhibition relative to no-RNA lane is provided. Inhibition assays were performed in
the presence of 0.8 µM PKR, pH 6.5 or 7.5, as indicated to the right of each gel (10%
SDS-PAGE) and reactions stopped at 20 min.
Consistent with standard assays at pH 6.5, we observe strongest inhibition by GC
(int/ext), moderate inhibition by GC (int), and weak inhibition by wt and GC (ext).
Differences in ability of these variants to inhibit PKR become apparent at 0.2 µM RNA,
compared to 0.8 µM under standard conditions. At 1.6 µM RNA, inhibition of PKR by
GC (int/ext), GC (int), wt, and GC (ext) was >20, >20- and between 10- to 16-fold.
Under these new assay conditions, PKR is inhibited at lower RNA concentrations and
fold effects are more pronounced.
In contrast to standard assays at pH 7.5 (i.e. containing 79 bp RNA as an
activator), we observe only weak inhibition of the RNA-independent activation at pH 7.5
with maximum fold inhibition of 2.4. This weak effect is not surprising, given that RNAindependent activation is itself much less pronounced at pH 7.5, where percent activation
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is usually between 1 and 2% at 10 min, as compared to about 25-30% at pH 6.5. In other
words, without PKR activation, there is nothing to inhibit. We predict longer time points
and higher protein concentrations would enhance the inhibitory effect of RNA at pH 7.5.

4.5 Discussion
In the above study, we examined PKR inhibition by truncated versions of miR-374a to
probe the effects of common pre-miRNA secondary structure defects, GU wobbles and
AC mismatches on PKR activation. Variants of tp-mir-374a were constructed by
systematically removing non-Watson-Crick secondary structure defects and were tested
from their ability to inhibit PKR. In addition to altering pre-miRNA base pairing, we
also changed pH conditions to promote formation of an AC wobble base pair from an AC
mismatch. From these studies, we report two novel mechanisms of PKR regulation: (1)
inhibition of PKR by pre-miRNAs and (2) RNA-independent PKR activation at low pH.
Regarding the first mechanism, we anticipated that pre-miRNAs would inhibit
PKR since their lengths are above the minimum for inhibition of ~15-bp (Bevilacqua &
Cech, 1996), but are commonly less than the 30-bp required for PKR activation and that
RNAs with fewer secondary structure defects would be more potent regulators. As
hypothesized, tp-mir-374a was an inhibitor of PKR and removal of all secondary
structure defects increased the potency of inhibition. Given that tp-mir-374a was chosen
due to it having relatively few defects and its relation to mir-374b, which is predicted to
target PKR mRNA, we are unable to conclude that PKR regulation by pre-miRNAs is a
universal phenomenon. However, we predict that pre-miRNAs with fewer secondary
structure defects are more potent inhibitors of PKR. The short length of pre-miRNAs
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suggests they evolved to not activate PKR, while defects have evolved to avoid inhibiting
PKR.
Regarding the second mechanism of PKR regulation, we anticipated that lowering
the pH would fine tune PKR regulation by pre-miRNAs containing AC mismatches by
promoting an AC wobble base pair and making the RNA more like double-stranded
RNA. However, when pH was decreased, we observed no difference in ability to inhibit
PKR by RNAs containing an AC mismatch. Unexpectedly, these pH dependent assays
led us to the next observation that RNA-independent PKR activation is promoted by low
pH. In addition, DLS analyses show PKR forms aggregates at low pH. Since PKR
activation requires dimerization, this provides a molecular mechanism for this behavior.
We were curious what interactions in the protein might be promoting this
behavior. Interactions found at the dimer interface in the crystal structure of the PKR
kinase domain include Asp266-Arg262, Asp289-Try323, and Asn324-Asn324. The
pKa’s of these amino acids are either below 4 or above 10, and thus these interactions do
not appear to play a role in pH dependent PKR activation, although we cannot rule out
the possibility of perturbed pKa’s. Perhaps additional interactions were not detected due
to the relatively high pH (8.0 and 8.5) used for crystallization.
Cellular pH does not fluctuate much from pH 7.4, but certain cellular organelles
do have markedly low pH, including endosomes (pH 5.5-6.0), lysosomes (pH 5.0-5.5)
and exosomes. Some viruses require the low pH of endosomes to be efficiently
transported from the endosome into the cytosol (Klasse et al., 1998; Marsh & Helenius,
1989). Could there be a link between the method of viral entry and pH dependent PKR
activation? It is possible. And if so, once the cell is infected with the virus, PKR could
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be further simulated by dsRNA replication intermediates, or conversely, inhibited by
structured viral RNA inhibitors.
In addition, trafficking of RNAs between tumor cells via the exosome is more
pronounced at low pH (Parolini et al., 2009). Could low pH in tumor cells activate PKR
and induce apoptosis, thereby providing an initial defense against cancer cell
proliferation? Maybe. Association of PKR with any of these low pH organelles has not
been investigated, but further studies may reveal significant implications of RNAindependent pH regulation of PKR.
Lastly, PKR inhibition by pre-miRNAs, at low pH, represents an additional
mechanism of fine-tuning PKR regulation. Cancer cells have been reported to have
decreased pH levels and unique miRNA expression profiles. Decreased cellular pH
could trigger PKR activation, while certain pre-miRNAs could bind and inhibit PKR
activation and thus prevent downstream apoptosis. Together, our study suggests premiRNAs with fewer defects may function not only to decrease or inhibit translation, but
also prevent PKR activation during stress conditions.
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Chapter 5
RNA helical imperfections regulate activation of the protein kinase PKR:
Effects of defect position, size, and geometry
5.1 Abstract
The double-stranded RNA (dsRNA)-activated protein kinase, PKR, is activated by long
stretches of dsRNA. Viruses often form long dsRNA elements during replication and
activate PKR (Jacquemont & Roizman, 1975; Maran & Mathews, 1988a). To evade
PKR, many viruses have evolved protein pseudosubstrates or long highly structured RNA
inhibitors.
Due to the complexity of RNA structure, prediction of a given RNA as an
activator is difficult. Herein, we systematically investigated how RNA bulges affect
activation of PKR by dsRNA duplexes. Bulges in model dsRNAs disfavored activation
as they were moved towards the center of a duplex and as their size was increased.
Model RNAs were also designed to conform to cis, trans, or bent global geometry.
Native gel RNA mobility analyses were performed on all three RNA types, which
confirmed expected geometry. For all three geometries, activation of PKR was decreased
relative to dsRNAs; nonetheless, cis-oriented RNAs activated PKR up to 20x more than
trans RNAs. Lower ionic strength caused PKR activation to increase in the presence of
all three RNA geometries, suggesting that RNA flexibility disfavors PKR activation.
Overall, these studies provide guidelines for understanding and predicting whether a
particular cellular or viral RNA can activate PKR.
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5.2 Introduction
PKR is a vital component of the innate immune response and is activated by long
stretches of double-stranded RNA (dsRNA). Once activated, PKR phosphorylates its
substrate eIF2α and consequently translation is inhibited. Activators of PKR include viral
dsRNA replication intermediates from both DNA and RNA viruses, non-viral RNA
aptamers, and a pseudoknotted IFN-γ mRNA promoter (Bevilacqua et al., 1998; Garcia et
al., 2006; Katze et al., 1987; Zheng & Bevilacqua, 2004). PKR binds RNA non-sequence
specifically and is regulated by viral and cellular RNAs containing structural defects such
as bulges, internal loops, stem-loops, multi-stem junctions, and more complex tertiary
interaction such as pseudoknots and kissing hairpins. Due to the large repertoire of RNA
structural defects that are tolerated by PKR, it is difficult to predict whether a given RNA
structure will activate PKR.
We recently published an article describing PKR activation by HIV-1 TAR dimer,
which contained multiple bulges (Heinicke et al., 2009). Numerous TAR variants were
constructed to promote dimerization, and based on structure mapping and PKR activation
results, we found RNAs with more symmetrical bulges to be better activators. This
observation prompted the current study where we investigate how bulges and internal
loops, both common and well-characterized structural defects in RNA, can affect PKR
activation.
The conformation and flexibility of bulges and internal loops in nucleic acids
have been characterized by various methods including native PAGE (Bhattacharyya et
al., 1990b; Hsieh & Griffith, 1989; Rice & Crothers, 1989; Tang & Draper, 1990; Tang &
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Draper, 1994; Wang & Griffith, 1991; Wang et al., 1991), transient electric birefringence
(TEB) (Lu et al., 2001; Zacharias & Hagerman, 1995), and ligase-catalyzed cyclization
(Kahn et al., 1994). Electrophoretic mobility and TEB analyses are in agreement that
bulges are not points of flexibility, but rather are rigid (Bhattacharyya et al., 1990b; Tang
& Draper, 1994; Zacharias & Hagerman, 1995). Electrophoretic mobility data support
this conclusion on the basis of pronounced retarded mobility with increasing bulge size
and less linear global geometry, as seen with cis geometry. Base type also affects
mobility, with the more retarded mobility being associated with An bulges than Un bulges
(Bhattacharyya et al., 1990b; Zacharias & Hagerman, 1995).
TEB analyses provide quantitative measurements for bend angles. Consistent
with mobility measurements, An bulges induce more acute bend angles as compared to Un
bulges. The affect of salt on bulge angle has been examined, and addition of magnesium,
which can compact the folds of certain RNA motifs, has little effect on An bulge angles,
where An-bulge-induced bend angles of 0° (n = 0), 15° (n = 1), 42° (n = 2), 72° (n = 4),
and 93° (n = 6) have been measured in the absence of magnesium, and 0° (n = 0), 15° (n
= 1), 31° (n = 2), 64° (n = 4), and 83° (n = 6) in the presence of 2 mM MgCl2 (Zacharias
& Hagerman, 1995). Although bulges are rather rigid, TEB experiments have shown
increased flexibility (decreased persistence length) of DNA with increasing ionic strength
(Lu et al., 2001).
Ligase-catalyzed cyclization experiments have been performed to examine the
flexibility of internal loops within DNA (Kahn et al., 1994). Unlike bulges, nucleic acids
with internal loops do not have pronounced changes in electrophoretic mobility. Thus,
cyclization kinetics has proven to be a better method for detecting and quantifying
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flexibility, where internal loops have been found to be quite flexible with no preference
for bend orientation.
In this study, we performed systematic analyses to examine how defect position,
size, and geometry affect PKR activation. The properties listed above, for bulges and
internal loops, enabled us to more easily interpret how structural defects affect RNA
flexibility and bending, and thus impact PKR binding and activation.

5.3 Materials and Methods
5.3.1 Protein expression and purification
Full length PKR, containing an N-terminal (His)6, was cloned into pET-28a (Novagen,
Inc.) and transformed into E. coli BL21 (DE3) Rosetta cells (Novagen, Inc.), as described
in Chapter 2. PKR was dialyzed into storage buffer: 10 mM Tris (pH 7.6), 50 mM KCl, 2
mM MgOAc, 10% glycerol, and 7 mM βME. Isolated protein was treated with λ-PPase
(NEB) before PKR activation assays as described below.

