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ABSTRACT

In response to viral infection cells produce the interferon inducible Ser/Thr RNA-
dependent protein kinase (PKR) that binds viral dsRNAs. After initial binding, PKR self-
associates and then becomes autophosphorylated. PKR then phosphorylates its substrate,
eukaryotic initiation factor 20, which slows viral protein translation, thus helping the host
cell response. PKR consists of tandem double stranded RNA binding motifs (dsRBMs)
connected via a flexible linker to a kinase domain. A number of studies involving
individual dsRBMs from proteins other than PKR have highlighted the key features
required for interaction with perfectly duplexed RNA. However, viral dSRNA molecules
are highly structured and often contain deviations from perfect RNA helices. HIV-1 TAR
and adenovirus VA; RNAs are well-characterized PKR binding partners. HIV-1 is an
activator of PKR that adopts a mostly double-stranded structure with distortions
including a trinucleotide bulge and hexaloop. Adenovirus VA; RNA has double-stranded
secondary structural elements including a dsRNA-binding (apical stem), an inhibitory
stem-loop (central stem) that inhibits PKR from performing its enzymatic reaction, and
the terminal stem. A truncated version of VA; lacking the terminal stem called VA]ATS
(often used as wild type RNA in this study), binds to PKR and prevent its self-
association. The interaction and binding affinities of PKR with all RNAs was determined
using electrophoretic mobility shift assays. To investigate the role of the central stem-
loop in the mechanism of inhibition of PKR by the VAJATS RNA, truncated versions of
VAIATS with mutations in the central stem were transcribed. /n vitro studies that include

well-established enzymatic assays test activation and inhibition of PKR in presence of the



mutant versions of VAJATS. The solution conformations of the dsRBMs of PKR in
complex with TAR and VAJATS determined using small-angle X-ray scattering studies
show dsRBMs of PKR interact with both stem and loop regions of the RNAs. SAXS
modeling of VAJATS, mutant RNAs together with activation assays show that loop and
bulge regions are crucial for the tertiary structural integrity and function of central stem.
Taken together this data provides framework for the recognition of imperfectly base-

paired viral dsSRNA by PKR and PKR’s regulation through RNA tertiary structure.
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CHAPTER 1: INTRODUCTION

One of the most important abilities for an organism to survive is to respond
quickly and effectively to a state of infection. The ability of an organism to recognize
and respond to the presence of an antigen is called immunity [1]. The human body is
frequently invaded by a variety of pathogens such as bacteria, viruses, protozoa, and
parasitic worms. In addition, these pathogens constantly evolve to be able to evade the
immune system and propagate. For these reasons the human immune system is comprised
of overlapping intricate pathways to ensure that pathogens are removed from the body
and in the case of reoccurrence, our immune system can react faster and more efficiently.
The human immune system consists of two subsystems: the innate immune system and
the adaptive immune system [1, 2].

The innate immune system is the first line defense against pathogens and it fights
the infection in a cell-mediated manner as well as through the humoral immune response.
Cell-mediated immunity includes the immune response to antigens through activation of
various cytokines, phagocytes, and cytotoxic T-lymphocytes, and does not involve the
production of antibodies, while the humoral response is mediated through involvement of
antibodies [3]. The adaptive, or acquired, immune system is a very complex system that
involves application of specialized cells and processes to eliminate specific pathogens
from the body. In addition to preventing the spread of the infection, adaptive immunity is
responsible for establishing a long-term protection against the pathogen in the case of
future encounter. This effect is mediated through production of B memory cells, which

are a special type of lymphocyte that can store the antibodies that were previously used to



clear out the specific antigen [4]. Innate immunity is also involved in activating the
adaptive immune response though a process called antigen presentation [5, 6]. Unlike the
adaptive immune system, the innate immune system does not give long-lasting or
protective immunity to the host, however, it does recruit immune cells to the site of the
inflammation through the production of cytokines. These immune cells, in turn, can clear
out the antigens from the infected organs and tissues. Additionally, the innate immune
system can activate the complement system [5]. The complement system evolved as a
part of innate immune system and it involves a large number of proteins that are found in
blood known as zymogens [5]. Zymogens are precursor proteins that are usually self-
cleaved into active enzyme at the site of infection. Activated zymogen can also cleave
and activate a subsequent downstream zymogen; this process results in amplification of
the pathway. Activated complement pathway proteins covalently attach to the pathogens
and prepare them for phagocytosis. Some proteins of complement system can damage
bacterial pathogens by creating pores in their membranes [5]. The innate immune system
mounts a rapid response mediated by phagocytes including macrophages and dendritic
cells (DCs) in order to either clear the infection or prevent the spread of the infection
until an adaptive response i1s mounted.

The focus of my thesis is on the interaction of the host interferon-induced double
stranded RNA-activated protein kinase (PKR) with an adenovirus small non-coding
RNA called adenovirus virus-associated RNA (VA)). The introduction section begins
with an overview on innate immunity and recognition of nucleic acids by the innate
immune system, focusing on host pattern recognition receptors that are known to be

activated by viral RNAs. Next, I will explain the role of interferons in the innate



immunity. Following this, I will highlight several specific proteins that are related to
PKR in terms of their function in innate immunity. In the final section of the introduction
I will give an extensive overview on PKR and VA, their structures, mechanisms of
action, and the different pathways that they intertwine with. The introduction will be
followed by Chapter 2 outlining the Materials and Methods used to acquire data. The
experimental work will be presented in Chapters 3-5, each representing a distinct series
of experiments. The thesis concludes with a Summary and discussion of Future

Directions (Chapter 6).

1.1 INNATE IMMUNE SYSTEM

Initially it was thought that innate immunity was very simple and not as
significant as the adaptive immunity in protection against pathogens [7]. Today, it is
widely recognized that innate immunity employs complex cellular pathways to mount a
rapid response to an infection. It utilizes a range of pattern recognition receptors (PRRs);
proteins responsible for detecting molecules unique to a pathogen (virus, bacteria, fungi)
called pathogen associated molecular patterns (PAMPS) [8]. PRRs are germline-encoded
proteins expressed in variety of cells [9]. PRRs consist of several different families of
proteins that can be distinguished by ligand specificity, cellular localization, and
activation of specific signaling pathways that lead to distinct antipathogen responses.

PAMPS are conserved molecular motifs that are essential for pathogens survival
[2, 10]. PAMPS can be found as a part of glycoproteins, lipopolysaccharides,
proteoglycans, and nucleic acids essential to bacteria, fungi, and viruses [1, 11]. PAMPs
can be detected at the cell surface by receptors such as Toll-like receptors (TLRs), via

TLRs in the endosome, or RIG-I-like receptors (RLRs) in the cytoplasm [9, 12, 13].



Specific PAMPs are recognized by different groups of PRRs [8, 14, 15]. Glycoproteins,
lipopolysaccharides, and proteoglycans are readily detected at the cell surface by the
Toll-like receptors (TLRs) [2, 9, 12]. Hemagglutinin protein, found on the envelope of
the measles virus, can be detected by the Toll-like receptor 2 (TLR2) [16]. Once a virus
enters the cell, viral nucleic acids can be detected by RLR helicases such as retinoic acid-
inducible gene 1 (RIG-I) and Melanoma Differentiation-Associated protein 5 (MDAS)
[17-19]. In the endosome, TLR3 and TLR7/8 can detect viral single-stranded or double-
stranded RNA respectively, which will trigger downstream signal transduction pathways
[19, 20]. Regardless of whether the viral infection is detected at the surface by TLRs or
by the cytoplasmic PRRs, the initial binding of PAMPS leads to expression of Interferon
a/P through the activation of transcription factors, including interferon regulatory factor 3
(IRF3) and interferon regulatory factor 7 (IRF7) [21-24]. Activated interferons first link
innate immunity with the adaptive immunity by initiating the differentiation of Interferon
a/B-producing cells into dendritic cells [25, 26]. Second, interferon induces the
expression of interferon-stimulated genes (ISGs) [2, 27, 28]. ISGs are a group of genes
that express proteins that establish an antiviral response in target cells and collectively
work to inhibit viral proliferation [2, 8, 27, 28]. PKR, the focus of this thesis, is the
product of an ISG.
1.1.1 RIG-I-like receptors (RLRs)

RIG-I-like receptors, abbreviated RLRs, are a type of PRR’s involved in the
recognition of viruses by the innate immune system. RLRs act as sensors of viral
replication within the cytoplasm through direct interaction with viral dsRNA, which

could be a part of viral genome or a direct product of the genome [29]. RLRs are a family



of proteins that include RIG-I, MDAS and probably ATP-dependent RNA helicase
DHX58 (LGP2) [30-32].

RIG-I is a cytosolic sensor that gets activated upon interaction with viral RNA
[31, 33, 34]. Activated RIG-I phosphorylates several target proteins, which leads to
activation of transcription factors NFxB and IRF3/7 that are responsible for the

production of type I interferons (INFs) and other cytokines (Figure 1.1) [35-37].
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Figure 1.1: RLRs signaling in response to recognition of viral PAMPs which leads to
activation of NFkB and IRF3/7 responsible for the production of type I INFs and
other cytokines

RIG-I plays a role in initial viral detection and it establishes the antiviral state by
inducing the expression of type I interferons, proinflammatory cytokines and ISGs [38-
41]. RIG-I is a DExD/H box helicase that contains a N-terminal tandem CARD (Caspase

activation and recruitment domain) domain [32, 42]. CARDs mediate the interaction of

RIG-I with downstream signaling proteins that leads to activation of INF o and . In



addition, it contains a repressor domain (RD) in its C-terminal regulatory domain (CTD)
[43]. The RD domain prevents RIG-I from initiating its signaling cascade in the absence
of its activator. RIG-I can interact with single-stranded and double-stranded RNAs [44,
45]. RIG-I binds to the exposed 5’ triphosphate on either single-stranded RNA or the
blunt-end of the duplex [45-48]. The interaction is sequence independent, thus enabling
the protein to bind to wide range of RNAs. The interaction between RIG-I and the target
RNAs is mediated by the CTD, the ATPase core, and the insertion domain [42]. The
insertion domain, a RecA-like fold, is a part of the ATPase core that binds to the dsSRNA,
while the CTD can interact with a broad range of RNAs, as well as mediating the
interaction between the RNA-bound RIG-I and its downstream protein partners [49-52].

MDAS activation is mediated by high molecular weight long dsRNAs from a
wide range of viruses [53]. Like RIG-I, MDAS contains two CARD domains and the
helicase domain, but it does not have a RD [31, 32, 54]. MDAS activation is
accomplished through ATP hydrolysis in the helicase domain [55, 56]. This allows the
tandem CARD domains of MDAS to interact with the downstream components of the
signaling pathway that will eventually lead to the activation of type I INFs through NF«xB
and IRF3/7 [31]. Therefore MDAS activates INFs through the same signaling pathway as
RIG-I (Figure 1.1).
1.1.2 Toll-like receptors (TLRs)

TLRs are membrane bound PRRs that can bind to distinctive types of nucleic
acids [13, 16]. They are a large family of proteins that are primarily localized in the cell
membrane as well as a small subset of endosomal TLRs linked to antiviral immunity

including TLR3 and TLR7/8 [19, 20, 57].