5.3.2 RNA preparation and purification
RNAs were prepared by transcription from a hemiduplex template by T7 RNA
polymerase (Milligan & Uhlenbeck, 1989). All RNAs were purified by denaturing 8%
PAGE and the band corresponding to full-length transcript was cut out and soaked
overnight at 4 ˚C in 1x TEN250 [10 mM Tris (pH 7.5), 1 mM EDTA, 250 mM NaCl].
Subsequently, RNAs were ethanol precipitated and resuspended in 1x TE [10 mM Tris
(pH 7.5), 1 mM EDTA]. Concentrations were determined spectrophotometrically. 5’-end
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labeled RNAs were prepared by first treating with calf intestinal phosphatase (CIP),
followed by polynucleotide kinase (PNK) treatment in the presence of [γ-32P]ATP.

5.3.3 Native gel mobility analysis
Native gels containing 10% or 15% of 29:1 (acrylamide: bis) crosslinking
polyacrylamide were used to analyze the mobility of duplex RNAs. The buffer in both
the gel and running electrophoresis was 0.5x TBE [50 mM Tris base, 40 mM boric acid,
0.5 mM EDTA]. Native gels were run at 300 V, 16 oC for 45 min prior to loading
samples. Gels were run between 4 h and 12 h.
Prior to loading onto a native gel, trace amounts (~1 nM) of 5’-end labeled top
strand RNA was added to 10 µM unlabeled top and 11 µM unlabeled bottom strand RNA
and renatured in 1x TEK100 [10 mM Tris (pH 7.5), 1 mM EDTA, 100 mM KCl] by
heating at 90 oC for 3 min. This sample was then incubated at room temperature for 10
min. Gels were exposed to a storage screen for 16 h and analyzed on a PhosphorImager
(Molecular Dynamics).

5.3.4 PKR activation assays
RNAs were tested for their ability to activate PKR. Prior to activation assays, PKR was
dephosphorylated by λ-PPase (NEB) for 1 h at 30 oC, and then inhibited with 2 mM
sodium orthovanadate. The λ-PPase-treated PKR (0.6 µM) was incubated with various
concentrations of RNA in 20 mM HEPES (pH 7.5), 4 mM MgCl2,100 mM KCl, 1.5 mM
DTT, 100 µM ATP (Ambion), and 15 µCi [γ-32P]-ATP. RNA duplexes were renatured at
10 µM concentrations at 90 oC for 3 min, incubated at room temperature for 10 min, and
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then serial diluted. Reaction mixtures were incubated at 30 oC between 4 to 60 min,
quenched with 1x SDS loading buffer, and loaded on 10% SDS-PAGE (Pierce). Gels
were exposed to a storage PhosphorImager screen and intensities of PKR bands
quantified using a PhosphorImager (Molecular Dynamics). In activation assay gels, a noRNA lane is provided and phosphorylation activities are normalized to perfect duplexes
dsRNA-40, dsRNA-51, or 0.01 µM 79 bp RNA.

5.4 Results
5.4.1 Overview of analyses performed on defect RNAs
Results begin by providing effects of multiple bulges on duplex geometry by use of
comparative electrophoretic mobility on gels. Having established this, I turned my
attention to mobility of single bulges, testing bulge position and size by native gel and
PKR activation assays. Next, PKR activation by duplexes with cis and trans geometry, as
well as internal loops, is examined. In the last section, the effect of ionic strength and
time on PKR activation by imperfect dsRNAs is examined.

5.4.2 Geometry, sequence, and native gel mobility of multi-bulged RNAs
To investigate the role of RNA symmetry and the effect of bulges in PKR activation, we
prepared a series of RNA duplexes containing symmetric and asymmetric adenosine
bulges (A-bulges) (Table 5.1). Representative cis and trans RNAs, containing [2x0] Abulges, which give the greatest differences in native gel mobility, are shown in Figure
5.1A. Sequences are provided in Table 5.1 (bottom), and are similar to all RNAs
duplexes examined in this study. Herein, cis RNAs are designed to have a cis geometry
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in which the 20-bp flanking helices are on the same side of the defect and trans RNAs
have a trans geometry in which the 20-bp flanking helices are on the opposite side of the
defect. In the context of a 51-bp duplex, cis RNAs were prepared by positioning two
adenosines on the top strand opposite a bulge-free bottom strand, with bulges located 11bp apart. Trans RNAs were prepared by positioning one adenosine on the top strand and
one on the bottom strand, with bulges located 11-bp apart (Bhattacharyya et al., 1990b).
It has been reported that PKR requires at least 16-bp for binding (Bevilacqua & Cech,
1996; Manche et al., 1992), but >30-bp dsRNA for PKR dimerization and activation
(Manche et al., 1992; Zheng & Bevilacqua, 2004). Thus, the lengths of flanking helices
were kept constant at 20-bp in all cis and trans RNAs to limit the number of PKR
molecules able to bind.
The global geometry of RNA has been shown to affect the mobility of RNA on
native PAGE (Bhattacharyya et al., 1990a). Linear RNAs migrate quickly through native
PAGE gels, while cis and trans RNAs have a more retarded mobility, with cis geometry
migrating the slowest. To determine if the constructs we designed display the
appropriate differences in mobility, we compared the native gel mobility of three RNAs:
dsRNA-53 (highest linearity), trans 2, and cis 2 (Fig. 5.1B); note that these three RNAs
have the same number of nucleotides (106).
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Table 5.1. Summary of RNA duplex constructs

c

Construct name
dsRNA-40a
bent [2x0]a
flex [2x2]a

Helix (LH-center-RH) (bp)
20-20
20-20
20-20

Total bp
40
40
40

Total nt
80
82
84

Bulge size and location
None
[2x0] TS
[2x2]

dsRNA-51b
dsRNA-52b
dsRNA-53b

20-11-20
20-12-20
20-13-20

51
52
53

102
104
106

None
None
None

cis 1c
trans 1c
cis-1sc,d
trans-1sc,d

20-11-20
20-11-20
20-5-20
20-5-20

51
51
45
45

104
104
92
92

2[1x0] TS
[1x0] TS, [1x0] BS
[1x0] TS, [1x0] BS
2[1x0] TS

cis 2c
trans 2c

20-11-20
20-11-20

51
51

106
106

2[2x0] TS
[2x0] TS, [2x0] BS

bent Ac
bent Bc
bent Cc
bent Dc
bent Ec

46-5
41-10
36-15
31-20
26-25

51
51
51
51
51

104
104
104
104
104

[2x0] BS
[2x0] BS
[2x0] BS
[2x0] BS
[2x0] BS

bent E [1x0]c
bent E [4x0]c
bent E [6x0]c

26-25
26-25
26-25

51
51
51

103
106
108

[1x0] BS
[4x0] BS
[6x0] BS

All bulged nucleotides are A’s. The dash depicts where the A’s are substituted, always
counting from the 5’-end of the indicated strand. See also Figure 1 for orientation of the
substitutions.
d
‘s’ is for shortened versions of cis 1 and trans 1. In these, the inner most 5 bp are
retained, while 3 bp have been deleted from each side of the central helix and bulges
were positioned on strands opposite that shown in 51 bp cis and trans duplexes.
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Figure 5.1. Geometry, sequence, and native gel mobility analysis of representative cis
and trans RNA duplexes. (A) Global geometry and sequence of cis 2 and trans 2
duplexes. Cis RNAs containing dsRNA-51 were constructed with two [1x0] or [2x0] Abulges on the top strand and a bulge-free bottom strand. Trans RNAs containing dsRNA51 were constructed with one [2x0] A-bulge on the top strand and one on the bottom
strand. Nomenclature for all duplexes is detailed in Table 1. Number of A-bulges is
represented by number of concentric circles, and duplex length and bend angle, in the
absence of Mg2+, are drawn to scale. (B) Native PAGE mobility analysis of perfect
dsRNA-53, trans 2, and cis 2 RNAs. Gel was loaded running and RNAs were loaded
from right to left. Note that all three constructs contain the same number of nucleotides
(nt), as indicated above panel B. Gel contains 10% acrylamide (29:1), 0.5x TBE, and
was run at 300 V and 16 oC for 4 h. (C) Native PAGE mobility analysis of constructs
shown in (B), except dsRNA-51 in place of dsRNA-53. Gel and buffer contains 10%
acrylamide (29:1), 0.5x TBE and 50 mM KCl, and was run for 3 h. Buffer was circulated
to avoid large pH differences in buffer chambers. (D) Native PAGE mobility analysis of
trans-1s, cis-1s, trans 1, cis 1, and dsRNA-51. Gel contains 15% acrylamide (29:1), 0.5x
TBE and was run for 8 h.
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As expected, the perfect 53-bp duplex migrates the fastest, followed by trans 2,
and finally, with the most retarded mobility, cis 2. As mentioned, all three duplexes
contain a total of 106 nt and thus the observed differences in mobility are attributed to
global geometry differences rather than change in number of nucleotides. Addition of
KCl to native gels did not provided further resolution of RNAs with different geometries
(Fig. 5.1C). We also examined duplexes containing [1x0] bulges, but found these RNAs
to have less distinct differences in native gel mobility (Fig. 5.1D).

5.4.3 Effect of bulge position on PKR activation
As mentioned above, two [2x0] bulges affected mobility of RNA in native PAGE gels as
expected for trans and cis orientations. We had limited flanking helices to 20-bp to
decrease the possibility of more than one molecule of PKR binding per flanking helix.
We were now interested in how the position on single bulges affect PKR activation in the
context of the same 51-bp duplex. Therefore, we compared the mobility of and PKR
activation by five single bulge-containing RNAs: bent A, bent B, bent C, bent D, and
bent E, each containing a single [2x0] A-bulge positioned 5, 10, 15, 20, and 25-bp from
the terminus, respectively (Fig. 5.2A).
Mobility on native PAGE becomes more retarded as the [2x0] bulge moves from
the terminus to the center of the duplex, as expected, owing to a central bulge inducing a
more bent global structure than a terminal bulge (Fig. 5.2B). A control lane (lane 1, Fig.
5.2B), 52-bp (104 nt) RNA, is also included to provide an isonucleotide comparison
between this RNA and bent RNAs (also 104 nt), and it migrates the fastest, as expected.

124
Thus, observed mobility differences can be attributed to bent RNA global structure, even
for bent A, which has only a 5-bp tail, and not number of RNA nucleotides.
An activation assay was performed to assess differences in PKR activity upon
changing position of a single [2x0] bulge in the above bent RNAs (Fig. 5.2C, D). At 0.02
µM RNA, PKR activation by bent A, bent B, bent C, bent D, and bent E is 1.2-, 1.5-, 2.9, 4.7-, and 3.2-fold less than dsRNA-51 RNA, respectively, while at 0.1 µM RNA,
activation is 1.7-, 1.5-, 2.1-,2.5-, and 2.5-fold less than dsRNA-51. Thus, as the bulge is
moved progressively from the end to the center of the duplex there is a monotonic
decrease in activation, which a striking 5-fold effect.

Figure 5.2. Effect of bulge position on PKR activation. (A) Global geometry of dsRNA51 bent RNAs containing one [2x0] bulge located 5, 10, 15, 20, or 25 nt from the righthanded helical end. (B) Native gel mobility analysis of bent RNAs. Gel was loaded
running and RNAs were intentionally loaded from right to left, the direction of increasing
mobility. Gel contains 15% acrylamide (29:1), 0.5x TBE, and was run at 300 V, 16 oC for
12 h. (C) PKR activation by bent RNAs. Percent PKR activation is normalized to
dsRNA-51. Fold effects relative to dsRNA-51 are provided. Gel is 10% SDS-PAGE.
(D) Plot of PKR activation versus bulge position in bent RNAs. RNA concentrations are
0.02 µM ( ) and 0.1 µM ( ). Gel data is in panel C.
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5.4.4 Effect of bulge size on PKR activation
Next, we examined the effect of bulge size in the context of bent E RNA, which
contained a single bulge near the center of the duplex, located 25-bp from the terminus,
and had the slowest native gel mobility and was a weak PKR activator. We compared the
mobility of and PKR activation by four duplexes: bent E [1x0], bent E [2x0], bent E
[4x0], and bent E [6x0] (Fig. 5.3A). As expected, the mobility on native PAGE becomes
more retarded as bulge size increases (Fig. 5.3B), owing to a more acute bend (Lilley,
1995). A control lane containing dsRNA-51 (lane 1) is included to provide a comparison
in mobility between linear and bulged RNAs.
A PKR activation assay was performed to assess differences in PKR activity upon
increasing the size of a single bulge from [1x0] to [6x0] (Fig. 5.3C, D). At 0.02 µM
RNA, PKR activation by bent E [1x0], bent E [2x0], bent E [4x0], and bent E [6x0] is
1.8-, 3.3-, 4.9-, and 9.9- fold less than dsRNA-51 RNA, respectively. Thus, bulge size
has more of an effect than position of the bulge, which only affected activation by 5-fold.
Interestingly, positioning flanking helices in close proximity, as shown in bent E [6x0],
does not restore activation, as might be expected if the acute bend angle positioned the
two PKR protomers closer to each other, but rather further abrogates PKR activation.
This could be because orientation of the promoters matters, or because binding of one
sterically interferes with binding of the other.

126

Figure 5.3. Effect of bulge size on PKR activation. (A) Global geometry of bent E
RNAs containing one [1x0], [2x0], [4x0], and [6x0] A-bulge. (B) Native gel mobility
analysis of bent E RNAs. Gel was loaded running and RNAs were intentionally loaded
from right to left. Gel contains 15% acrylamide (29:1), 0.5x TBE, and was run at 300 V,
16 oC for 8 h. (C) PKR activation by bent E RNAs. Percent PKR activation is normalized
to dsRNA-51. Fold effects relative to dsRNA-51 are provided. Gel is 10% SDS-PAGE.
(D) Plot of PKR activation versus bulge size. RNA concentrations are 0.02 µM ( ) and
0.1 µM ( ). Gel data is provided in panel C.
5.4.5 Effect of bulge geometry on PKR activation
Next, PKR activation was tested in the presence of RNAs with two bulges in the cis, trans
or bent global geometry. Cis and trans geometries were examined using 45-bp and 51-bp
RNAs with [1x0] or [2x0] bulges (Fig 5.4A-D), while bent geometry was examined using
40-bp RNAs with [2x0] or [2x2] bulges (Fig. 5.4E). Three perfect duplex positive
control RNAs were included in the assay, dsRNA-40, dsRNA-51, and 79 bp RNA: 40-bp
because that is the sum of the two flanking base paired regions in the bulged helices, 51bp because that is the total number of base pairs in the bulged helices, and 79-bp because
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this a standard PKR control duplex. In the presence of dsRNA-40, PKR activation is
lowest, where signal is ~25% of 79 bp at 10 min and requires an optimal concentration of
0.1 µM RNA. In the presence of dsRNA-51, PKR activation is moderate, where signal is
~50% of 79 bp at 10 min and requires an optimal concentration of 0.02 to 0.1 µM RNA.
While in the presence of 79 bp RNA, PKR activation reaches a plateau more quickly (less
than 10 min) and at a low optimal concentration (0.01 µM) of RNA.
Productive PKR dimerization and activation requires at least 30-bp, thus binding
and activation by cis and trans RNAs requires either binding across the asymmetric
bulges or binding the two 20-bp perfect regions and avoiding the bulges all together. If
global geometry does not affect activation, and activity of PKR is based solely on the
total number of base pairs, then both 51-bp cis and trans RNAs will activate to the same
extent as dsRNA-51. On the other hand, if activation is facilitated by PKR binding to and
dimerizing on the two 20-bp flanking helices, then both 45 and 51-bp cis and trans RNAs
should activate PKR to the same extent as dsRNA-40.
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Figure 5.4. Effect of bulge geometry on PKR activation. (A) PKR activation by cis
RNAs and (B) PKR activation by trans RNAs. Percent PKR activation is normalized to
dsRNA-51 and fold effects relative to dsRNA-51 are provided. Gels are 10% SDSPAGE. (C) Plot of log PKR activation versus RNA concentration of dsRNA-51 ( ),
dsRNA-40 ( ), cis 1 ( ), cis 2 ( ), and trans 1 ( ). PKR activation by trans 2 was
below no-RNA background and is not shown in plot. Gels are provided in supporting
information. (D) PKR activation by 45-bp, dsRNA-51, and cis and trans RNAs
containing [1x0] bulges. (E) PKR activation by dsRNA-40 bent [2x0] and flex [2x2]
RNAs. In panels A and B, percent activation is normalized to dsRNA-51 and fold effects
relative to dsRNA-51 are provided in panel B. In panel D, percent PKR activation is
normalized to dsRNA-40 and fold effects relative to dsRNA-40 are provided. Reactions
were stopped at 10 min, except panel D, which was stopped at 20 min to enhance
detection. Gels are 10% SDS-PAGE.
First, we tested PKR activation by 51-bp cis and trans RNAs with [1x0] or [2x0]
bulges, termed ‘cis 1’, ‘cis 2’, ‘trans 1’, and ‘trans 2’, and found that both cis and trans
geometries activate PKR significantly less than dsRNA-40 and dsRNA-51 (Fig. 5.4A-C).
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RNAs having a trans global geometry decrease PKR activation more than cis geometry,
and increasing bulge size from 1 to 2 nucleotides in both geometries decreases activation.
For example, at a concentration of 0.1 µM RNA, activation by cis 1, cis 2, trans 1, and
trans 2 is 3.8-, 10-, 12- and >20-fold less than dsRNA-51, respectively, and 1.7-, 4.4-,
7.0-, and >20-fold less than dsRNA-40, respectively (Fig. 5.4A-C). At a concentration
of 0.02 µM RNA, activation by cis 1, cis 2, trans 1, and trans 2 is 9.7-, 16-, >20-, and
>20-fold less than dsRNA-51, respectively, and 1.0- 1.6-, 3.3-, and >20-fold less than
dsRNA-40, respectively. Overall, effects were more modest in magnitude when
compared to the shorter dsRNA-40, but trends remained unaffected. In addition to the
[1x0] and [2x0] RNAs, we also tested cis and trans duplexes containing [3x0] A-bulges
and found them to activate PKR similar to [2x0] RNAs (data not shown).
Second, we examined the effect of shortening cis 1 and trans 1 RNAs from 51 to
45-bp. Our hypothesis was that by shortening the double helical joint between the two
20-bp ends, we might improve activation. We chose to examine [1x0] bulges to ensure
that 51-bp geometries would sufficiently activate PKR and, in the event that activation by
45-bp duplexes decreased, we would be able to quantify the effect. The shortened
duplexes, termed ‘cis 1s’ and ‘trans 1s’, have a 5-bp central helix and 20-bp flanking
helices (see Fig. 5.4 for design). Due to presence of a half-turn of dsRNA (a full turn is
11-bp); bulges were positioned on strands opposite that shown in 51-bp cis and trans
duplexes (Table 5.1). At 0.02 µM RNA, PKR activation by cis 1, cis 1s, trans 1, and
trans 1s is 3.6-, >20-, 17-, and >20-fold less than dsRNA-51 RNA, respectively (Fig.
5.4D). Thus, contrary to our expectations, shortening cis RNAs significantly decreased
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activation; shortening trans RNAs has little effect, but it was a poor activator to start.
Apparently, it is better to space multiple defects in a helix further apart.
Lastly, we tested the effect on PKR activation by incorporating a [2x2] symmetric
internal loop in 40-bp RNA, termed ‘flex [2x2]’ (Fig. 5.4E). We reasoned that if we
provided bases opposing the bulged bases, that stronger activation might be restored. As
noted earlier, internal loops are flexible and, as with cis and trans RNAs, we retained
short (20-bp) terminal helices to discourage binding of more than one PKR molecule per
terminal helix (Kahn et al., 1994). To provide a comparison of the effect of an internal
loop on PKR activation, we included in the assay both dsRNA-40 and a 40-bp bent RNA,
‘bent [2x0]’. At 0.1 µM RNA, PKR activation by bent [2x0] and flex [2x2] are 5.1- and
10-fold less than dsRNA-40, respectively (Fig. 5.4C). Thus, incorporating a flexible
internal loop disfavors PKR activation and has a larger effect than an asymmetric bulge.
Apparently, it is not only unpaired nucleotides in a helical defect that disfavor PKR
activation.

5.4.6 Effect ionic strength on time dependent PKR activation by imperfect dsRNAs
Next, we investigated the effect of time and salt concentration on PKR activation in the
presence of a few selected RNAs, dsRNA-51, bent D, cis 2, and trans 2 RNAs. We chose
these RNAs because (1) bent D has a 20-bp terminal helix, similar to cis 2 and trans 2, (2)
differences in native gel mobility were more pronounce in RNAs containing [2x0]
bulges, and (3) lowered PKR activation was observed in the presence of cis 2 and trans 2,
compared to cis 1 and trans 1, suggesting longer time points may increase activation.
Four time points were analyzed, 4, 10, 30, and 60 min, in the presence of 50 mM or 100
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mM KCl (Fig. 5.5 and Appendix B, Supplementary Fig. 5.1). Percent activation is
normalized to 0.01 µM 79 bp RNA due to the plateau of PKR activation occurring at 4
min.
The data at higher ionic strength will be discussed first. In 100 mM KCl, PKR
activation decreased in the presence of all three [2x0] duplexes, relative to dsRNA-51,
with cis 2 being a better activator than trans 2, as observed in preceding assays at 100
mM KCl (Fig. 5.5B and Fig. 5.4A and B). Somewhat surprisingly, bent D and cis 2
exhibit similar activation profiles, despite cis 2 having an extra 2-bp bulge (Fig. 5.5A and
B). A time dependence on PKR activation is observed, with dsRNA-51 RNA reaching a
plateau at 30 min and bent, cis, and trans RNAs not reaching an apparent plateau at the
last time point of 60 min. Thus, activation of the bulged RNAs is substantially slower
than the perfect dsRNA under 100 mM ionic strength conditions.