TLR3 is endosomal with a horseshoe-shaped structure that binds dsRNA [38]. The
interaction between TLR3 and the dsRNA is not sequence dependant and usually RNA of
90 base pairs (bp) or longer can activate TLR3 [58]. Activation of TLR3 will lead to
production of type I INFs through the TIR-domain containing adaptor inducing interferon

(IFN)-B (TRIF) dependent pathway (Figure 1.2) [38, 59, 60].
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Figure 1.2: Recognition of viral PAMPs by TLR3 in endosome leading to production
of type I INFs through the TRIF-dependent pathway

TRIF is a membrane-associated protein that mediates the activation of interferon
pathways through IRF3/IRF7 activation by non-canonical IKK kinases signaling (Figure
1.2) [61-63].

TLR7 and 8 are endosomal membrane-bound proteins that are phylogenetically
closely related [64, 65]. TLR 7/8 bind to ssRNAs with high GU and AU content [64, 66,

67]. Once the virus is enclosed by the endosome, TLR7/8 interact with viral ssSRNA



leading to the activation of interferon cascade through the Myeloid differentiation
primary response gene 88 (MyD88)-dependent pathway (Figure 1.3) [64, 66, 68-71].
TLR7/8 activate type I INFs and other pro-inflammatory cytokines through the IRF7 and

NF«B activation (Figure 1.3) [69-71].
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Figure 1.3: Recognition of viral PAMPs by TLR7 and TLRS in endosome leading to
production of type I INFs through the MyD88-dependent pathway

Even though both TLR7 and TLRS bind to ssRNA, there is a functional difference
between the two, mainly based on which pathways they initiate, and which cytokines
they induce in different cell types [65, 72]. For example, it has been shown in monocyte-
derived DC (pDC) cells that the presence of ssSRNA oligonucleotide can stimulate type I
INFs production through IRF7 signaling [72]. Additionally TLR7 is expressed in other

immune cells, such as B cells and monocytes/macrophages [73, 74]. TLRS is known to



be expressed in monocytes/macrophages; however, its signaling is mediated through the
NF-« B activation followed by inflammatory cytokine expression [73, 75, 76].
1.2 INTERFERON RESPONSE TO VIRAL INFECTION

One of the main roles of many PRRs including the aforementioned ones, is to
enhance the production of type I interferons in response to viral infection. Expression of
type I interferons leads to activation of a signal-transduction pathway that triggers the
transcription of a diverse set of ISGs that establish an antiviral response in target cells
and act as effector proteins with direct antiviral activity [7, 24, 77, 78]. Type I INFs are
part of a large group of glycoproteins that are activated during the host’s infection. Type |
INFs include IFN-a (alpha), IFN- (beta), and IFN-k (kappa) among others. Interferon a
and [ are usually expressed in the innate immune response to viruses [28, 79]. More then
ten different genes encode for IFN-a isoforms whereas a single gene encodes for
expression of IFN-B [80-82]. Most cell types produce IFN-B, while IFN-a is prevalently
expressed in plasmacytoid dendritic cells [81, 83]. Type I INFs initially bind to a
heterodimeric receptor complex known as the IFN-a receptor (IFNAR) that consists of
IFNARI and IFNAR2 subunits [84]. Binding of the INF-0/f enables autophosphorylation
of the cytoplasmic domain of the receptor followed by the activation of proteins that are
associated with the receptors, Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2)[85].
The IFNAR1 subunit is associated with TYK2, whereas IFNAR2 is associated with
JAK1 [85-88]. JAK1 and TYK2 in turn phosphorylate and activate signal transducer and
activator of transcription 1 and 2 (STAT 1/2) at tyrosine residues; this leads to the
formation of STATI-STAT2-IRF9 (IFN-regulatory factor 9) transcription factor

complexes, which are known as IFN-stimulated gene (ISG) factor 3 (ISGF3) complexes.



These complexes translocate to the nucleus and activate the transcription of ISGs [89-92].

INFs themselves do not posses antiviral properties but instead signals that the
body is in state of the infection, and helps to recruit innate and adaptive immune cells to
the site of infection [21]. INFs act in both autocrine (cell secretes chemical messengers
that bind to the receptors on the surface of the secreting cell resulting in signaling that
will bring on changes within the cell) and paracrine (cell secretes chemical messengers
that bind to the receptors on the surface of nearby cells thus causing signaling that will
bring on changes in those cells) manner through the JAK/STAT pathway bringing about
the transcription of a group of IFN stimulated genes (ISGs) (Figure 1.4) [77].
Transcription of these genes brings about the production of proteins with a broad range of

antiviral activities that will sequester/prevent further viral propagation.
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Figure 1.4: Activation of ISGs through Type I INF

1.3 IFN-STIMULATED GENES (ISGs)
One of the most important roles of the INFs is bringing about the transcription of
ISGs. As stated previously, transcription of IFN-stimulated genes is activated through the

JAK/STAT signaling pathway. Expressed INF o/f binds to IFNAR that leads to



phosphorylation of transcription factors STAT 1 and STAT2. STAT 1 and STAT 2
dimerize and move to nucleus where they form a trimeric complex with the IFN-
regulatory factor 9 (IRF9) which are known as IFN-stimulated gene (ISG) factor 3
(ISGF3) complexes [83, 93-95]. ISGF3 binds to the consensus sequence TTTCNNTTTC
known as IFN-stimulated response elements (ISREs) thereby activating the transcription
of hundreds of ISGs, which establish a cellular antiviral state [83, 96-98]. ISGs code for
proteins that detect PAMPs on viral molecules, and these proteins can induce apoptosis,
catalyze cytoskeletal remodeling, regulate post-transcriptional events including splicing,
mRNA editing, RNA degradation and the multiple steps of protein translation, as well as
subsequent post-translational modification [77, 90]. ISGs express proteins that
individually can block viral transcription, degrade viral RNA, inhibit translation, and
modify protein function. Some of the better-studied ISGs that recognize viral RNAs as
PAMPs are Adenosine deaminase acting on RNA 1 (ADARI), 2°,5’-oligoadenylate
synthetases/Ribonuclease L, and the focus of this thesis, the double stranded RNA-
activated protein kinase.

1.3.1 Adenosine deaminase acting on RNA 1 (ADAR1)

ADARI, encoded by an ISG, is an RNA-binding protein that is involved in RNA-
editing through post-translational modification of mRNA by changing its nucleotide
content. ADARI can edit viral genomic and mRNA [99]. RNA processing by ADAR1
introduces a mismatch mutation into the viral genomic RNA or mRNA which results in
change of the sequence that can affect viral replication, propagation, or altering the code
for a viral protein thereby affecting the protein function [100-102]. ADARI catalyzes the

deamination at C6 position of the adenosine (A) bases of dsSRNA substrates [103-106].



The modification leads to the substitution of adenosine with inosine (I). In the case of
coding RNA, the substituted inosine will be read by the translation machinery as a
guanosine instead of adenosine, which can lead to introduction of incorrect amino acid.
In addition, the same substitutions are created during RNA-dependent RNA replication
used by many viruses [107, 108]. On the structural level, the resulting inosine:uridine
(I:U) base pairs are less stable than A:U base pairs thus impacting the overall stability of
the RNA structure [109-111]. Editing of dSRNA by ADARI can be site specific, as seen
in the case of glutamate and serotonin pre-mRNA, as well as in the hepatitis delta virus
antigenome RNA [104, 105, 112-114]. Editing can be also performed on multiple
subsequent adenosines found on the RNA duplex as well as on synthetic dsSRNA [103,
104].

ADARI1 contains N-terminal nucleic acids binding domains. It has two Z-DNA
binding domains and three dsRNA binding motifs (dsRBMs) [103, 115]. The dsRNA-
binding motifs interact with dsSRNA in mostly sequence independent fashion [116]. The
C-terminus of ADARI contains the deaminase domain that performs the A to I editing.
Deaminase and RNA binding domains cooperatively work together to bring about the
catalytic activity of the enzyme [117]. A single gene codes for ADARI that transcribes
two different molecular weight proteins [103, 104, 118]. The smaller protein (p110) is
constitutively expressed in the cells, while the larger version (p150) is induced by INF
signaling [104, 119, 120]. ADARI1 plays a very important role in bone marrow
development, apoptosis, and antiviral innate immunity. Knockout of the ADARI1 gene in
mice is lethal [100], and the absence of ADARI (p110 and p150) has a positive influence

on INF production and apoptosis in ADART1 deficient mice cell lines [101]. From this it



can be seen that ADARI plays very important function in the survival of the organism as
a major protein of the innate immune response to viruses.
1.3.2 2°,5°-Oligoadenylate synthetases (OAS)

OAS are a family of proteins initially identified as [FN-induced proteins that are
distinguished by their ability to synthesize unique 2’,5'-linked phosphodiester bonds to
polymerize ATP into oligomers of adenosine (2',5'-A) [121, 122]. Synthesized 2',5'-A
specifically activate RNaseL leading to cellular and viral RNA degradation [123, 124].
OAS in humans include OAS1, OAS2, OAS3 and OASL (OAS-like) [123]. As the OAS
proteins are constitutively expressed at low levels they act as PRRs for the detection of
viral dsRNA in the cytosol. OASI has two splice isoforms in humans that produce two
isoforms that differ at their C-termini by 18 and 54 amino acids, respectively. OAS2
produces four alternatively spliced transcripts that encode two proteins as well. OAS3
encodes a single transcript that produces a single protein [122]. These proteins have
considerable homology to each other, with OAS1, OAS2 and OAS3 encoding one, two
and three “OAS” domains, respectively [123]. An OAS domain adopts a palm fold that
contains five antiparallel B strands separated by two a helices (a B p a B B B) [125]. The
most distinctive of the OAS proteins is OASL. Two OASL transcripts are expressed
producing two proteins. The OASL protein also has an OAS domain, however, it is
catalytically inactive.

OASI1 and OAS2 contain a tripeptide motif (CFK) within their OAS domains that
is not conserved in the OAS domains of OAS3 and OASL [126]. The tripeptide motif
enables OAS1 and OAS2 to form tetramer and dimer respectively, which are the active

forms of enzymes that are capable of synthesizing trimeric and tetrameric 2',5'-linked



adenylate oligomers [127, 128]. It has been shown that the oligomerization of OAS1 and
subsequent synthesis of the oligoadenylate chains can be initiated by OAS1 binding viral
dsRNAs [129-131]. Trimeric and tetrameric 2',5'-linked adenylates synthesized by OASI
or OAS2 can bind to and activate RNaseL [122, 132, 133]. Since OAS3 does not contain
tripeptide motif, its active form is a monomer that synthesizes dimeric 2',5'-linked
adenylates [128]. The dimeric 2',5'-linked adenylates are not efficient activators of
RNaseL, and consequently, are thought to regulate alternative processes, with one report
suggesting a role in gene expression by regulating DNA topoisomerase I [134].

RNaseL is constitutively expressed as an inactive monomer. Auto-inhibition of
the RNaseL is relieved upon binding of 2’,5'-oligoadenylates followed by subsequent
homodimerization [135, 136]. The active dimeric enzyme then degrades ssRNA [137,
138]. RNA degraded by RNaseL is able to activate additional cytoplasmic PRRs (RIG-I
and MDAJS) resulting in type I IFN gene induction and production of other ISGs [139].
This has been shown in RNaseL deficient cells, where a decrease in IFNf production has
been observed due to reduced signaling via these PRRs [140]. Due to their perceived
common antiviral action via RNaseL, the antiviral function of the OAS proteins has been
investigated using RNaseL-deficient mice. These mice show increased susceptibility to
RNA viruses from the Picornaviridae, Reoviridae, Retroviridae, Myxoviridae, and
Flaviviridae families [141]. However, ensuing activation of RNaseL is less commonly
observed, presumably because of virally encoded inhibitory factors.

1.4 REGULATION OF INNATE IMMUNITY THROUGH THE RNA-
DEPENDENT PROTEIN KINASE (PKR)

The focus of my thesis is an ISG protein product, PKR and its interaction with



small non-coding viral dsRNAs. PKR is a Ser/Thr kinase involved in the first line
defense in the innate immune response against viral infections [142]. (PKR) is a double-
stranded RNA-activated protein kinase also known as eukaryotic translation initiation
factor 2-alpha kinase 2, P1 kinase, p68 kinase, encoded by the E/F24K2 gene in humans
[143]. The human PKR gene is located on chromosome 2p21-22 [144-146]. The PKR
gene consists of 17 exons [145, 147]. PKR belongs to the family of kinases that
phosphorylate the alpha subunit of eIF2 that include general control non-derepressible 2
kinase (GCN2), PKR-like endoplasmic reticulum kinase (PERK), and the hemin-
regulated inhibitor (HRI) [148, 149].

Expression of PKR varies throughout tissues and developmental stages. During
human fetal development, levels of PKR are hardly detectable in blastema and immature
mesenchymal cells, but found to be high in a variety of differentiated tissues including
epithelial cells [150]. In adult tissues, PKR is expressed at a lower level in the
proliferating immature zone of squamous mucosa, while non-proliferating mature
keratinocytes shows higher expression of PKR [151]. It has been suggested that the
overexpression of human PKR plays a potential role in cell growth regulation by
inhibiting cell proliferation in mammalian cells [152]. Conversely, expression of
catalytically inactive mutants of PKR (K296R) in NIH 3T3 cells results in tumorigenicity
in nude mice [152, 153]. Overexpression of PKR in HeLa cells leads to apoptosis [154].
Recent studies with mouse embryonic fibroblasts derived from the PKR knockout mice
have demonstrated its function in apoptosis, induced by both dsRNA and
lipopolysaccharide [155].

PKR is a 551 amino acid protein, and consists of tandem copies of a conserved



double stranded RNA binding motif (dsRBMs) in the N-terminal domain of the protein,
with a C-terminal Ser/Thr kinase domain [156]. The dsRNA-binding region of PKR
spans residues 1-169, and the two dsRBMs are connected by a 23 amino acid long
flexible linker [157]. The kinase domain is 299 amino acids long and it includes residues
252 to 551. The dsRNA-binding domain of PKR is connected to the kinase domain by a
third region, a long flexible inter-domain linker (80-residue), implicated in PKR self-

association (Figure 1.5A) [158, 159].
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Figure 1.5: A) Schematic representation of PKR. B) Activation and inhibition of
PKR by dsRNA

Upon viral infection and subsequent production of viral dsSRNAs, PKR binds viral
dsRNA that leads to its activation and autophosphorylation of residues on a crucial loop
overhanging the kinase active site of the PKR [160]. PKR’s binding to dsRNA leads to a
conformational change in protein that enables activation and autophosphorylation [161,

162]. Thr446 and Thr451 residues in the activation loop of kinase domain are required to



be phosphorylated for the full PKR activation [162]. PKR can be rendered catalytically
inactive by mutating the lysine residue in ATP-binding site Lys296 to Arg (K296R)
[163]. Phosphorylated PKR in turn phosphorylates its target substrate, the eukaryotic
initiation factor 2a (elF2a) at Ser51 (Figure 1.5B). elF2 is a heterotrimeric G protein (a,
B, and y subunits), that is responsible for delivering of Met-tRNA;" to the P site of 40S
subunit of ribosome and thus initiating translation [164]. eIF2 cycles between its active
(GTP-bound) and inactive (GDP-bound) state. The cycling between the GTP and GDP-
bound states is regulated by elF2B. Phosphorylation at Ser51 of a subunit by PKR results
in formation of a high-affinity complex between elF2 and elF2B. This inhibits the
guanidine nucleotide exchange activity of the elF2 heterotrimeric complex, thereby
preventing translation initiation and consequently slowing down the translation of viral
proteins [164, 165]. Inhibition of viral protein translation attenuates viral propagation,
thereby providing time to the host cell to mount an optimal adaptive immune response
[166-168].
1.4.1 The double-stranded RNA-binding motif, a adaptable RNA recognition motif
The double-stranded RNA-binding motif (dssRBM) adopts a canonical afjfpa fold
that binds to the dsRNAs [169-171]. The fold contains a 3-stranded antiparallel B-sheet
flanked by 2 a-helices (Figure 1.5) [169, 170]. Besides its ability to bind dsRNA, the
dsRBM can serve as a protein-protein recognition domain [172, 173]. The motif was first
discovered by comparing the protein sequence of Staufen and Xenopus laevis RNA-
binding protein A against the protein database [174]. The domain is found in animals,
bacteria, and viruses [175]. Proteins containing the dsRBM(s) possess a myriad of

functions including RNA editing and processing, translational control, and protein



modulation amongst the others [176-179]. Proteins can have multiple copies of dsSRBMs.
ADAR contain 3 copies of the motif, while Drosophila Staufen protein contains 5 copies
[169, 180]. Human PKR contains a tandem repeat of dsRBMs. NMR studies of PKR ;.69
in isolation revealed that each dSRBM from PKR adopts a canonical fold containing a 3-
stranded antiparallel B-sheet flanked by 2 a-helices with tandem dsRBMs joined by a 23
amino acid linker forming a dsSRNA-binding domain of PKR (dsRBDs) that encompass
residues 1-169 of full length protein (PKR.169) [157]. Structures of a single dSRBM from
proteins other than PKR in complex with perfectly duplexed dsRNA indicate that
approximately 1.5 turns (~15 bp) of the A-form RNA helix (comprising consecutive
minor-major-minor grooves) are recognized, and that the contacts are mediated primarily
through the 2’-hydroxyl groups of the ribose sugar, explaining the observed selectivity
for the RNA [169, 170, 180-183]. The residues in the loop 2 and loop 4 of the dsRBMs
mediate the interaction between the dSRBM and the RNA A-form helix with the minor
and the major grooves of the RNA [181]. In addition, helix 1 of the motif is interacting
directly with the bases from the second minor grove involved in binding. dsSRBM1
contains conserved residues throughout the motif, while in the case of the dsSRBM?2 the
conserved residues are found in the C-terminal region of the motif [174]. Both dsRBMs
of PKR are required for the high affinity interaction with dsSRNA [160]. The affinity of
dsRBMs of PKR for dsRNA ranges from 10 to 100 nM [160, 184]. RNA longer then 30
bp is required for optimal activation [151]. In vitro experiments show individual domains
can bind the dsRNA, with dsSRBM1 showing higher affinity compared to dsSRBM2 [160,

185].



1.4.2 Kinase domain of PKR is required for dimerization and autophosphorylation
The C-terminal region of PKR encompasses a Ser/Thr kinase domain responsible
for target substrate recognition and phosphorylation. Structural studies on the kinase
domain in complex with elF2a detailed the overall Ser/Thr kinase fold as well as the
features required for target substrate interaction [165]. The catalytic domain of the
protein has a typical protein kinase fold consisting of an N-terminal lobe that is mostly -
sheet and a C-terminal lobe that is predominantly helical. The N-terminal lobe of the
kinase domain (residues 258-369) consists of a five-stranded antiparallel [ sheet, a
canonical helix aC, and a noncanonical helix a0 (residues 258-266), which assimilates
into the top groove of the B sheet. The C-terminal lobe (residues 370-551) is comprised
of two paired antiparallel B strands and eight a helices [165]. Dimerization and substrate
recognition occurs on physically remote ends of the kinase domain. PKR dimerization
takes place between the two N-lobes of kinase domain. It also includes a large portion of
helix aC, helix a0, the B2-B3 connecting segment and strands 4 and B5 [165]. The
recognition of Ser51 on elF2a is mediated by aG helix of PKR in the surface of the C
lobe of kinase domain [165]. Autophosphorylation of PKR at Thr446 and Thr451
promotes substrate recognition and subsequent phosphorylation. Thr446 and Thr451 are
found in the activation segment of the kinase domain. This segment is stabilized by the
interaction of Thr446 with two Arg residues (Arg307 from the N lobe and Arg413 from
C lobe) and Lys304 from the N lobe helix aC. The phosphorylation of elF2a by kinase
domain of PKR requires initial recognition of Ser51 of elF2a by the aG helix of PKR.
This will lead to partial unfolding of segment of elF2a, which makes the Ser51 accessible

for the ATP binding active site of PKR [165, 186, 187]. This mechanism suggests that the



PKR kinase domain has a very specific way of interacting with protein partners thus
limiting the number of interacting partners through its kinase domain. This distinguishes
PKR from most kinases that recognize a specific and short target peptide sequence.

EIF2a is a trimeric protein complex involved in delivery of Met-tRNA to the
ribosomal 40S subunit, thus initiating protein translation [188, 189]. The protein cycles
between its active GTP bound and inactive GDP bound states. The cycling between the
active and inactive state is performed by elF2B [164]. The pool of elF2B in cytoplasm is
very low which makes it a crucial regulatory step in protein translation [165]. Once elF2a
is phosphorylated at the residue Ser51, the affinity of elF2 for elF2B increases. This
makes the elF2B unavailable for removing of the GDP from the inactive elF2 complex
resulting in the inhibition of translation initiation [168].