Figure 5.5. Effect of ionic strength and time on PKR activation by various helical
defects. Time points were collected at 4, 10, 30, and 60 min. Different ionic strengths
are shown with opened (50 mM KCl) or closed (100 mM KCl) symbols. (A) Plot of PKR
activation versus time for 0.02 µM dsRNA-51 ( , ) and bent D ( , ). (B) Plot of
PKR activation versus time for 0.02 µM cis 2 ( , ) and trans 2 ( , ). Percent PKR
activation is normalized to 0.01 µM 79 bp RNA. Gels are provided in supporting
information. Effects of decreasing ionic strength are shown with arrows.
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In contrast to PKR activation assays performed in 100 mM KCl, activations
performed in 50 mM KCl exhibit less dramatic effects among the four duplexes
examined, although the trends in ability to activate remain the same (Fig. 5.5 and
Appendix B, Supplementary Fig. 5.1). For example, PKR activation at 10 min, in 100
mM KCl at a concentration of 0.02 µM cis 2, trans 2, and bent D, RNAs exhibit 11-, 25-,
and 9.2-fold effects, respectively, relative to dsRNA-51, while reactions in 50 mM KCl
exhibit only 1.5-, 1.9-, and 1.3-fold effects.
Different ionic strengths alter activation profiles of dsRNA-51 somewhat, with
low salt promoting 2-fold higher activation at shorter time points and lower activation by
30 min. In contrast, activation profiles for bent D, cis 2, and trans 2 change significantly,
with lower salt shifting optimal RNA concentrations from 0.1 µM to 0.02 (Appendix B,
Supplementary Fig. 5.1) and differences in PKR activation in 50 mM KCl becoming
virtually indiscernible in gels by 30 min (Appendix B, Supplementary Fig. 5.1B).
One other difference in the behavior of bulged RNAs between high and low ionic
strength is that at low ionic strength, the time courses were much faster, with plateaus
found at 10 min in 50 mM KCl, but no plateau out to 60 min in 100 mM KCl. Rate
determinations are provided in Table 5.2. These show dramatic effects of ionic strength
on phosphorylation rate, especially for bulged RNAs. For example, initial rates are 5.3-,
0.3-, 0.3-, and 0.1 in 100 mM KCl for dsRNA-51, bent D, cis 2, and trans 2, respectively
and are 13.3-, 9.0, 8.3-, and 5.8 in 50 mM KCl. Thus, rate of activation at low ionic
strength increased between 30- and 60-fold for bulged RNAs, while increased only a
modest 3-fold for dsRNA.
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Table 5.2 Ionic strength dependent rates for PKR activation
RNA construct
dsRNA-51

Slope
(% activation/min)
50 mM KClb
13.3

Slope
(% activation/min)
100 mM KCla
5.3

Fold effect
(50 mM/100 mM KCl)
2.5

bent D

9.0

0.3

30

cis 2

8.3

0.3

28

trans 2

5.8

0.1

58

Results are from linear fits to data plotted in Figure 5.5
a
Initial rates were determined using the first two time points for dsRNA-51, and all four
time points for bent D, cis 2, and trans 2.
b
Initial rates were determined using only the first time point for all RNAs.
5.5 Discussion
We tested the effects of RNA bulge position, size, and global geometry on PKR
activation. Relative to perfect dsRNAs, all bulged RNAs examined decreased PKR
activation, with largest effects in suppression of activation observed with RNAs
containing a central bulge, large bulge size, and trans geometry in standard salt
conditions.
Regarding the first observation, moving the bulge toward the center of the helix
decreased PKR activation, presumably this is because productive PKR dimerization,
required for PKR activation, has been affected. RNA bulge angles at all positions are
likely quite similar in standard salt conditions (100 mM KCl) used in PKR activation
assays. Recalling that PKR binding requires a minimum of 16-bp, we might expect bent
B (41-bp left hand and 10-bp right hand helix) and dsRNA-40 to activate to the same
extent. However, activation at 0.02 µM RNA is 6-fold higher for bent B, compared to
dsRNA-40 (Fig. 5.2C and Fig. 5.4A and B). Thus, helices flanking an optimal activation
helix further augment activation. One possibility is that PKR is capable of binding across
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bulges in a manner which enhances activation relative to dsRNA-40, but not to the same
extent as a perfect helix.
Regarding the second observation, increasing bulge size from [1x0] to [6x0]
significantly decreased PKR activation. Optimal PKR dimer orientation is affected by
increasing the bend angle from 15o to 93o, and if one face of the bent helix is more
accessible for PKR binding, then more acute angles limit PKR binding and activation.
Regarding the third observation, RNAs having cis geometry, rather than trans,
were better activators of PKR. Cis RNAs contain bulges located on the same face of the
helix, whereas trans RNAs contain bulges on opposite faces of the helix. A possible
model for productive PKR dimerization on bent RNAs is presented in Figure 5.6. PKR
may preferentially bind the convex or concave side of cis RNAs. In the case of the trans
RNA, the kinase domains may be placed in a non-optimal orientation. This preference
could affect the interface of the PKR dimer.
In addition, we found PKR activation profiles by all defect RNAs to have similar
bell-shapes, and low concentrations of RNA to have larger fold effects between perfect
and defect-containing RNAs on PKR activation. Similar bell-shaped profiles suggests
the mechanism for PKR activation by these RNAs is the familiar dimerization
mechanism where high concentrations of RNA titrate PKR monomers away from each
other, while detection of low concentrations of activator enables PKR to be finely tuned
to sense dsRNA activators is quite interesting and provides initial rules for predicting
whether a given viral or cellular RNA will function as an activator or inhibitor of PKR.
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Figure 5.6. Models for PKR dimerization on cis and trans RNAs. Elevated PKR
activation by cis geometry, relative to trans, is possibly attributed to preferential binding
to one face of the RNA helix. (A) PKR binding to the same face of cis RNA is shown to
support productive PKR dimer formation. (B) PKR binding to opposite faces of trans
RNA is shown not supporting productive dimer formation.
Lastly, activation profiles for RNAs having different global geometries were
markedly different in standard salt conditions, but more similar in low salt. Reduced
flexibility (i.e. increased persistence length) of bulged nucleic acids has been reported in
lower salt conditions (Lu et al., 2001). Bulge inflexibility at lower ionic strength might
cause the various RNA substrates to interact more similarly with PKR, giving rise to
fewer differences in activation, especially with regards to phosphorylation kinetics.
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Bulge flexibility in 100 mM KCl supports a larger population of RNA bent states that
may be less compatible with PKR activation. In contrast, low salt supports a straightened
RNA state and is more compatible with PKR activation. Since this ionic strength is more
similar to physiological, this suggests that the ability of PKR to discriminate between
various RNA substrates is enhanced under physiological salt conditions.
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Appendix B
Supplementary Figures for Chapter 5

Supplementary Figure 5.1. Effect of geometry and ionic strength on PKR activation.
Time points were collected at 4, 10, 30, and 60 min. (A) PKR activation in standard 100
mM KCl (std salt). (B) PKR activation in 50 mM KCl (low salt). PKR activation is
normalized to 0.01 µM 79 bp RNA due to the time dependence of activation on the four
RNAs tested.
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Supplementary Figure 5.1 (legend on previous page)

139
Chapter 6
Additional RNA-PKR interactions
The following three sub-sections include studies that examine PKR regulation by
HDV sequences of various lengths, PKR activation by TAR dimers linked by a DNA
bridging oligo, and preliminary data on crystallography constructs comprised of
p20/stem-loop RNAs/U1A. These sub-sections require further experiments before
publication and suggested experiments are summarized Chapter 7.

6.1 PKR activation by higher-order HDV RNA structures
6.1.1 Abstract
We performed PKR activation assays with HDV constructs of various lengths and
structures. The HDV genome contains a highly structured ribozyme, but can collapse to
from a rod-like structure in the presence of downstream attenuator sequence. In this
study, we first report PKR activation by minimal HDV sequences with semi-globular
RNA structures and by long HDV sequences with rod-like structures. A thorough
examination of PKR regulation by the semi-globular HDV ribozyme is found in Chapter
3. The role of sequence upstream of the ribozyme was examined by testing PKR
activation by cleavable and/or cleaved transcripts or incorporation of point mutation
C75U, which is known to inactivate the ribozyme. We observe a correlation between
HDV sequence length and the effect of upstream ribozyme sequence on PKR activation,
where RNAs containing upstream sequence and downstream sequence, which partially
sequestered ribozyme base pairing, were potent activators, while RNAs without upstream
sequence were less potent activators. Also in this chapter, we perform initial
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characterization of wild-type HDV and HDV C75U ribozyme activation PKR, where we
report that compact HDV C75U is a more potent activator of PKR.

6.1.2 Introduction
The hepatitis delta virus (HDV) genome is a 1.7 kb circular, single-stranded RNA
(Karayiannis, 1998; Lai, 1995). The virus can self-replicate by forming a ~84-nt
ribozyme and cleaving the phosphodiester bond between nucleotide -1 and 1 and
generating products with 2’, 3’-cyclic phosphate and 5’-hydroxyl termini. Native base
pairing of the ribozyme is essential for optimal activity, with C75 having been assigned
as the acid-base catalyst (Nakano et al., 2001; Perrotta et al., 1999). Transcripts with 54nt sequence upstream of the ribozyme, which sequester sequence in the upstream pairing
P(-1), cleave quickly and do not interfere with native ribozyme base pairing, while
transcripts with 30-nt upstream sequence cleave slowly and form alternate, non-native
base pairings (Alt 1) with the ribozyme (Chadalavada et al., 2000). In addition, rate of
ribozyme cleavage is decreased by adding sequence downstream of the ribozyme,
referred to as attenuator sequence (Diegelman-Parente & Bevilacqua, 2002).
In Chapter 3, we examined PKR activation by HDV ribozyme dimers and
aggregates. In this chapter, a systematic examination HDV sequences of various lengths
was performed, where RNAs have one or more of the following characteristics: (1) wildtype transcripts were isolated with sequence upstream of the ribozyme and are able to
cleave, (2) wild-type transcripts were isolated as a cleavage product and begin at
nucleotide 1 of the ribozyme, or (3) transcripts have a C75U mutation and are unable to
cleave. In this study, we report PKR activation by most HDV transcripts examined.
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Interestingly, PKR is weakly activated or not activated at all by a diverse group of
constructs: 1/99 wt, 1/184 wt, and -54/226 C75U. In addition, PKR is activated by
intermediate length sequences with upstream sequence, but is inhibited by long sequences
with upstream sequence. Analyses of these HDV virus replication intermediates suggest
HDV is vulnerable most of the time to attack by the innate immune response, but PKR
binding to some HDV sequences, such as the ribozyme (see Chapter 3), may impede this
response.

6.1.2 Materials and Methods
6.1.2.1 Protein expression and purification
Full-length PKR was prepared for activation assays. Details on plasmid, expression, and
purification are described in Chapter 2. Isolated protein was treated with a glutathione Stransferase (GST)–λ-PPase fusion before PKR activation assays. PKR was purified from
(GST)–λ-PPase and dialyzed into storage buffer: 10 mM Tris (pH 7.6), 50 mM KCl, 2
mM MgOAc, 10% glycerol, and 7 mM β-mercaptoethanol.

6.1.2.2 Plasmid and RNA preparation
The HDV sequence was from a human patient (PDB accession number M28267)
(Circle et al., 1997; Robertson et al., 1996). Glycerol stocks of DH5α E. coli cells
containing plasmid with various length HDV sequences were prepared previously and
used in this study (Chadalavada et al., 2000; Diegelman-Parente & Bevilacqua, 2002).
Briefly, PCR products containing various length HDV sequences were inserted between
EcoRI and BamHI. Sequences were then inserted into pUC19 and transformed into
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DH5α E. coli cells, as described previously (Chadalavada et al., 2000; Diegelman-Parente
& Bevilacqua, 2002).
Most RNAs were prepared from plasmids that were linearized with BamHI or
BfaI for T7 RNA polymerase run-off transcription. RNA sequences ending in 99 have a
natural BfaI restriction site and were prepared from plasmids with longer HDV sequence
inserts. RNA for 1/99 C75U was prepared from a hemiduplex template (IDT). All
RNAs were purified by denaturing 6% PAGE and the bands corresponding to full-length
transcript or cleavage product were cut out and soaked overnight at 4 °C in 1x TEN250
[10mM Tris (pH 7.5), 1 mM EDTA, and 250 mM NaCl]. Subsequently, RNAs were
ethanol precipitated and resuspended in 1x TE [10 mM Tris (pH 7.5) and 1 mM EDTA].
Concentrations were determined spectrophotometrically. 5′-end-labeled RNAs were
prepared by treating with calf intestinal phosphatase (1/99 C75U only), followed by
polynucleotide kinase treatment in the presence of [γ-32P]ATP.