The mechanism of PKR activation is still not fully understood, but it is well
established that dimerization of the PKR is a key step in PKR activation [160, 165, 190-
195]. Additionally, the flexible region found between the dsRBMs as well as the linker
connecting the dsSRBMs to kinase domain seem to play a crucial role in PKR dimerization
and activation [158, 159]. Previous studies have suggested significant flexibility in the
two linkers (one between the dsRBMs, the other between the dsRBMs and kinase
domains, see Figure 1.5A) allowing for two distinct conformations to be observed; an
extended “open” conformation where dsRBMs and kinase domains are not in contact,
and a collapsed “closed” conformation [158, 161, 196-198]. The data suggest a direct
communication between domains that allows propagation of the activation signal initiated

by dsRNA binding to the dsRBD, to the kinase domain, via the interdomain linker. The



reverse is also possible, as kinase domain phosphorylation results in reduced affinity for
dsRNA ligand [197].
1.5 PKR INVOLVMENT IN SIGNALLING PATHWAYS

PKR is expressed constitutively at low levels in mammalian cells. PKR can bind
to dsRNA, dextran sulfate, heparin, chondroitin sulfate, poly-L-glutamine, and several
other proteins of human and pathogen origin. The interaction is mostly mediated by the
dsRBMs of PKR. These interacting partners behave as either PKR activators or
inhibitors. The activators facilitate the dimerization of PKR, while the inhibitors prevent
this event. PKR 1is involved in myriad of pathways including translation regulation, cell
stress, signal transduction, tumor suppression, and apoptosis.
1.5.1 Regulation of PKR by cellular proteins

The presence of stress-inducing molecules, such as hydrogen peroxide, ceramide,
arsenite, thapsigargin, and cytokines (including IFNy, IL-3 and TNF) can lead to PKR
activation through interaction with PKR-associated activator (PACT) [199, 200].
PACT 1is expressed ubiquitously at a very low level in many tissues [200].
Overexpression of PACT due to cell stress leads to PKR activation, which in turn
phosphorylates elF2a [200, 201]. Phosphorylation of PACT at Ser18 and Ser287 leads to
its binding and activation of PKR [202]. Phosphorylated PACT binds to PKR through its
own dsRBMs creating a heterodimer. PACT contains three copies of the dsSRBM domain
[173]. The first two dsRBMs interact with the dsSRBMs from PKR, while the third plays a
crucial role interacting with the kinase domain of PKR [173, 203].

The trans-activation response (TAR) RNA binding protein (TRBP) is a

dsRNA-binding protein first recognized and named by its ability to bind human



immunodeficiency virus type 1 (HIV-1) TAR RNA [204, 205]. TRBP binding to TAR
RNA relieves translational block caused by the TAR RNA structure, as a result HIV-1
level of gene expression increases [206]. TRBP is also found to be an inhibitor of PKR
[207]. In virally infected cells, TRBP inhibits PKR by directly binding to it and blocking
PKR’s kinase activity, or by sequestering the dsSRNA from the PKR as seen in case of
HIV-1 TAR RNA [172, 207]. TRBP’s ability to inhibit PKR was first observed in cells
infected with vaccinia virus lacking E3L protein where TRBP facilitated viral growth that
was attributed to dsRNA sequestering by TRBP [207]. TRBP can inhibit PKR by direct
interaction through their dsRBDs [172]

TRBP can interact with both the PACT and PKR [207, 208]. TRBP has ~40%
similarity to PACT at the amino acid sequence level [200]. It also contains three copies of
the dsRBMs, and just like PACT the first two dsRBMs of TRBP are used for dsRNA
binding [209]. TRBP interacts with PACT through all three dsRBMs [208]. In an
uninfected state TRBP is found in the complex with PACT [210]. This prevents the
PACT mediated PKR activation. When the cell is found in state of stress,
phosphorylation of PACT at Ser287 enables PACT to dissociate from the TRBP that
leads to stress-mediated activation of PKR. PKR then go on to phosphorylate elF2a and
eventual cell apoptosis [201, 211, 212].

1.5.2 PKR’s involvement in signal transduction

PKR is involved in several pathways implicated in gene transcription cell growth
and apoptosis. Tumor suppressor pS3 is a transcription factor involved in cell response to
genotoxic stress. Activation of p53 in response to cellular stress leads to cell cycle arrest

or apoptosis. It has been shown that PKR can induce apoptosis in U937 cells in response



to TNF-a signaling [213]. Simultaneously, this was correlated with PKR’s ability to
activate/promote activation of p53. An additional study showed that PKR can directly
interact with the C-terminus of p53 and phosphorylate it at Ser392 residue [214]. Mouse
embryo fibroblasts (MEF) with fully knockout PKR gene also point to PKR’s role in
changing p53 function in response to adriamycin or gamma irradiation [214].

PKR plays a role in apoptosis by activating Nuclear factor kappa B (NF-kB). In
resting cells, NF-xkB is associated in complex with Inhibitor of kappa B (IkB).
Phosphorylation of IkB releases the NF-kB from the complex, and allows the NF-kB to
move into nucleus where it regulates transcription [215]. IkB is phosphorylated by a
trimeric IKK complex at two serine residues (Ser32 and 36). IKK is composed of the
catalytic IKKa and IKK[ subunits and a regulatory protein IKK gamma, also called
NEMO (NF-«B essential modulator) [216]. The phosphorylation of IkB will result in its
ubiqutination and eventual proteolytic degradation [217, 218]. PKR’s role in NF-xB
signaling was first observed in response to dsRNA treatment. It was shown that PKR
down-regulation negatively correlates with NF-«B activation [219]. Furthermore MEF
cells with PKR knockout wupon being treated with a synthetic dsRNA
polylnosine:polyCytosine (polyl:polyC or polylC) resulted in a much lower level of
expression of type I IFN mRNA then cells with wt PKR [220]. PKR activated in dsRNA-
dependent manner physically interacts with IKK complex that leads to activation of NF-
kB [217, 221, 222]. However, it is not clear whether PKR interaction with IKK, or PKR’s
kinase activity, is required for the activation of IKK complex by PKR. It has been
demonstrated that with PKR with mutation (K296R) can still be co-immunoprecipitated

with IKK, although this catalytically inactive PKR mutant behaves as a poor activator of



IKK [223, 224]. On the other hand, in the same research carried out this time in PKR
knockout cells but transfected with either wild type PKR or catalytically inactive PKR
show that only wild type PKR is capable of initiating the NF-«xB signaling.
1.5.3 PKR interaction with dsRNA

In the presence of the viral dSRNA in the host cell, PKR expression is induced by
TLR3 signaling that stimulates the INF cascade [78, 142, 225]. As previously stated,
PKR binds to long stretches of dsRNA, but it can also tolerate loops, bulges, junctions,
and pseudoknots [226-231]. PKR can interact with genomic RNA, mRNAs, non-coding
RNAs, and synthetic RNAs [232]. Both dsRBMs are required for full binding affinity,
and while dsRNAs 30 bp or longer are optimal for PKR dimerization and activation,
shorter RNAs that contain small dsRNA stretches are shown to activate PKR as well
[157, 194, 230]. There are several well-characterized viral dsRNAs that interact with
PKR including adenovirus VA (viral associated) RNAs (VA; and VAy), HIV-I1
transactivation response (TAR) element, Epstein—Barr virus-encoded small RNAs
(EBER-1 and EBER-2), Hepatitis C virus internal ribosome entry site (HVC IRES), and
5’ untranslated region of IFN-y mRNA [233-238]. These RNAs act as either activators or
inhibitors of PKR. In addition to working with VA;, I have also performed studies on
characterizing the interaction between PKR and TAR. In this section I will give an
overview on several viral PKR dsRNA substrates including those used in experiments in
this thesis.

HIV-1 transactivation response (TAR) element is a well-characterized viral
dsRNA activator of PKR. TAR is an RNA stem-loop structure spanning nucleotides +1

to +59 of the newly synthesized viral mRNA (Fig. 1.6) [233].
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Figure 1.6: Schematic of HIV TAR secondary structure

TAR adopts an A-form RNA helix with distortions including a trinucleotide bulge
and hexaloop [239, 240]. Transcription of HIV-1 genes is intiated at TAR element [204,
241]. The translational block formed by the TAR RNA structure can be relieved by
several proteins including HIV Trans-Activator of Transcription (Tat) protein [202, 204,
242-244]. Tat binds to the highly conserved stem-loop region of TAR and it additionally
recruits the human positive transcription elongation factor b (P-TEFDb) to the site [245-
247]. P-TEFb is crucial for the Tat transactivation. P-TEFb is a complex of proteins that
consists of the cyclin-dependent kinase 9 (CDK9) and its regulatory partner cyclin T1
(CycT1) [245, 247]. Recruited P-TEFb phosphorylates the C-terminal domain (CTD) of
RNA Polymerase II along with elongation factors DRB Sensitivity Inducing Factor
(DSIF) and negative elongation factor (NELF) [248]. Phosphorylated polymerase that
was previously stalled at the TAR site can now start transcribing viral mRNA resulting in
production of viral proteins [248].

HIV-infected cells treated with interferon demonstrate a decreased production of
HIV proteins as well as HIV particles [249]. The interferon-mediated response is ascribed
to the activity of PKR in lymphocytes as transduction of PKR into T-cell progeny
protects cells from HIV-1 infection and severely inhibits HIV-1 replication rates in
infected cells [250]. PKR binds directly to TAR which leads to its dimerization and

autophosphorylation [226, 251, 252]. Phosphorylation of elF2a by PKR leads to

translational arrest in the cell [248]. Interestingly, PKR can also phosphorylate Tat, which



leads to increased affinity of Tat for TAR and enhances the transcription of viral genes
[253]. A recent study has suggested that defects (i.e. bulge or hexaloop) serve as anti
determinants to PKR binding and activation, and that TAR unwinding and dimerization
represents the activating species [254]. However, the biological basis for TAR
dimerization remains unresolved at present.

Viruses produce small dsRNAs that contain well-structured conserved regions
that upon interaction with PKR obstructs PKR’s self-association [236, 255-258]. During
a latent state of infection, Epstein-Barr virus (EBV) constitutively expresses several gene
products, including the Epstein—-Barr virus-encoded small RNAs, EBER-1 and
EBER-2 RNAs [257, 259]. EBERI1 inhibits PKR by preventing its self-association [160,
258]. EBYV is a y herpesvirus with a double-stranded DNA genome [260]. The virus is
widespread in human populations and is usually present in the dormant state throughout
the host’s life. EBV was first characterized as a causative agent of Burkitt's [ymphoma
[260], and later it has been associated with several other human tumors; however, in most
cases the infection by EBV does not result in formation of cancer [261-263].

After initial infection of B-lymphocytes, EBV genome circularizes and the virus
progresses through the lytic life cycle [264]. During the lytic phase, EBV causes B-
lymphocytes to undergo apoptosis [265]. A small portion of EBV enters memory B cells
and goes into the latent phase, thus maintaining the pool of EBV within the host [265,
266]. During the latent phase, the virus is not replicated and only a small subset of genes
are being expressed: Epstein—Barr nuclear antigen (EBNAs), latent membrane proteins
(LMPs), and EBERs which are transcribed in high copies [267]. Epstein—Barr nuclear

antigen (EBNA-1 and EBNA-2) are transcription factors responsible for regulation of



viral transcription, and are implicated in cell apoptosis by destabilizing p53 transcription
factor thus accounting for anti-apoptotic functions of EBV [268]. LMPs are integral
membrane proteins that also possess anti-apoptotic properties [269]. LMPs exert their
anti-apoptotic effects through activation of NF-kB, MAP kinase and P13k pathways [269,
270]. EBER-1 and EBER-2 are small non-coding dsRNAs (167- and 172-nucleotide-long
respectively) that have three major stem-loops with several internal bulges, loops,
junctions, and non-canonical base pairs [271]. The double-stranded stem loop regions of
EBERI stem IV contain a highly conserved region GGGU that is involved in binding
specifically to the PKR dsRBM1 domain [272]. Expression of EBER-1 in EBV-negative
cells prevents INF-induced apoptosis by inhibiting PKR’s pro-apoptotic activity [273]. It
is believed that EBER-1 inhibits PKR by preventing PKR’s self-association and
sequestering PKR from viral dsSRNA activators [257, 274].

Hepatitis C virus (HCV) internal ribosome entry site (IRES) is a segment of the
HCV RNA based genome required for initiation of translation [275, 276]. HCV is a
member of the Flaviviridae family, and its genome is made up of positive-sense single-
stranded RNA. The virus causes several diseases in humans including chronic hepatitis,
cirrhosis, and hepatocellular carcinoma [277]. HCV IRES is located at the 5 end of the
HCV genome [275, 276]. The IRES binds to the 40S subunit of ribosome and it positions
its start codon next to the peptidyl-tRNA site. The initiation of translation through IRES
requires recruitment of only few initiation factors including initiator Met-tRNA, the
trimeric GTPase elF2, as well as the IF2 orthologous elF5B, another GTPase, and the
large multiprotein assembly elF3 [278-280].

The HCV IRES element has a very complex structure with several stretches of



double-stranded regions [281-284]. The structure is comprised of four domains (I-1V)
with defined functions: domain I is not required for IRES function, domain II is located
near the ribosomal P-site codon, and recruits and modulates initiation factor binding and
function, domain III mediates the interaction with a protein-rich ribosomal surface near
the tRNA exit site, whereas the domain Illabc junction, stem loop Ille, and the RNA
pseudoknot are essential for ribosomal interaction [279, 285-288]. In vitro activations
studies have shown that HCV IRES is a potent activator of PKR with maximum
activation rates achieved at equimolar ratio of RNA and protein [237]. The high affinity
interaction with PKR is mediated by domains III and IV of HCV IRES, which coincides
with the highest activation. In addition, in vitro activation of PKR by IRES leads to PKR
mediated phosphorylation of elF2a. However, it has been shown that IRES directed
translational initiation does not require presence of elF2 but instead uses elF5B for GTP
hydrolysis [289]. Initiation of translation through eIF5B allows HCV to circumvent PKR-
mediated inhibition of protein synthesis.
1.6 VA; AS A PKR INHIBITOR

One of the most studied PKR inhibitors is adenovirus VA (viral associated) RNA
I (VA) [160, 234, 235, 290-292]. Adenovirus first isolated from adenoids is non-
enveloped that belongs to the family of Adenoviridae [293, 294]. Adenovirus is best
know for causing the common cold and other illnesses of respiratory system, but it is also
known to be implicated in wide range of diseases including gastroenteritis, conjunctivitis,
and cystitis [295-297]. In addition, in recent years adenovirus has been used as vector for
gene therapy [298-300].

Adenovirus has a linear double-stranded genome contained inside an icosahedral



capsid [294]. Initially the virus is engulfed into the cell, and upon un-coating the
adenovirus genome migrates into the nucleus [301]. The adenovirus life cycle consist of
both early and late phases which coincides with production of early and late genes [302].
Expression of the early genes results in production of proteins that are mostly involved in
blocking the host immune system, preventing apoptosis, and ultimately initiating
production of the late genes [302, 303]. One of the earliest and most important proteins
expressed are from the Ela genes. Ela codes for two proteins (different splice variants of
the same gene), which are involved in activation of viral gene expression, evasion of host
immune system, and viral replication [301, 303-305]. The two proteins encoded by Ela
gene are 289 and 243 amino acids long, respectively. The longer splice variant of Ela
gene is an activator of transcription protein, while the shorter one is a repressor of
transcription [306-308]. Even though it not being a DNA-binding protein itself, Ela
protein regulates transcription by recruiting itself to chromatin via help of transcription
factors [306, 309-311]. Once localized to chromatin, Ela recruits chromatin-remodeling
factors and other transcription regulators that enable change in gene expression. As stated
previously, Ela (289) does not bind to DNA but instead activate E2F that leads to
transcription of viral genome [311]. E2F is a transcription factor involved in control of
gene expression as an activator of transcription [312-315]. E2F is found in an inhibitory
complex with a member of retinoblastoma (Rb) family proteins, a key regulator of exit
from the G, phase of the cell cycle [316]. Ela binding to Rb releases the E2F out of
inhibitory complex [317]. E2F replaces the repressors from the E2F-regulated genes
which forces the cell to enter cell cycle [318]. Activation of E2F leads to expression of

E2 early viral genes, required for replication [319]. Expression of the late genes will lead



to the production of capsid and other proteins required for viral packaging and release
[301, 304].

Adenovirus can also express two small non-coding VA RNAs (VA; and VAy)
depending on the serotype, with a considerable difference in sequence despite similar
lengths (157-160 nucleotides for VA; and 158-163 nucleotides for VAy). VA; and VA
are required for efficient translation of viral and cellular mRNAs late in infection [320].
Most of the experiments carried out concerning VA RNA structure and function have
used human adenovirus serotypes 2 and 5 as a model [302]. VA and VAj; are made at the
same time as Ela proteins and they are continuously produced throughout the late phase
of viral replication. VA RNAs are transcribed by the host RNA Polymerase I1I, and their
expression is independent of El1A-mediated transactivation, therefore VA RNAs are
always transcribed from the adenovirus genome in adenovirus-infected cells [305].
Deletion of VA; RNA causes a 10-20-fold decrease in viral growth, while deletion in
both VA RNAs results in 60-fold decrease in viral growth [321]. However, deletion of
the VAy alone has little impact on viral replication [322]. During the late phase VA
expression reaches 10® copies per cell [302].

In addition to its role in viral growth, another important function of VAjis in the
mediation of innate immunity and RNAi pathways. PKR has been identified as one of the
key enzymes responsible for an overall decrease in protein synthesis in host cells in the
absence of VA; RNA [234, 290]. Upon binding to PKR, VA| RNA acts as an inhibitor of
PKR and prevents its self-association [160, 234, 235, 290-292]. Based on functional
studies, mutagenesis, comparative sequence analysis, and structure probing studies, the

secondary structure of VA; RNA has been determined to consist mainly of a double-



stranded RNA (dsRNA) with three major domains; an apical stem-loop (AS), a central

stem-loop (CS), and a terminal stem (TS) (Figure 1.7) [321, 323, 324].
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Figure 1.7: A) Secondary structure of VA; RNA presenting the apical stem (AS),
central stem (CS), terminal stem (TS) and VAATS (boxed). B) Schematic
representation of mutations in the central stem-loop of VA;ATS

The apical stem-loop serves to bind to dsRBMs of PKR. Recent studies have
shown that apical stem exists in two different conformations in the infected cell with
different functional activities [292]. The CS of VA is responsible for the PKR inhibition
by preventing self-association of PKR and subsequent autophosphorylation [160, 274,
291, 292]. Surprisingly, PKR autophosphorylation assays, isothermal calorimetry, NMR
studies and RNA footprinting have demonstrated that the central stem does not make a
high affinity interaction with any region of PKR [160, 274, 291, 292]. The most
straightforward interpretation based on the literature is that the central stem serves as a

steric block to self-association of two PKR proteins required for PKR

autophosphorylation. The VA; terminal stem (nucleotides 1-29 and 132-159) is not



required for PKR inhibition in vitro [291]. The terminal stem is required for binding of

Exportin 5, which transports VA from the nucleus to the cytoplasm [325].

Interestingly, VA| can bind to Dicer (an endoribonuclease that cleaves dsRNA as
part of the RNAI1) [326, 327], and a small percentage of VA; RNA is cleaved by the Dicer
at the terminal stem [328]. The cleaved terminal stem (called mivaRNA) can be
incorporated into an RNA-induced silencing complex (RISC), and also acts as a non-
competitive inhibitor of Argonaute 2, a catalytic component of RISC that performs
cleavage of dsRNA [328, 329]. Dicer cleavage of VA can yield two different mivaRNAs:
mivaRI-137 and mivaRI-138 [330]. Bioinformatic analysis of the Adenovirus genome
shows no potential sequence targets for the mivaRNAs [331]. Microarray experiments
together with bioinformatic analysis were carried out to identify potential host cellular
targets of mivaRNAs, and the target genes whose expression could potentially be
controlled by mivaRNAs were classified into five groups: genes involved in cell
signaling, cell growth and apoptosis, DNA transcription or DNA repair, and RNA
metabolism [330]. The same study demonstrated that mivaRI-138 binds to the 3'UTR of
TIA-1 (cytotoxic granule-associated RNA binding protein) and decreases TIA-1 mRNA
and protein expression. Dicer-processed VA lacking its terminal stem (VAJATS) is the
shortest version that binds to PKR with identical affinity to full length RNA, and is
sufficient to mediate inhibition of PKR in vitro [184, 274, 291, 332]. In this thesis,
VAIATS is often used as the wild type (wt) RNA to study its mechanism of PKR

inhibition.



1.7 RATIONALE FOR THE THESIS

PKR was discovered from the observation that cell extracts prepared from IFN-
treated vaccinia virus-infected cells were susceptible to a translational block after
addition to a cell-free system of the exogenous mRNA [333]. Later, it was shown that
PKR’s interaction with dsSRNA leads to its enzymatic activation via autophosphorylation.
Activated PKR subsequently phosphorylates elF2a, thus attenuating the translation of
cellular proteins. PKR is a Ser/Thr kinase that has tandem dsRNA-binding motifs
(dsRBMs) and kinase domain that is connected to the dsSRBMs by the flexible linker
[157-159, 165]. It has been shown that PKR requires approximately 15 bp of RNA per
dsRNA binding motif and that RNAs longer then 30 bp are good activators of PKR [151,
169, 170, 180-183]. In addition, specific structural features such as bulges, loops, etc.,
and nucleotide modifications (i.e. 5’-phosphorylation state) have been observed to be
accommodated by PKR, and in some cases significantly affect both the affinity for and
activation of PKR [226-231].