6.1.2.3 PKR activation assays
RNAs were tested for their ability to activate PKR. GST-λ-PPase-treated PKR (0.6 µM)
was incubated with various concentrations of RNA, 20 mM Hepes (pH 7.5), 4 or 5 mM
MgCl2, 100 mM KCl or 100 mM NaCl, 1.5 mM DTT, 100 µM ATP (Ambion), and 15
µCi [γ-32P]ATP. RNAs were prepared by incubating 4x concentration RNA in 1x TE or
1x TEK100 at 55 oC for 10 min. RNAs in 1x TE were added to an equal volume 1x
TEK400M20 or 1x TEN400M20, followed by incubation at RT, and then added to reaction
mixture to give 1x final concentration RNA (indicated in figure panels). Reaction
mixtures were incubated at 30 °C for 10 min, quenched with 1x SDS loading buffer, and
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loaded on 10% SDS-PAGE (Pierce). Gels were exposed to a storage PhosphorImager
screen, and intensities of PKR bands were quantified using a Phosphor-Imager
(Molecular Dynamics). In activation assay gels, a no-RNA lane is provided and
phosphorylation activities are normalized to 0.1 or 0.01 µM 79 bp RNA

6.1.2.4 Native gel analysis
Native gels were used to analyze the mobility of RNAs in various salts and contained
10% of 29:1cross-linking polyacrylamide. The buffer both in the gel and for
electrophoresis was 0.5x TBE [(50 mM Tris base, 40 mM boric acid, and 0.5 mM
ethylenediaminetetraacetic acid (EDTA)]. Native gels were pre-run at 300 V and 16 °C
for 45 min prior to loading samples. In general, samples were fractionated for ~2 h.

6.1.4 Results and Discussion
6.1.4.1 Description of HDV sequences used in this study
HDV constructs of various lengths and structures were prepared for PKR activation
assays (Fig 6.1.1). RNAs were prepared by T7 transcription were purified on denaturing
6% PAGE and loaded next to one another to ensure appropriate full-length or cleaved
transcripts were isolated. HDV constructs isolated as full-length contained 30- or 54-nt
sequence upstream of the ribozyme (annotated as -30/ or -54/) and cleaved constructs
containing the ribozyme began at nucleotide 1. All secondary structures in Figure 6.1.1
have sequence upstream of the ribozyme, but can cleave to differing extents during
transcription. Some constructs contained a C75U mutation and are unable to cleave.
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Detailed descriptions of each sequence shown in Figure 6.1.1 are provided in the
next section. Briefly, the slow-reacting -30/99 ribozyme participates in alternate base
pairing, thereby inhibiting ribozyme cleavage (Fig. 6.1.1A). The fast-reacting -54/99
ribozyme forms a stable hairpin, P(-1), upstream of the ribozyme, and facilitates
formation of native ribozyme base pairing. Nucleotide C75 is critical for ribozyme
cleavage and making a point mutation, C75U, inhibits ribozyme cleavage (Fig. 6.1.1B).
Increasing the length of sequence downstream of the ribozyme progressively inhibits
ribozyme cleavage (Fig. 6.1.1C, D).

Figure 6.1.1. Secondary structures for HDV sequences examined in this study. (A)
Slow-reacting -30/99 HDV ribozyme. Mispairing in -30/99 slows the cleavage reaction.
Alternative pairings are indicated by “Alt”. (B) Fast reacting -54/99 HDV ribozyme and
position of non-reactive ribozyme point mutation C75U. (Legend continued on next page)
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(C) Most of the ribozyme structure is maintained in -54/140, where downstream sequence
(attenuator-pink) begins to pair with ribozyme sequence. (D) Longer HDV constructs 54/172, -54/186, -54/226, and -54/271 contain little or no ribozyme tertiary structure and
for a rod-like (top) or cruciform (bottom) structure with substantial double-stranded
regions. Cleavage by the ribozyme is decreased in longer constructs due to sequestering
of native pairings by the attenuator. HDV ribozyme cleaves between nucleotides 1 and 1. Paired regions are shown and indicated in different colors.
6.1.4.2 HDV length dependent PKR activation
Full-length and cleaved HDV sequences were tested for their ability to activate PKR (Fig.
6.1.2 and Table 6.1). Prior to activation assays, RNAs were treated by serial dilution into
1x TEK100 and incubation at 55 oC for 10 min, followed by incubation at room
temperature for 10 min. Proper folding of the ribozyme requires Mg2+, but in these gels,
Mg2+ was added to the RNA just prior to adding PKR. Thus, the RNA incubated with
Mg2+ at room temperature for ~5 min and then incubated with Mg2+ and PKR at 30 oC for
10 min. In all gels, a 79 bp RNA positive control lane is provided.
First, we tested PKR activation by minimal length HDV sequences, -30/99 wt,
1/99 wt, 1/99 C75U, and -54/99 C75U (Fig. 6.1.2A). All RNAs were moderate
activators, except 1/99 wt which was a poor activator. At RNA concentrations between 1
and 5 µM, percent PKR activation by moderate activators was 32-62%. We interpreted
the ability of -30/99 wt, 1/99 C75U, and -54/99 C75U to activate PKR with their more
extended, less compact structure and the inability of 1/99 wt to activate PKR with its
globular tertiary structure.
Next, we tested PKR activation by HDV constructs with attenuator sequence of
various lengths: -54/140 wt, 1/40 wt, -54/172 wt, 1/172 wt, -54/186 wt and 1/186 wt (Fig.
6.1.2B, C). At 0.5 µM RNA concentrations, moderate PKR activation was observed in
the presence of -54/140 wt, 1/140 wt, and -54/172 wt, with percent PKR activation of 41-
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54%. At the same RNA concentration, moderate or weak PKR activation was observed
in the presence of 1/172 wt, -54/186 wt, and 1/186 wt with percent PKR activation of 7.617%.
The structural basis for decreased PKR activation in the presence of longer HDV
sequences include formation of a cruciform structure between nucleotides 140 and 172
(Fig. 6.1.1D). Under these assay conditions, the longer attenuator and/or cruciform
structure are likely incompatible with productive PKR dimerization and activation.
Surprisingly, the same cruciform structure has been implicated as a PKR binding site,
required for PKR activation, but had been identified using -207/275 HDV sequence
(Circle et al., 1997).
Also noteworthy is the difference in activation between sequences containing
upstream sequence and those having cleaved sequences. For example, at 0.5 µM RNA,
PKR activation by -54/172 wt and 1/172 wt is 41% and 13%, respectively, and by 54/186 wt and 1/186 is 17% and 7.6 %, respectively. Thus, the stable P(-1) hairpin
appears to be involved in promoting PKR activation in HDV constructs with intermediate
length attenuator sequences.
Finally, we tested PKR activation by HDV constructs, with long attenuator
sequences that fully sequester the ribozyme, -54/226 wt, 1/226 wt, -54/226 C75U, 54/271 wt and -54/271 C75U. At 0.1 µM RNA concentrations, potent PKR activation
was observed in the presence of 1/226 wt and -54/271 C75U, with percent PKR
activation of 32% and 88% At the same RNA concentration, moderate PKR activation
was observed in the presence of -54/226 wt and -54/271 wt, with percent PKR activation
of 15% and 17%. No activation was observed in the presence of -54/226 C75U.
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Figure 6.1.2. PKR activation by HDV sequences. Wild-type sequences were isolated as
full-length and cleaved transcripts. Wild-type full-length sequences can cleave during
PKR activation assays due to presence of 100 mM KCl and 4 mM MgCl2. Prior to
activation assays, all RNAs were serial diluted into 1x TEK100 and renatured by heating
at 55 oC for 10 min, followed by incubation at room temperature for 10 min. (A) PKR
activation by minimal ribozyme containing sequences. (B) PKR activation by cleavable 54/140 wt and cleaved 1/140 wt. (C) PKR activation by HDV sequences containing
attenuator, cleavable -54/172 wt and -54/186 wt and cleaved 1/172 wt and 1/186 wt. (D)
PKR activation by HDV sequences with ribozyme fully sequestered by attenuator,
cleavable -54/226 wt and -54/271 wt, cleaved 1/226 wt, and non-reactive -54/226 C75U
and -54/271 C75U. A no-RNA lane is provided (-), and phosphorylation activities are
normalized to 0.1 µM 79 bp RNA. Gels are 10% SDS.
An obvious structural difference between most potent and moderate PKR
activators is the presence of a 5’-end or 3’-end hairpin. Potent activation was observed in
constructs lacking this structural feature (1/226 wt) or unable to cleave due to a C75U
mutation (-54/271 C75U). Moderate activation was observed in constructs that likely
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contain a heterogeneous population, of uncleaved and cleaved RNA, with and without
hairpin (-54/226 wt and -54/271 wt). No activation was observed in the presence of 54/226 C75U and this could be attributed with the inability to cleave the inhibitory 5’-end
hairpin. PKR activation assays in the presence of -54/226 C75U were performed with
different preparations of RNA and were reproducible.
Table 6.1. Summary of effects of HDV length on PKR activation
RNA construct
-30/99 wt
1/99 wt
1/99 C75U
-54/99 C75U
-54/140 wt
1/140 wt
-54/172 wt
1/172 wt
-54/186 wt
1/186 wt
-54/226 wt
1/226 wt
-54/226 C75U
-54/271 wt
-54/271 C75U