HIV-1 TAR RNA and Adenovirus VA RNA (VA)) are viral dsRNAs that form
high-affinity interaction with PKR [160, 226, 234, 235, 251, 252, 290-292]. HIV-1 TAR
is a well-characterized activator of PKR [226, 251, 252]. TAR adopts mostly dsRNA
helix with distortions including a trinucleotide bulge and hexaloop [239, 240]. HIV-
infected cells treated with interferon demonstrate a decreased production of HIV proteins
as well as HIV particles that is ascribed to the activity of PKR in lymphocytes as
transduction of PKR into T-cell progeny protects cells from HIV-1 infection and severely
inhibits HIV-1 replication rates in infected cells [249, 250]. Adenovirus VA RNA (VA))

is a small non-coding mostly dsRNA that binds to PKR and prevents it from exerting its



antiviral effect [160, 234, 235, 290-292]. Cells infected with adenovirus lacking VA;
show a global decrease in protein translation due to the PKR’s antiviral activities [234,
290]. VA dsRNA consists of three major stem-loop regions with different functions; an
apical stem-loop which binds to the PKR dsRBM region; the central stem-loop domain
that is responsible for PKR inhibition; and a terminal (Dicer-processed) stem structure
that is entirely dispensable or the PKR kinase inhibition activity of VA; [160, 274, 291,
292]. In addition to its capability to bind to and inhibit PKR, VA is a substrate of Dicer
[328]. Cleavage of VA| by Dicer leads to the formation of VA;-derived microRNA that
can bind to and saturate RISC complex and therefore effectively inhibit RNA1 system.
The remaining Dicer processed truncated version of VA; (VAJATS) inhibits PKR to the
same extent as the wt RNA [184, 274, 291, 332].

Given that each individual dsRBM requires approximately 15 bp for interaction, it
is unclear how the tandem dsRBM domains of PKR are interacting with TAR RNA and
the apical stem of VA,. High-resolution information on tandem dsRBM-dsRNA
complexes has been difficult to obtain, likely due to the flexibility of both the
interdomain linker between dsSRBM1 and 2 and the inherent flexibility of stem-loop RNA
structures. Chapters 3 and 4 (Results) investigate how each dSRBM of PKR orients and
interacts with TAR and VAJATS RNAs to provide a plausible framework for the
recognition of imperfectly base-paired RNA ligands by the tandem dsRBMs of PKR.

The mechanism of inhibition of PKR by VA also remains unclear. Identification
of specific sequence(s) or structure(s) in the central domain of VA that could form direct
contacts with PKR that are potentially required to prevent PKR’s self-association and

activity has remained elusive. Despite this, I originally hypothesized that the central



inhibitory stem-loop domain of VA; has a complex tertiary structure that is critical for
inhibition of PKR by preventing self-association. Chapter 5 (Results) of the thesis
investigates the mechanisms of interaction and inhibition of PKR by the adenovirus VA;
RNA and its truncated version (VA;ATS). The working hypothesis is that specific
structural features of the central stem will correlate with the ability to inhibit PKR. To
test my hypothesis, I have designed mutations to the central stem of VAJATS that do not
affect the structural integrity of the RNA but will have an impact on function in vitro.

I used electrophoresis mobility shift assays (EMSA), and isothermal calorimetry
(ITC) to measure binding affinities between PKR and dsRNA ligands. Biophysical
techniques including dynamic light scattering (DLS), analytical ultracentrifugation
(AUC), and small angle X-ray scattering (SAXS) were used to investigate the structural
features of individual RNAs, proteins, and complexes. /n vitro studies included well-
established enzymatic assays that test activation and inhibition of purified recombinant
PKR in presence of the mutant versions of VAJATS. The minimum requirement for PKR
activation is autophosphorylation at the residue Thr446. After incubation of PKR with
RNA in presence of ATP, commercially available antibodies for Thr446 were used to
detect for the presence of phosphorylated (activated) PKR by performing Western
blotting.

Following the results chapters, in the final chapter (Chapter 6: Summary and
Future Directions) an attempt is made to link and rationalize the result chapters. Also I try
to establish the link between the specific features of tertiary structure of RNA and extent
of its role on PKR autophosphorylation that allow PKR to perform its function in

response to viral infections. Overall, this work give insight into regulation of PKR’s



activity by imperfectly base-paired viral dSRNAs.



CHAPTER 2: MATERIAL AND METHODS
2.1 PROTEIN SAMPLE PURIFICATION

PKR is a 551 amino acid long protein that consists of two major domains:
dsRNA-binding domain, which is a tandem repeat of dsRNA-binding motif, and a kinase
domain, which is catalytic part of the protein. Interestingly, individual domains can be
expressed as recombinant proteins. The dsSRNA-binding domain encompasses residues 1
to 169 (PKR.1¢9), and it can bind to dsSRNA with similar affinities to full length PKR
[160, 274, 334]. The protein fragments were cloned into pET29b plasmid (kanamycin
resistance) within the Ndel/Kpnl restriction sites. Transformation into Escherichia coli
(E. coli) strain BL21(DEs)-Rosetta (Novagene) includes initially mixing ~50 ng of
plasmid with 50 pL of cells and incubating on ice for 15 min for plasmid uptake.
Following this, cells were heat-shocked at 42 °C for 30s, followed by incubation on ice
for additional 2 min. Cells were then allowed to recover in super optimal broth (SOB) in
shaking incubator at 37 °C for an hour followed by plating on Luria-Bertani (LB) agar
plate containing appropriate antibiotic (100 pg/mL) for the selectivity and overnight
incubation at 37 °C.

Recombinant human PKR;.j69 as well as full length PKR were expressed and
purified as C-terminal Hise fusion proteins in the E. coli BL21(DEj3) strain. Full length
PKR was co-expressed with A phosphatase to obtain a dephosphorylated (inactive)
protein for further characterization. In the case of PKR; 69 bacterial cell cultures were
grown to Agp=0.4 in LB Broth medium supplemented with the appropriate antibiotics,
followed by induction with 1 mM isopropyl B-d-thiogalactopyranoside (IPTG) for 3 h at

37 °C. For full length PKR expression, prior to addition of IPTG cells were cooled on ice



for 15 min and then protein was expressed overnight at 20 °C. All subsequent steps were
performed at 4 °C and the procedure is identical for the purification of both full length
PKR and PKR|.j¢. First the cell culture was spun down to pellet the cells at 5000 x g for
10 min in an centrifuge (Thermofisher Scientific, USA). The pelleted cells were
resuspended in 20 mL of ice-cold lysis buffer (50 mM Tris—HCI (pH 8.0), 1 M NaCl, 5%
(v/v) glycerol, 5 mM B-mercaptoethanol) and lysed by sonication (Fisher Scientific,
USA). The lysed cells were then centrifuged at 32000 x g for 25 min. Following
centrifugation the supernatant was applied to a 5 mL Ni-NTA column (Qiagen) pre-
equilibrated with lysis buffer. The column was washed with 10 column volumes of His-A
buffer (50 mM Tris—=HCl (pH 8.0), 1 M NaCl, 5mM B-mercaptoethanol, 1 mM
imidazole), followed by ten column volumes of His-B buffer (50 mM Tris—HCI (pH 8.0),
300 mM NaCl, 5 mM B-mercaptoethanol, 10 mM imidazole), followed by 5 column
volumes of His-C buffer (50 mM Tris—HCl (pH 8.0), 300 mM NaCl, 5mM -
mercaptoethanol, 25 mM imidazole) before elution in 20 ml of His-elution buffer
(50 mM Tris—HCI (pH 8.0), 300 mM NaCl, 100 mM imidazole, 10% glycerol, and 5 mM
B-mercaptoethanol). Affinity purified PKR;.;¢0 was subjected to size exclusion
chromatography (SEC) using a HiLoad 26/60 Superdex 75 gel filtration column (2.6 x 60
cm, GE Healthcare Life Sciences, USA) in 50 mM Tris (pH 7.50), 100 mM NacCl, and 5
mM 2-mercaptoethanol, while final purification of full length PKR was performed on
HiLoad 26/60 Superdex 200 size exclusion column. The eluted fractions were monitored
by means of absorbance at 280 nm and fractions containing purified protein were
combined and concentrated using Millipore concentrator filters (Millipore, USA). Protein

purity was confirmed by SDS-PAGE and concentration was determined using the known



extinction coefficient (epkr=41070 cm™' M, and epxr1.160=9200 cm'M™") as measured by
UV-Vis spectrophotometry (NanoDrop2000c, Thermo Scientific, USA).
2.2 RNA PREPARATIONS AND PURIFICATION

All plasmids were transformed into either E. coli MAX Efficiency® DHS5o™
Competent Cells (Life Technologies, Invitrogen). RNA sequences were cloned into
pUCI119 vector (ampicillin resistance) within the HindIII/EcoRI sites, and plasmids were

linearized by either BstZ171 or Bsal restriction enzyme (Figure 2.1).
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Figure 2.1: In vitro RNA transcription. Plasmid is linearized with restriction enzyme
and extracted using phenol/chloroform/isoamyl alcohol. RNAs were transcribed by
in vitro transcription from a linearized plasmid wusing T7 polymerase. Final
purification of RNAs is performed by SEC.

Sequences corresponding to each produced RNA are as follows:



HIV-1 TAR:
5’-GGUCUCUCUGGUUAAGCCAGAUCUGAGCCUGGGAGCUCUCUGGCUAAC
UAGGGAACC-3’

VA full length:
5’-GGGCGAAUUUCCGUGGUCUGGUGGAUAAAUUCGCAAGGGUAUCAUGGC
GGACGACCGGGGUUCGAACCCCGGAUCCGGCCGUCCGCCGUGAUCCAUGCG
GUUACCGCCCGCGUGUCGAACCCAGGUGGCGACGUCAGACAACGGGGAUGC
GCucCcCcuuu-3’

VAATS (wt):
5~GGCAAGGGUAUCAUGGCGGACGACCGGGGUUCGAACCCCGGAUCCGGCC
GUCCGCCGUGAUCCAUGCGGUUACCGCCCGCGUGUCGAACCCAGGUGUGCC
_3 >

Aloop:
5’-GGCAAGGGUAUCAUGGCGGACGACCGGGGUUCGAACCCCGGAUCCGGCC
GUCCGCCGUGAUCCAUGCGGUUCGCCGCGUGUCGAACCCAGGUGUGCC3

Abulge:
5’-GGCAAGGGUAUCAUGGCGGACGACCGGGGUUCGAACCCCGGAUCCGGCC
GUCCGCCGUGACCCAUGCGGUUACCGCCCGCGUGGGACCCAGGUGUGCC3

ACD:
5’-GGCAAGGGUAUCAUGGCGGACGACCGGGGUUCGAACCCCGGAUCCGGCe
GUCCGCCGUGAACCCAGGUGUGCC-3

AGU:
5’-GGCAAGGGUAUCAUGGCGGACGACCGGGGQUUCGAACCCCGGAUCCGaGeC
GUCCGCCGUGAUCCACGCGGUUACCGCCCGCAQUGUCGAACCCAGGUGUGCC
-3’

ACD2bp:
5’-GGCAAGGGUAUCAUGGCGGACGACCGGGGUUCGAACCCCGGAUCCGGCC
GUCCGCCGUGAUCCACGGUUACCGCCCGUGUCGAACCCAGGUGUGCC—3°

ACD4bp:
5’-GGCAAGGGUAUCAUGGCGGACGACCGGGGUUCGAACCCCGGAUCCGGCC
GUCCGCCGUGAUCCAGUUACCGCCUGUCGAACCCAGGUGUGCC—3°

VA-AS:
5’-CCCATGGCGGACGACCGGGGTTCGAACCCCGGATCCGGCCGTCCGCCATG
GGGTA-3



Mini or Maxi protocols (Thermo scientific, USA) were followed to purify the
desired quantity of template DNA required for either protein expression or in vitro
transcription. The cells were grown overnight in manufacturer recommended volume of
LB media containing appropriate antibiotic for selectivity. Prior to performing the in vitro
RNA transcription, the desired plasmid was linearized using BstZ171 or Bsal restriction
enzyme (NEB) and over night digestion was performed at 37°C. This digestion step is
followed by adding an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1)
required for extraction of linearized plasmid from the organic layer containing the
polymerase. The upper aqueous layer is transferred into a new tube followed by DNA
precipitation with 3 M sodium acetate and addition of 2.5 - fold excess of cold 95%
ethanol. DNA pellet was obtained by centrifugation at 21000 x g on a tabletop centrifuge
(Thermo scientific). After a quick wash with 70% ethanol to remove residual salt, the
DNA pellet was dissolved in HPLC-grade water to a concentration of 500 pg/mL.

HIV-1 TAR, Adenovirus VA; RNA and its truncated versions were prepared by
in vitro transcription from a linearized template plasmid under control of the T7 RNA
polymerase promoter. The reaction was prepared by mixing 50 pg/mL of linearized
plasmid with 1X T7 polymerase buffer (100 mM Tris-HCI (pH 8.10 at 37 °C), 10 mM
spermidine, 1% w/v Triton X-100, 1 mM dithiothreitol and HPLC water), § mM
nucleotide triphospahte (NTP) mix, 10 mM MgCl,, and 1uL T7 RNA polymerase. The
reaction was incubated at 37 °C for 3 h. Following the incubation, the reaction mixture
was spun by centrifugation at room temperature (2700 x g for 5 min) to remove the
pyrophosphate precipitate. The reaction is then quenched by adding excess EDTA (50

mM) to chelate the remaining Mg®". An equal volume of phenol/chloroform/isoamyl



alcohol (25:24:1) was added, and the mixture was transferred into a phase lock gel kit (5
PRIME, Hamburg, Germany). Centrifugation at 1500 x g ensures that the organic phase
is removed from the aqueous layer by phase separation. The aqueous layer is then
transferred onto a 10-DG desalting column (BioRad) to remove traces of
phenol/chloroform and small molecule contaminants (salts and NTPs). The final
purification of RNAs is performed by SEC using a HilLoad 26/60 Superdex 75 gel
filtration column (2.6 x 60 cm, GE Healthcare Life Sciences, USA) in the absence [50
mM Tris (pH 7.50), 100 mM NacCl] or presence of MgCl, [50 mM Tris (pH 7.50), 100
mM NacCl, and 5 mM MgCl,]. The purity of the transcribed RNA was verified by native
polyacrylamide gel electrophoresis (in 1 X TBE buffer) and concentration was
determined spectrophotometrically (NanoDrop2000c, Thermo Scientific), monitoring at
260 nm using the calculated extinction coefficients (eya=1552300, eyaiars=975000 cm’
"M Ealp=948500 e M, £apuge=963000 cm M, excp=712000 cm M,
£acu=975000 cm'M™, excpanp=937125 cm M, £acpap=902000 cm M, eyar
As=511200 cm™' M, £1Ar=548000 cm™'M™).
2.3 PURIFICATION OF RNA-PROTEIN COMPLEXES

TAR-PKR|.169, VAI-AS-PKR.169, VAIATS-PKR, and Aloop-PKR;.j69 complexes
were prepared by incubating purified proteins in the presence of a 1.1-fold excess of
RNA in a buffer containing 50 mM Tris (pH 7.50) and 100 mM NaCl or the same buffer
supplemented with 5 mM MgCl, for 15 minutes at room temperature. After incubation,
the mixture was applied on a HiLoad 26/60 Superdex 75 gel filtration column (2.6 x 60
cm, GE Healthcare Life Sciences, USA). Elution fractions for both complexes were

assayed for the presence of RNA-protein complex via in-line spectrophotometer (at 260



and 280 nm simultaneously), and confirmed by native polyacrylamide gel
electrophoresis. Fractions containing RNA-protein complex were pooled and
concentrated in Millipore concentrators (Mw cut off 10000, Millipore, USA). The purity
of the complexes was assessed by the native polyacrylamide gel electrophoresis, whereas
the concentration was determined using the extinction coefficients of protein and RNA.
2.4 ELECTROPHORETIC MOBILITY SHIFT ASSAY (EMSA)

EMSAs were performed by titrating RNA at 100 nM with increasing
concentration (0-1000 nM) of full length PKR or PKR ;49 in 50 mM Tris, 100 mM NaCl
(pH 7.0) and 5 mM MgCl,. RNA and protein were mixed and incubated at room
temperature for 10 minutes followed by addition of native load dye [0.02% bromophenol
blue, 0.01% xylene cyanol FF, 10% glycerol in 1X Tris/Borate/EDTA (TBE)]. The
samples were loaded onto native TBE-PAGE gels and electrophoresis was performed at
80V and 4° C. The electrophoresis system (mini-protean 3 cell, Biorad) and the buffer
(0.5X TBE) are kept on ice during for the length of the experiment. The experiment takes
approximately 3 hours for sufficient separation. To visualize RNA-containing species,
gels were stained with SybrGold (Invitrogen Inc.) for 5 minutes and imaged by the
FluorChem Q System (ProteinSimple, Inc.), and normalized data was used for
determining of Kp by fitting the fraction of bound RNA against the protein concentration

using the Hill equation:

B X
Y= max X

8 ———+ NS x X + Background (Equation 2.1)
(K, +X)

Where Y is fraction bound, Bmax is the maximum specific binding in the same units as

Y, Kp is a equilibrium constant, X is the concentration of ligand (protein), NS is the slope



of non-specific binding, Background is the amount of non-specific binding with no added
ligand.
2.5 SDS/PAGE GELS AND WESTERN BLOTTING

Equal amounts of PKR were resolved by SDS/PAGE. Protein concentration was
calculated wusing the known extinction coefficient as measured by UV-Vis
spectrophotometry (NanoDrop2000c, Thermo Scientific, USA). 5x SDS loading dye
(0.313 M Tris pH6.8, 50% glycerol, 10% SDS 0.05% bromophenol blue) was added to
the protein samples to obtain the loading dye concentration of 1X, and samples were
loaded into the wells of stacking gel. The loading volume was adjusted to load 15 ng of
protein per lane for SDS/PAGE and Western blotting. Protein was separated on a 10%
polyacrylamide resolving segment and the gel electrophoresis was performed in 1x Tris-
Glycine SDS running buffer (3.03g Tris, 14.4g Glycine, 1g SDS brought to 1 L) in a
mini-protean 3 cell (Biorad). Gels were run at 150V (constant voltage) for migration
through the stacking gel and at 200V while in the separating gel (10% acrylamide). After
completion of SDS/PAGE, proteins on the polyacrylamide gels were transferred to
polyvinyl difluoride (PVDF) membranes (Hybond P, GE Healthcare, Piscataway, NJ,
US). A wet transfer apparatus (Biorad) was used and the transfer was performed at a
constant voltage of 100V for 1 hour at ~4°C keeping the current below 350 mAmp.
Membranes were blocked with 5% skim milk powder dissolved in Tris buffered saline
containing 0.1% Tween-20 (TBS-T) for 1 hour at room temperature on a shaker. Primary
PKR antibody (anti-PKR or Anti-PKR phospho T446) were used in 1:4000 and 1:3000,
respectively, dissolved in 5% milk TBS-T and the membrane was incubated at room

temperature for an hour. The primary antibodies used are anti-PKR antibody (mouse,



ab32052, Abcam, with 1:5000 dilution), and anti-PKR (phospho T446) antibody (rabbit,
ab47377, Abcam, with 1:2000 dilution). Following incubation with primary antibody, the
membrane is washed in TSB-T (3X 5 minute washes) and then incubated for an hour
with appropriate horseradish peroxidase (HRP) conjugated secondary antibody (anti-
mouse secondary antibody when anti-PKR primary antibody was used and anti-rabbit
secondary antibody when anti-PKR phospho T446 antibody was used both antibodies
diluted 1:10000 in 5% milk TBS-T). The membrane was washed (4X 10 minutes) and
then 2 mL of Luminata™ Forte Western HRP substrate (Milipore) was applied directly
on it. The chemiluminiscence generated by the HRP (conjugated to the secondary
antibody) acting on the HRP substrate is visualized using FluorChem Q System (Cell
Biosciences) with typical exposure of 1.5 min.
2.6 PKR ACTIVATION/INHIBITION ASSAY

The in vitro PKR activation assay was carried out as follows. RNA samples at
various concentrations (0-1000 nM) were pipetted into microcentrifuge tubes on ice.
Next, to make a final buffer concentration of 1xa reaction, a mixture of 5x activation
buffer (250 mM Tris at pH 7.5, 125 mM NaCl, 25 mM MgCl,, and 5 mM ATP),
supplemented with PKR (100 nM) was added to tubes containing RNA. For the control
reaction, RNA samples were replaced by 0.0002 pg Poly I:C. The tubes were incubated at
30 °C for 15 minutes and quenched by adding the 5x sodium dodecyl sulfate (SDS) load
mixture to the reactions. 15 ng of Protein was loaded on 10% sodium dodecyl
sulfate/polyacrylamide gel and transferred onto polyvinyl difluoride membrane to

monitor PKR phosphorylation using Anti-PKR phospho Thr446 antibody by means of



western blot analysis as previously described in section 2.5. In addition, anti-PKR
antibody was also used for western blot analysis to monitor a loading control.

Inhibition assays were carried out in similar manner: 100 nM PKR was pre-
incubated with the inhibitory RNAs ranging from 0-1500 nM for 10 minutes at room
temperature. A mixture of 5x activation buffer and PolylC was added, and reactions were
incubated at 30 °C for 15 minutes and quenched by addition of 5x SDS load mixture. The
western blot was developed as previously described in section 2.5, and visualized using
FluorChem Q System. Quantitation of PKR phosphorylation was performed using Alpha
Imager Software.