PKR activationa
++
++
+
++
++
++
+
+
++
+++
++
+++

a

“+++”, “++”, “+”, and “-“ indicate >60%, 30-60%, 10-30%, and less than 10%
activation relative to 79 bp RNA control lane. RNAs were compared at 0.5 µM
concentrations.
6.1.4.3 Characterization of PKR activation by 1/99 wt and 1/99 C75U
The ability of 1/99 C75U, but not 1/99 wt, to activate PKR was quite surprising (Fig.
6.1.2A). Thus, we investigated various RNA structural features and activation conditions
that could be affecting PKR activity. Three sets of experiments were performed (1)
testing the role of the 5’-triphosphate in 1/99 C75U, (2) changing activation assay salt
conditions, and (3) native gel mobility analysis of 1/99 wt and 1/99 C75U. In all
subsequent PKR activation assays, RNAs were renatured prior to activation assays by
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serial dilution into 1x TE, incubation at 55 oC for 10 min, then addition of RNA to an
equal 1x TEN400M20 or 1x TEK400M20, followed by incubation at room temperature for
10 min.
In the first set of experiments, 1/99 C75U was treated with CIP to remove its 5’triphosphate, which has been shown in some RNAs to activate PKR (Nallagatla et al.,
2007). Unlike all other RNAs in this study, 1/99 C75U, which could not be prepared
from co-transcriptional self-cleavage, was prepared by hemiduplex transcription and did
not contain a 5’-OH at the nucleotide “1” cleavage site. PKR activation assay results
revealed similar activation by both 1/99 C75U (ppp) and 1/99 C75U (OH). Thus, the 5’triphophate was not the activating structural motif.
Next, due to unexplained differences in PKR activation by 1/99 wt from
experiment to experiment, ranging from low to moderate (data not shown), the role of
monovalent salts KCl and NaCl was examined (Fig. 6.1.3B). Prior to the PKR activation
assay, RNAs were serially diluted, renatured in 1x TE, and then added to an equal
volume 1x TEK400M20 or 1x TEN400M20, with final salt concentrations of 100 mM
monovalent and 5 mM MgCl2. Indeed, we observed salt dependent differences in PKR
activation in the presence of 1/99 wt, with 4.1-fold greater activation in NaCl than in
KCl. PKR activation by 79 bp RNA remained unchanged in the two salts. It is unclear
how different monovalent ions affect 1/99 wt structure. However, optimal ribozyme
formation has been characterized in 1x TEN200M10, suggesting a more globular structure
is activating PKR. Another possibility is that PKR itself may function differently
depending on identity of monovalent salt and RNA tested, with only structured RNAs
displaying salt-dependent differences in PKR activation.
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Finally, a native gel mobility assay was performed in the presence of various salts
using 1/99 wt and 1/99 C75U (Fig. 6.1.3C). Prior to loading onto native PAGE, 20 µM
RNA (with trace 5’-end labeled RNA) was renatured in 1x TE by incubating at 55 oC for
10 min, then RNA was added to an equal volume 1x TEK400M20, 1x TEN400M20, 1x
TEK400, 1x TEN400, or 1x TE, and a final incubation at room temperature for 10 min.
Surprisingly, there are no salt-dependent differences in RNA mobility for 1/99 wt or 1/99
C75U. Incubating samples in salt for 45 min did not change the mobility of RNAs (data
not shown). However, a difference was observed for the assigned 1/99 wt and 1/99
C75U monomers, with 1/99 C75U having retarded mobility. This is consistent with a
less compact tertiary structure in 1/99 C75U. Also, a slow migrating species ‘D’ was
observed in both 1/99 wt and 1/99 C75U lanes and was tentatively assigned as dimer. A
thorough characterization of the 1/99 wt dimer species is reported in Chapter 3.
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Figure 6.1.3. Characterization of 1/99 wt and 1/99 C75U activation of PKR. (A) PKR is
activated by 1/99 C75U containing a 5’-triphosphate or a 5’-OH. 1/99 C75U was
transcribed from a hemiduplex and contained a 5’-triphosphate. RNA containing a 5’OH was prepared by CIP treatment. RNA was renatured at 4x concentrations by
incubation at 55 oC for 10 min, followed by incubation at room temperature for 10 min.
Then, RNA was added to an equal volume of 1x TEN400M20, and incubated at room
temperature for an additional 10 min. (B) Salt dependence of PKR activation by 1/99 wt.
1/99 wt was renatured at 4x concentrations by incubating at 55 oC for 10 min, followed
by incubation at room temperature for 10 min. Then, RNA was added to an equal
volume of 1x TEK400M20 or 1x TEN400M20, and incubated at room temperature for an
additional 10 min. A no-RNA lane is provided (-), and phosphorylation activities are
normalized to 0.01 or 0.1 µM 79 bp RNA. Gels are 10% SDS. (C) Native gel analysis of
1/99 wt and 1/99 C75U. 20 µM 1/99 wt and 1/99 C75U (with trace 5’-end labeled RNA)
was incubated as described above and added to an equal volume of 1x TEK400M20, 1x
TEN400M20, 1x TEK400, 1x TEN400, or 1x TE. 5% glycerol was added to samples before
loading on a 10% native 0.5x TBE gel. Faster migrating bands in 1/99 wt and 1/99 C75U
are assigned as compact and less compact monomer (M), respectively. Slower migrating
band is assigned as dimer (D).
6.1.5 Conclusions
HDV sequences of various lengths were tested for their ability to activate PKR. Most
minimal sequences tested, including -30/99, 1/99 C75U, and -54/99 C75U, were
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moderate activators of PKR when assays were performed in KCl. An exception was 1/99
wt, which was a poor activator in KCl, but a moderate activator in NaCl. Lengthening
attenuator sequence in constructs from -54/140 to -54/186, decreased PKR activation.
Most constructs that fully sequestered the ribozyme with attenuator sequence, including 54/226 wt, 1/226 wt, -54/271 wt, and -54/271 C75U were moderate to potent PKR
activators. The most potent activators sequestered the entire ribozyme and lacked a
dangling 5’- or 3’-end hairpin, suggesting this structural motif may interfere with PKR
activation. Further evidence to support this conclusion is the absence of PKR activation
in the presence of -54/226 C75U, which has an uncleavable, dangling 5’-end hairpin.
In addition to testing HDV sequences of various lengths for PKR activation, we
performed more in depth characterization of 1/99 wt and 1/99 C75U constructs. We
report that the 5’-triphosphate in 1/99 C75U does not promote PKR activation, PKR
activation by 1/99 wt is greater in NaCl than in KCl, and lastly salt-dependent gel
mobility differences are not observed for 1/99 wt or 1/99 C75U. Regarding the two final
observations, a lack of salt dependent change in gel mobility suggests the observed
increase of PKR activation in NaCl is a function of protein, and not RNA structure.
However, it should be noted that the only one native gel condition tested (0.5x TBE).
Perhaps more rigorous testing of gel conditions would reveal salt-dependent migration
differences.
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6.2 Design and characterization of ternary complexes comprised of TAR RNA
dimers linked by a DNA oligo for PKR activation assay analysis

6.2.1 Abstract
We examined PKR activation by ternary complexes comprised of TAR RNA dimers,
designed with 5’- or 3’-end extensions and linked by a DNA oligo. TAR monomers are
too short to activate PKR, but TAR dimers are long enough to activate PKR.
Optimization of TAR dimer orientation for PKR activation was investigated in this study.
Native gel-mobility analyses were performed and confirmed ternary complex formation.
Unfortunately, all designed constructs failed to activate PKR. Details on ternary complex
design are provided herein.

6.2.2 Introduction
PKR is activated by long stretches of dsRNA (>30-bp) and inhibited by shorter RNAs
(Bevilacqua & Cech, 1996; Manche et al., 1992; Schmedt et al., 1995; Ucci et al., 2007).
In Chapter 2, we reported PKR inhibition by HIV-1 TAR monomers (~23-bp) and
activation by TAR dimers (~46-bp) (Heinicke et al., 2009). In most cases, TAR dimers
had been native gel purified. If doubling the number of RNA base pairs is a prerequisite
for PKR dimerization and activation, then bringing two RNAs in close proximity should
activate PKR.
In this chapter, we employed an alternative method of forming TAR dimers,
where TAR dimers were designed with 5’- and/or 3’-end extensions, and were a part of a
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ternary complex linked by a DNA oligo. We provide rational for ternary complex design
and conclude with explanations as to why all designed constructs failed to activate PKR.

6.2.3 Materials and Methods
6.2.3.1 Protein expression and purification
Full-length PKR was prepared for activation assays. Details on plasmid, expression, and
purification are described in Chapter 2. Isolated protein was treated with a glutathione Stransferase (GST)–λ-PPase fusion before PKR activation assays. PKR was purified from
(GST)–λ-PPase and dialyzed into storage buffer: 10 mM Tris (pH 7.6), 50 mM KCl, 2
mM MgOAc, 10% glycerol, and 7 mM β-mercaptoethanol.

6.2.3.2 RNA and DNA preparation and purification
RNAs were prepared by transcription from a hemiduplex template by T7 RNA
polymerase. DNAs were prepared by solid-phase synthesis (ITD). All RNAs were
purified by denaturing 8% PAGE and the band corresponding to full-length transcript
was cut out and soaked overnight at 4 °C in 1x TEN250 [10 mM Tris (pH 7.5), 1 mM
EDTA, and 250 mM NaCl]. Subsequently, RNAs were ethanol precipitated and
resuspended in 1x TE [10 mM Tris (pH 7.5) and 1 mM EDTA]. Concentrations were
determined spectrophotometrically. 5′-end-labeled RNAs were prepared by treating them
with calf intestinal phosphatase, followed by polynucleotide kinase treatment in the
presence of [γ-32P]ATP.
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6.2.3.3 Native gel analysis
Native gels were used to analyze ternary complex formation and contained 10% of 29:1
cross-linking polyacrylamide. The buffer both in the gel and for electrophoresis was 0.5x
TBE [(50 mM Tris base, 40 mM boric acid, and 0.5 mM ethylenediaminetetraacetic acid
(EDTA)]. Native gels were pre-run at 300 V and 16 °C for 45 min prior to loading
samples. In general, samples were fractionated for ~2 h.
Two methods were used to prepare ternary complexes for native PAGE analysis:
(1) 2 µM equal molar [RNA (5’-ext): RNA (3’-ext): DNA (with trace 5’-end labeled
DNA)] in 1x TEK100 were renatured together by incubation at 80 oC for 3 min, followed
by incubation at room temperature for 10 min or (2) First, 10 µM RNAs in 1x TE were
renatured separately by incubation at 80 oC for 3 min, followed by incubation at room
temperature for 10 min. Then 2 µM equal molar [RNA (5’-ext): RNA (3’-ext): DNA
(with trace 5’-end labeled DNA)] in 1x TEK100 were renatured together by incubation at
55 oC for 2 min, followed by incubation at room temperature for 10 min. DNA alone and
dimeric complexes with a single RNA construct + DNA were treated the same as above.
5% glycerol was added to samples before loading onto gel.

6.2.3.4 PKR activation assays
RNA ternary and dimeric complexes were tested for their ability to activate PKR. GSTλ-PPase-treated PKR (0.6 µM) was incubated with various concentrations of RNA, 20
mM Hepes (pH 7.5), 4 mM MgCl2, 100 mM KCl, 1.5 mM DTT, 100 µM ATP (Ambion),
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and 15 µCi [γ-32P]ATP. TARwt ternary complexes were formed by combining 10 µM
equal molar RNA: DNA in 1x TEK100 and renaturing together by incubation at 80 oC for
3 min, followed by incubation at room temperature for 10 min. Ternary and dimeric
complexes with pscTAR and dsTAR were prepared by renaturing 0.5 µM RNA
separately by incubation at 90 oC for 3 min, followed by incubation at room temperature
for 10 min and then combining 0.2 µM equal molar RNA:DNA or RNA:RNA in 1x
TEK100 and were renatured together by incubation at 55 oC for 1 min, followed by
incubation at room temperature for 10 min. Complexes were then serially diluted for
activation assays. Reaction mixtures were incubated at 30 °C for 10 min, quenched with
1x SDS loading buffer, and loaded on 10% SDS-PAGE (Pierce). Gels were exposed to a
storage PhosphorImager screen, and intensities of PKR bands were quantified using a
Phosphor-Imager.
6.2.4 Results and Discussion
6.2.4.1 Native gel mobility analysis of ternary complexes
In Chapter 2, we reported PKR activation by TAR dimers. In this related study, we
designed numerous ternary complexes comprised of two TAR strands with 5’- or 3’-end
extension sequences and a DNA bridging oligomer. Two representative ternary
complexes, for which native gel mobility analyses were performed, are shown in Figure
6.2.1. In one complex, TAR hairpins have 15-nt extension sequences located on the 5’or 3’-end, and are bridged by near DNA oligo-15, which positions the TAR hairpins in
close proximity. In a second complex, TAR hairpins have 19-nt extension sequences
located on the 5’- or 3’-end, and are bridged by near DNA oligo-19.
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Figure 6.2.1. Representative ternary complexes tested in this study and native gel
analysis of complex formation. (A) Sequence and structure of TARwt containing 15 or
19-nt extensions on the 5’- or 3’-end in complex with near DNA oligo (T0, T1, T2, or
T6). Positions of 4-nt insertion for 19-nt sequences are boxed. (B) Native gel analysis
of ternary complex formation. 2 µM DNA or 2 µM equal molar concentrations of
RNA(s) + DNA oligo (containing trace 5’-end labeled DNA), as indicated in above gel,
were renatured by incubating at 80 oC for 3 min, followed by incubation at room
temperature for 10 min. Gel is native 10% (0.5x TBE) PAGE.
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It was uncertain how the orientation of RNA would affect PKR dimerization and
activation, thus we designed four near DNA oligos with T0, 1, 2, or 6 positioned between
the RNA:DNA sequences. We anticipated that these four inserts would bend the RNA to
differing extents and thus present the two TAR hairpins in different orientations.
Native gel mobility assays were performed using both 15- and 19-nt extension
complexes to ensure proper formation of the ternary complexes (Fig. 6.2.1B). A total of
four ternary complexes were analyzed: (1) DNA-15 T0 or (2) T6 + 15-TAR (5’-ext) +
15-TAR (3’-ext) and (3) DNA-19 T0 or (4) T6 + 19-TAR (5’-ext) + 19-TAR (3’-ext).
Four samples were analyzed for each complex: DNA alone, DNA + RNA (5’-ext), DNA
+ RNA (3’-ext), and DNA + RNA (5’-ext) + RNA (3’-ext). Samples were renatured by
combining trace 5’-end labeled DNA with 2 µM equal molar concentrations RNA and
DNA in 1x TEK100 by incubation at 80 o C for 3 min, followed by incubation at room
temperature for 10 min.
Native gel results indicate tighter ternary complex formation with 19-nt
extensions, compared to 15-nt extensions. In particular, DNA formed a weak complex
with TAR-15 (3’-ext) and this likely decreased stability of the ternary complex.
Increasing the length of the DNA oligo from T0 to T6 did not affect the mobility of
complexes. Similar results were observed using different renaturation conditions where
RNAs were renatured alone and then annealed to DNA with gentle heating (data not
shown).
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6.2.4.2 PKR activation by ternary complexes
Next, we examined the ability of ternary complexes to activate PKR (Fig. 6.2.1). Typical
gel results are provided for PKR activation by 19-nt extension ternary complexes. RNA
renaturation conditions were similar to those described above. Numerous control lanes
were included to ensure that the ternary complex was the activating species (Fig. 6.2.1A).
Unfortunately, PKR activation by ternary complexes did not exceed no-RNA background
levels (Fig. 6.2.1B). In fact, all complexes examined in this study exhibited little or no
PKR activation above background (data not shown). Below is a description of other
complexes designed and tested for PKR activation.

Figure 6.2.2. PKR activation by ternary complex containing 19-TARwt RNAs. 10 µM
RNA or equal molar concentrations of RNAs or RNAs + DNA were renatured by
incubating at 80 oC for 3 min, followed by incubation at room temperature for 10 min.
RNAs were then serially diluted for PKR activation. (A) PKR activation in the presence
of single RNA or single RNA+ near DNA oligo T0 or T6. (B) PKR activation in the
presence of 5’-ext RNA + 3’-ext RNA or both RNAs + near DNA oligo-19 T0, T1, T2,
or T6. A no-RNA lane is provided (-), and phosphorylation activities are normalized to
0.1 µM 79 bp RNA. Gels are 10% SDS. (Results are typical for all constructs tested in
this study)

160
6.2.4.3 Additional ternary and dimeric complexes tested in PKR activation assays
In addition to the above termary complexes, we designed three 15-nt extension ternary
complexes (Fig. 6.2.3). In two complexes, two strands of TAR (5’-ext) or TAR (3’-ext)
are bridged by a DNA oligo (Fig. 6.2.3A, B). In both cases, the DNA oligo had an
internal T3 inserted to enhance DNA:RNA hybridization. Unlike the complexes shown
in Figure 6.2.1A, TAR hairpins examined here were separated by 15-bp of DNA: RNA,
with a predicted 1.5 turn. TAR hairpins have been oriented to reflect this turn, although
some RNA flexibility is expected in these ternary complexes. In a third complex, TAR
(5’-ext) and TAR (3’-ext) are bridged by far DNA oligo (Fig. 6.2.3C). In this case, TAR
hairpins are separated by 30-bp of DNA: RNA and have been depicted to orient in the
same direction. However, this complex is just as likely to form a linear rod-like structure.
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Figure 6.2.3. Sequence and structure of 15-nt extension ternary complexes tested in this
study. (A) Two strands of TARwt, with a 5’-end extension, form a ternary complex with
5’, 5’ DNA oligo-15. (B) Two strands of TARwt, with a 3’-end extension, form a
ternary complex with 3’, 3’ DNA oligo-15. (C) One strand of TARwt, with a 5’-end
extension, and one strand of TARwt, with a 3’-end extension, form a ternary complex
with far DNA oligo-15.
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One final attempt was made to design activating TAR complexes by removing
TAR bulge defects. In Chapter 2, we described potent PKR activation by selfcomplementary TAR (scTAR) and perfectly self-complementary TAR (pscTAR) dimers,
but only weak activation by wild-type TAR dimers. Accordingly, we prepared three final
complexes with scTAR or pscTAR, where pscTAR hairpin loop sequences had been
changed to make it self-complementary. RNAs in these complexes were renatured alone
at concentrations of 0.5 µM or less to remove any contaminating dimer and then gently
heated with DNA oligo.
The first complex is similar to the 19-nt ternary complex shown in Figure 6.2.1A,
except the RNA hairpin is pscTAR (Fig. 6.2.4A). The second complex is comprised of
pscTAR with both a 19-nt 5’-ext and 6-nt 3’-ext, pscTAR with a 19-nt 3’-ext, and DNA
oligo -19,6. The 6-bp DNA: RNA separating pscTAR hairpins is predicted to induce a
half turn and position the RNA in closer proximity than in the complex shown in Figure
6.2.3A,B. Lastly, a dimeric complex was designed with two scTAR strands, each having
11-nt 5’- and 3’-extentions. This duplex was designed to form a cruciform structure and
to present the RNA hairpins in a more linear fashion. Bending of the RNA in this
structure may have interfered with optimal PKR dimerization and activation.
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Figure 6.2.4. Sequence and structure of defect-free TAR hairpin ternary and dimeric
complexes tested in this study. (A) Perfectly self-complementary (psc) TAR hairpin
with 19-nt extensions at 5’- or 3’-ends form a ternary complex with near DNA oligo-19
(T0, T1, T2, or T6). (B) pscTAR hairpin with 19-nt 5’-end and 6-nt 3’-end extensions
and pscTAR with 19-nt, 3’-end extension, form a complex with DNA oligo-19, 6-nt ext.
(C) Dimeric complex of double stranded TAR (dsTAR) containing wt loop with 11-nt
extensions at both 5’- and 3’-ends, termed ’11-dsTAR-11’. Extension sequences are
different, with one dsTAR annotated with a “prime”.
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6.2.5 Conclusions
In this study, TAR dimer/DNA oligo ternary complexes were designed and tested for
PKR activation. Ternary complexes were designed to orient the TAR hairpin in various
directions, in close or far proximity, and with wild-type or bulge-free varieties of TAR
sequence. Yet, not one complex activated PKR significantly above no-RNA background
levels. Based on native gel analysis, renaturation conditions were appropriate for desired
ternary complex formation and revealed TAR RNAs with 19-nt extensions hybridized
well to DNA, while 15-nt RNA extensions hybridized less efficiently.
What could account for the failure of all constructs to activate PKR? Two
explanations are provided here. First, TAR RNA may not have been an optimal RNA for
this study. TAR contains bulges and it is difficult to predict PKR activation by structured
RNAs. Instead, PKR activation should have been optimized using ternary complexes
comprised of a moderate activator, such as 40-bp RNA. This would allow for a direct
comparison between 40-bp and 80-bp activation of PKR. Secondly, from Chapter 5, we
now know that bulge size, location, and asymmetry decrease PKR activation. These
ternary complexes were probably flexible and/or bent and did not present TAR dimers in
a linear fashion. Decreasing the salt in activation assays from 100 mM to 50 mM KCl,
which is known to decrease RNA flexibility (Lu et al., 2001), could be attempted with
these constructs in future experiments to detect minimal PKR activation.
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6.3 Design and characterization of ternary complexes comprised of p20/stem-loop
RNAs/U1A for crystallography
6.3.1 Abstract
Currently, there are no NMR or crystal structures of PKR or p20 bound to RNA. In this
study, we prepared ternary complexes comprised of p20/stem-loop RNAs/U1A for
crystallography. Using native gel-mobility shift assays, we examined p20 and U1A
binding to three RNAs containing 16-, 17-, or 18-bp stem-loops. Ternary complexes
were also examined by native gel analysis and only one, 16-bp stem-loop, was found to
form a 1:1:1 complex.

6.3.1 Introduction
Modeling of PKR interactions with RNA has largely relied on structures from other
proteins (Ryter & Schultz, 1998). Structures of the two PKR domains have been
reported, an NMR structure of the dsRBD of PKR (termed p20) (Nanduri et al., 1998)
and a crystal structure of the kinase domain bound to substrate eIF2α (Dar et al., 2005).
However, there are no NMR or crystal structures of PKR or p20 bound to RNA. The
non-sequence specificity of PKR binding to RNA has likely hindered attempts to solve
this structure. We proposed to crystallize a ternary complex comprised of p20/stem-loop
RNA/U1A, where we have designed 16-, 17-, and 18-bp stem-loop RNAs, and U1A is
present to promote crystallization (Ferre-D'Amare et al., 1998).
In this preliminary study, we use native gel mobility shift assays to characterize
p20 and U1A binding to all three RNAs and native gel super-shift assays are used to
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examine ternary complex formation. In addition, optimal conditions are provided for
large scale RNA transcription and a protocol for small scale protein purification.

6.3.3 Materials and Methods
6.3.3.1 Protein expression and purification
Plasmid containing U1A sequence with an N–terminal (His)6 tag and thrombin cleavage
site was transformed into E. coli Rosetta (DE3) pLysS cells and grown on
chloramphenicol and kanamycin. U1A was purified by batch purification for gel-shift
assays. Briefly, cells were sonicated and the protein was purified with Ni-NTA-agarose
resin (Qiagen, Inc.). U1A was dialyzed into storage buffer: 20 mM Tris (pH 7.5), 100
mM KCl, 0.1 mM EDTA, 10% glycerol, and 7 mM β-mercaptoethanol. A gradient SDS
PAGE gel (Pierce) was used to visualize the ~11 kDa protein. In addition, U1A was
purified at a concentration of 53.6 µM using a Ni2+-agarose column and stored at -70 oC.
(U1A plasmid was a gift from Dr. Krasilnikov, Penn State University).
We also prepared p20, a truncated version of PKR that contains residues 1–184
and has an N–terminal (His)6 tag. Plasmid design and purification is described in
Chapter 2.

6.3.3.2 Plasmid and RNA preparation
Three plasmid insert sequences were designed with terminal EcoRI and BamHI
restriction sites and inserted into pUC19. Insert sequences were ordered with 5’-end
overhangs with pre-cut restriction sites and a 5’-end monophosphate for plasmid insertion
(Penn State Nucleic Acid Facility). A T7 promoter was incorporated downstream of the
EcoRI sequence and an inverted BsaI sequences was incorporated upstream of the BamHI
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sequence. Plasmids were transformed into DH5α E. coli cells and grown in the presence
of ampicillin. Sequences were confirmed (Penn State Nucleic Acid Facility). Large-scale
plasmid preparations were performed using a Maxi-Prep kit (Qiagen).
Plasmids were linearized with BsaI for run-off transcription. Optimized
transcription reactions were run for 4 h at 37 oC in the presence of 4 µg RNA, 40 mM
Tris (pH 8.0), 25 mM MgCl2, 2 mM DTT, 1 mM spermidine, 3 mM each NTP, and 8%
T7 polymerase. RNAs were purified on denaturing 8% PAGE and band corresponding to
full-length transcript excised and soaked overnight at 4 °C in 1x TEN250 [10mM Tris (pH
7.5), 1 mM EDTA, and 250 mM NaCl]. Subsequently, RNAs were ethanol precipitated
and resuspended in 1x TE [10 mM Tris (pH 7.5) and 1 mM EDTA]. Concentrations were
determined spectrophotometrically. 5′-end-labeled RNAs were prepared by treating them
with calf intestinal phosphatase, followed by polynucleotide kinase treatment in the
presence of [γ-32P]ATP.

6.3.3.3 Mobility-shift assays
Native gel mobility-shift analyses were performed using limiting concentrations of
radiolabeled RNA, as described in Chapter 2. Briefly, binding reactions incubated at
room temperature for 30 min in 40 mM Hepes (pH 7.5), 5 mM DTT, 150 µM EDTA, 8%
glycerol 25 mM NaCl and then loaded on a 10% 29:1 cross-linking polyacrylamide
native gel in 0.5x TBE. Gels were run at 300 Volts at 16 °C with a circulating system.
Gels were analyzed using a PhosphorImager (Molecular Dynamics).
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6.3.4 Results and Discussion
The goal of this study was to crystallize a ternary complex comprised of p20, a stem-loop
RNA, and U1A protein. More than one p20 protein has been shown to bind dsRNA
greater than 16-bp, but in our case, the presence of U1A protein would likely cause steric
clash between proteins (Bevilacqua & Cech, 1996; Schmedt et al., 1995; Ucci et al.,
2007). Thus, we designed three stem-loop (SL) RNAs with 16-, 17- or 18-bp stems and a
loop containing a U1A binding site. We anticipated that all three SL RNAs would have
similar binding affinity for U1A and that at least one sequence would accommodate
binding of U1A and one p20 protein.
To ensure proper binding between individual proteins and SL RNAs, we
performed native gel mobility-shift assays (Fig. 6.3.1). First, we examined U1A binding
to SL RNAs (Fig. 6.3.1A). Dissociation constants for U1A binding U1A binding
sequence have been measured at 10-11 M (Hall & Stump, 1992). However, we examined
higher concentrations of U1A, from 50 nM to 5 µM, using assay conditions identical to
those previously described for p20 binding to RNA. As expected, the U1A bound most
RNA at the lowest protein concentration tested. Next, we examined p20 binding to SL
RNAs (Fig. 6.3.1B). We observed one or two shifts with increasing p20, with SL-18
giving the most resolved second shift.
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Figure 6.3.1. Native gel mobility-shift assay of U1A and p20 binding stem-loop RNAs.
(A) Stem-loop RNAs, SL-16, SL-17, and SL-18 (16-, 17-, and 18-bp, respectively) were
incubated with various concentrations of U1A (0.05, 0.125, 0.25, 0.5, 1.25, 2.5 and 5 µM.
RNA sequences and structures are provided. U1A is shown in blue. (B) SL-16, SL-17,
and SL-18 were incubated with various concentrations of p20 (0.05, 0.125, 0.25, 0.5,
1.25, 2.5 and 5 µM). p20 is shown in green. Assay conditions, except protein, are
identical for both (A) and (B). RNA band and RNA complex bands are labeled. U1A
binding site is shown in red. Gels are 10% native (0.5 xTBE) PAGE.
Lastly, we examined ternary complex formation by performing native gel supershift assays (Fig. 6.3.2). RNAs were incubated with increasing concentrations of p20,
while maintaining a constant concentration of U1A protein, where SL-16 was incubated
with 1.25 µM UlA and SL-17 and SL-18 were incubated with 0.125 µM U1A. RNAs
were run alone, with U1A, and with U1A and p20. At a concentration of 1.25 µM p20, a
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super-shift is observed, indicating ternary complex formation. However, it was unclear if
one or two p20 proteins were binding in this complex. A mixing experiment was
performed to resolve RNA bands by analyzing the following complexes: (1) SL16.U1A.p20 + SL-17.U1A.p20, (2) SL-16.U1A.p20 + SL-18.U1A.p20, and (3) SL17.U1A.p20 + SL-18.U1A.p20 (Fig. 6.3.2 B, last three lanes). There is a smear the lanes
where SL-16 was present and a higher migrating band where only SL-17 and SL-18 were
present. This indicates that two p20 proteins are binding SL-17 and SL-18, while only
one p20 protein is binding SL-16.
The above data suggested SL-16 is able to accommodate U1A and only one p20
protein. However, we were unsure if these results would reflect optimal crystallization
conditions. Thus, we prepared milligram quantities of all three plasmids containing SL16, SL-17, or SL-18 sequence and optimized transcription conditions (see materials and
methods).
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Figure 6.3.2. Native gel mobility-super-shift assay of p20 binding to stem-loop RNAU1A complexes. (A) SL-16, SL-17, and SL-18 were incubated with 0.125 µM U1A
(SL-17 and SL-18) or 1.25 µM U1A (SL-16). U1A is present in all lanes, except RNA
only lanes. Stem-loop RNA-U1A complexes were incubated with various concentrations
of p20 (0.125, 0.25, 0.5, 1.25, 2.5 and 5 µM). Ternary complex is shown with U1A in
blue and p20 in green. (B) Native gel sample mixing analysis of multiple p20 proteins
binding stem-loop RNA-U1A complexes. Samples were treated the same as in (A),
except for the last three lanes, where samples were mixed as follows: (1) SL-16.U1A.p20
+ SL-17.U1A.p20, (2) SL-16.U1A.p20 + SL-18.U1A.p20, or (3) SL-17.U1A.p20 + SL18.U1A.p20. RNA band and bands corresponding to RNA complexes are shown. ). Gels
are 10% native (0.5x TBE) PAGE.
Next, we attempted to optimize small scale protein and RNA purifications.
Previously, both U1A and p20 proteins had been purified by batch purification. To
collect highly pure protein, bacterial pellets were collected from 6 L cultures and small
scale column purification conditions were optimized. An attempt was made to cleave the
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U1A (His)6 tag with thrombin while U1A was bound to column resin. However, the
protein eluted during a second column wash containing 65 mM imidazole. Given the
relative purity U1A obtained from this wash, the protein was treated with thrombin. But,
during thrombin treatment the protein precipitated and this stalled subsequent plans for
crystallization.
The above study provides design details and native gel analyses for p20/stem-loop
RNAs/U1A ternary complex formation. Native gel analyses suggest only the shortest
RNA examined, SL-16, can accommodate one U1A and one p20 protein, as opposed to
one U1A and two p20 proteins. Thus, ternary construct p20/SL-16/U1A may be the best
candidate for crystallization.
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Chapter 7
Future Directions
In the above studies, PKR regulation was examined using viral, cellular, and
model RNAs. The diverse structure and function of RNAs encountered by PKR in the
cell makes all three types of RNAs relevant to the biological function of PKR. From
these studies, we were able to establish general and specific rules regarding PKR
regulation by RNA. However, some studies require further experiments to provide a
more comprehensive understanding of the reported findings.
In Chapter 3, we observed a correlation between PKR activation and HDV dimer
and aggregate formation. However, RNAs from different transcription preps dimerized
and aggregated to differing extents and PKR activation by native gel-purified dimers was
inconsistent. Enzymatic structure mapping data support both globular and extended dimer
structures and it is possible that the dimer can alternate between these two forms.
Populations of these species may have been affected by renaturation conditions, freezethawing of samples, or salt in samples. Unfortunately, native gel analyses do not provide
evidence for two populations of dimer. This could be due to insensitivity of the method
or that only one population of dimer present. Other techniques, such as DLS or SAXS,
could used to detect the presence of globular and extended dimers. Once it is clear which
dimer is activating PKR, then this RNA fold must be trapped and thoroughly examined.
In Chapter 4, we report PKR inhibition by a truncated pre-miRNA and activation
at low pH. Regarding pre-miRNA regulation of PKR, the data are convincing that PKR
is regulated by pre-miRNA and that removing secondary structure defects improves the
ability to inhibit PKR. A follow-up study could test PKR regulation by full-length mir-
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374a, mir-374b, and additional pre-miRNAs known to target PKR. We anticipate PKR to
be similarly regulated by truncated and full-length mir-374a, although presence of
terminal defects in full-length mir-374a may slightly affect inhibition. PKR inhibition
other pre-miRNAs is expected, if few secondary structure defects are present.
Regarding the pH dependence of PKR activation, further analyses should be
performed to more thoroughly examine PKR activation at low pH. RNA-independent
PKR activation assays in the presence of λ-PPase, and with λ-PPase removed, provided
similar results, where decreased pH significantly enhanced PKR activation. Additional
studies can be performed to analyze PKR concentration dependence on RNAindependent activation and by including eIF2α substrate in the activation assays.
Increasing the concentration of PKR will increase the rate and extent of PKR
phosphorylation. This was observed in Chapter 2, where high concentrations of PKR (5
µM) were used to examine activation (pH 7.5) by TARwt dimer. In the no-RNA lanes,
percent PKR activation was consistently greater than 20% at 10 min. In contrast,
standard activation assays (pH 7.5) contain 0.8 µM PKR and percent PKR activation in
no-RNA lanes is ~1-2% at 10 min. Thus, activation assays at the higher protein
concentrations increase activation by ~20-fold at 10 min. In addition, investigating PKR
phosphorylation of eIF2α substrate at low pH would provide further evidence that RNAindependent activation of PKR is biologically significant and that translation is affected.
In Chapter 6.1, HDV sequences of various lengths were tested for PKR activation.
Most HDV constructs activated PKR, but a few, including the ribozyme portion of HDV
and -54/226 C75U were poor activators of PKR. Interestingly, changing the salt from
KCl to NaCl increased PKR activation by the ribozyme. Thus, PKR activation by these
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HDV constructs should be closely examined in different salt conditions to ensure trends
in ability to activate PKR remain consistent. This is particularly important for constructs
that are capable of forming multiple secondary and tertiary structures, which could have
different effects on PKR activation.
Chapter 6.2 described design rational of multiple ternary complexes consisting of
TAR dimers linked by a DNA oligo for PKR activation assays. Unfortunately, all ternary
complexes failed to activate PKR. This study could be repeated by replacing TAR (23bp) with a 40-bp hairpin. Optimal orientation and distance between dimers could then be
determined by comparing activation of PKR by 40-bp, 80-bp, and ternary complexes.
Lastly, Chapter 6.3 described design rational of ternary complexes comprised of
p20/SL-RNAs/U1A for crystallography. Plasmids containing sequence for SL-16, SL17, and SL-18 RNAs were purified in large quantities and are available for large scale
transcription reactions. Small scale column purification of p20 and U1A were performed
and purified protein stored at -70 oC. Crystallization of these complexes requires large
scale RNA transcription reactions and large scale purification of p20 and U1A proteins,
as well as optimization of crystallization conditions.
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