2.7 ANALYTICAL ULTRACENTRIGUGATION (AUC)

AUC experiments for VA; were carried out by our collaborator Dr. Stephen
Harding group at NCMH Laboratory, School of Biosciences, University of Nottingham,
UK. The sedimentation velocity (SV) experiment for the VA; RNA was performed using
an Optima XL-I analytical ultracentrifuge (Beckman Instruments, USA) with an An60-Ti
rotor at 20.0 °C as described previously [335]. Standard 12 mm double sector cells were
used where VA; [at 0.2 mg/mL in 50 mM Tris, 100 mM NaCl and (pH 7.5)] and buffer
were loaded in appropriate channels. SV data were collected at 28-minute intervals at
40,000 rpm using the Rayleigh interference optical system. Data were analyzed using the
SEDFIT program [336, 337] to obtain the sedimentation coefficients at each
concentration (s2,,) which were then corrected to standard solvent conditions (s2¢,,,) using
SEDNTERP [338]. From the (weight average) sedimentation coefficient of (5.46 + 0.10
S), and the (z-average) ry from DLS the (weight average) molecular weight, My, of VA,

RNA was calculated by using the following form of the Svedberg equation:



0
M = Oy S0,

w

= (Equation 2.2)
1-vp,

Where v is the partial specific volume, 7, is the solvent viscosity and p, is the solvent
density.
2.8 DYNAMIC LIGHT SCATTERING (DLS)

Samples were dialyzed for 2 hours at 4 °C against 50 mM Tris (pH 7.50) and 100
mM NacCl or the same buffer with addition of 5 mM MgCl, prior to DLS analysis. After
dialysis, samples were subjected to filtration through a 0.1pm filter (Millipore, USA) and
equilibrated at 20 °C. The (z-average) hydrodynamic radius ry and homogeneity
(distribution of ry) of each sample was examined using the Zetasizer Nano S system
(Malvern Instruments Ltd., Malvern, UK) equipped with a 4 mW laser (A = 633 nm) at
scattering angle of 173° as previously described [339]. The molecular weight of each
molecule was calculated using the same principal as in AUC experiment by employing
Svedberg equation adjusted to include the equivalent hydrodynamic radius 7 in place of
the translational diffusion coefficient. The DLS experiments for each sample were
performed at multiple concentrations: 2.50-6.50 mg/mL for PKR;.;¢, 0.70-1.30 mg/mL
for TAR, 0.80-1.90 mg/mL for VA-AS, 0.30-1.10 mg/mL for the PKR;.;s-TAR
complex, 0.70-1.30 mg/mL for PKR;.169-VA-AS complex, 0.60-1.50 mg/mL for wt
(VAJATS), 1.20-1.60 mg/mL for full length VA, 1.00-1.75 mg/mL for VAJATS-PKR .49
complex, 4.00-8.00mg/mL for PKR, and 1.00-4.00 mg/mL for VAJATS-PKR complex

(all in 50 mM Tris (pH 7.50) and 100 mM NaCl).

For samples prepared in 50 mM Tris (pH 7.50), 100 mM NaCl and 5 mM MgCl,,



DLS experiments are performed at multiple concentrations as follows: 2.20-3.70 mg/mL
for wt (VAJATS), 1.00-1.40 mg/mL for Aloop, 0.40-0.80 mg/mL for Abulge, 1.50-3.10
mg/mL for ACD, 0.70-1.30 mg/mL for AGU, 1.80-2.80 mg/mL for ACD2bp, 0.40-0.80
mg/mL for ACD4bp, 1.10-1.70 mg/mL for wt-PKR;.;69 complex, and 1.00-1.50 mg/mL

for Aloop-PKR complex.

2.9 SMALL ANGLE X-RAY SCATTERING (SAXS)

Recently, SAXS has emerged as a reliable technique for determining size and
shape of macromolecules in solution as well as very good complimentary tool to X-ray
crystallography and NMR. I employed SAXS extensively for modeling of PKR;_jeo,
VAIATS as well as other RNAs. Figure 2.2 is a schematic representation of collecting
and processing SAXS data, as well as ab initio model generation of macromolecules.

Following section covers more detailed overview of SAXS theory and data processing.

2.9.1 Theory and background

Small angle X-ray scattering (SAXS) is a solution scattering technique where X-
ray interacts with the assemblies of electrons in the molecule resulting in scattering that is
recorded at very low angles [340, 341]. X-rays are electromagnetic waves with high-
energy. When an X-ray hits an electron, the electron resonates with the frequency of the
X-ray and emits coherent secondary waves. If these secondary waves or scattered waves
have the same wavelength () as the original X-ray (0.5 to 2.0 A) it is referred to as
elastic scattering [341, 342]. In SAXS, elastic scattering contributes to the scattering data

almost entirely. Inelastic scattering is ignored as it is too weak and does not interfere with



the elastic scattering.

Consider a situation where there are two electrons that scatter light that reaches
the detector. At the time of the arrival, if these two rays are in phase then they produce a
dark spot (constructive interference) and if they are out of phase they produce a lighter
spot (deconstructive interference) that are recorded on the detector [342]. The electrons
basically act as a source of a secondary X-ray wave [341]. The pattern on the detector
encodes information on distance between the two electrons under consideration because
the intensity of the spot on the detector contains information on amplitude. The amplitude
will have information on the phase difference of the two secondary waves under
consideration, which in-turn depends on path difference of the two. If the path distances
(the distances between the spot recorded on the detector and the secondary wave sources
or a pair of electrons) is very large compared to the path difference in them then the
sources are considered parallel to the detector [341, 343].
2.9.2 SAXS data collection

The software program PRIMUS [344] is used to convert this scattering pattern
into a 1D SAXS scattering curve, both of which are in reciprocal space. This curve has

the log of intensity /(g) plotted against the momentum transfer (Figure 2.2) [345].
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Figure 2.2: Schematic representation of Small angle X-ray scattering. The sample
scatter collimated X-ray beams (Cu Ko radiation) that are registered on the
detector as a circular scattering pattern that is in reciprocal space. Integrating the
radial intensity of this circular scattering pattern generates the SAXS scattering
curve. The scattering curve is converted to a pair distribution function curve P(r)
that is in real space. From the P(r) plot a number of ab initio models are built.
Outlier models are rejected and an averaged model is obtained.

(s) = 4nsin% (Equation 2.3)

Here the 6 is the scattering angle and 4 is the wavelength of the X-ray radiation. At larger
scattering angles (0), destructive interference resulting from secondary waves emitted
from all electrons that include waves in all possible phases will lead to no scattering with
directionality of 0 [346, 347]. However, at smaller scattering angles the phase difference
between the scattered waves will be smaller, limiting destructive interference and
enabling scattering in the direction of the small angle to be recorded on the detector

[348]. Ideally, we would have no interference at zero angle but the collection of data is



not performed at zero angle due to the beam stop to protect the detector from direct X-ray
damage [341, 349].
2.9.3 Data analysis

The pair distribution function P(7) is a distribution of distances between all pairs
of electrons (source of secondary waves) in a molecule based on its electron density
[350]. This curve is generated by inverse Fourier transform that deconvolute distance
information on electron pairs performed by the program GNOM [350, 351].

Using the schematic representation of an electron pair (Figure 2.1), it can be said
that the: yo(r;j) is the probability of finding (j) at a distance (r) from point (i), number of
possible 1 is directly proportional to volume (V) of the molecule, where the number of
possible (j) is directly proportional to rijz. The number of electron pairs (i,j) with a
distance r between them is directly proportional to p* Yo(rij) V#’. The pair distribution is

given by [345].

P(r) =y, (r)\Vp* = riy(r) (Equation 2.4)

The P(r) plot provides us with the information on shape and maximum particle
dimension (Dmax) of the molecule. Dmax is described by the distance on the X-axis from
the origin to the end-point where the curve meets the X-axis again. Another valuable
parameter determined from the P(r) plot is the radius of gyration (7). Radius of gyration
is the mean square distance to the center of mass weighted by the contrast of electron

density and is obtained from GNOM using following equation:

- fv,Ap(r)rder
14 =
[v,ap(ryavr

(Equation

2.5)



Where V is the volume of the particle or sample, 4p(r) the contrast in electron density
between sample and solvent, r is the distance from the reference point (i) to a particle or
electron at another point (j), rijz is the square of distance between an electron pair [345].

Major limitations of SAXS are the loss of phase of the X-ray due to the sample
being in solution and usability in one/two phase systems only. It is also important to
include the assumptions made for SAXS analysis including the monodispersity of sample
and its infinite dilution (no effect on the sample behavior because of change in sample
concentration) [343]. Another limitation of the technique is that sample is isotropic and
the vectorial (3D) scattering intensity distribution i(q) reduces to a scalar (1D) intensity
distribution i(q). This entails a loss of information, which constitutes the most severe
limitation of the method.
2.9.4 Ab initio model construction

Ab initio modeling with the scattering data obtained begins with finding a particle
(usually a sphere) that has the closest X-ray scattering pattern to that of sample. This
sphere (assume its radius as R) is then filled with N number of densely packed small
spheres (dummy atoms) of radius r. The number of dummy atoms (N) is usually close to
1000, set by default in processing software. Then the connectivity, which is denoted by
the number of non-solvent atoms, an atom under consideration is in contact with, for each
dummy atom is defined. This approach to ab initio modeling has been discussed
extensively and the software programs are called bead-modeling programs [349, 352].
These programs employ energy minimization through a simulated annealing protocol
[353]. The use of a simulated annealing protocol in this context can be generally

explained as heating the system, allowing random modification and slowly cooling-down



the system and verifying whether these modification results in decreasing the energy of
the system. Ab initio modeling software uses the determined r; and Dmax, which
provides the constraints for the models generated. The predicted scattering of the model
molecule after every energy minimization step is calculated and compared with the
experimental scattering profile of the sample to check for conformity with it. This is
usually referred to as “goodness of fit” (Chi or ) between the ab initio model and
experimentally determined scattering curve [354, 355]. Typically, a Chi value of 1 or less
represents a good fit. To obtain the average structure of the ab initio model, multiple runs
with random seed are performed. Another parameter that determines best alignment and
measures similarities between the individual models from the same run is called
normalized spatial discrepancy (NSD) [356]. For ideally superimposed similar objects,
NSD tends to 0, but typically values less then 1 show good agreement. The simulated
annealing protocol employs a high temperature in the beginning of the energy
minimization steps and the changes are almost random, which may generate both high
and low energy configurations, but towards the end of the protocol the temperature is
much lower, and a configuration with nearly minimum energy is reached [349, 352].
2.9.5 SAXS processing and modeling of full length PKR, PKR1-169, HIV-1 TAR,
VA,, VA mutants, TAR-PKR/.169, VAI-AS-PKR.169, VAIATS-PKR|.169, and Aloop-
PKR;.160 complexes

SAXS data for proteins (wild type PKR and PKR.149), and RNAs including HIV-
1 TAR, VA-AS, full length VA;, VAATS, and truncated versions of VAATS
(VAjALoop, VAjABulge, VAJACD, VAIAGU, VAIACDyp,, VAIACDyyp) were collected

using an in-house Rigaku instrument (Rigaku S-MAX3000) as described previously



[357]. The SAXS data for TAR were collected at 0.7, 1.0, 1.3 mg/mL, for VA;-AS at 1.0,
1.4, and 1.9 mg/mL, for PKR 149 at 3.5, 4.5, and 5.5 mg/mL, for PKR;.;69-TAR complex
at 0.80, 1.20, and 2.10 mg/ml, and PKR_;60-VA-AS complex at 0.60, 0.9, and 1.63
mg/mL (all in 50 mM Tris pH 7.50, 100 mM NaCl buffer). SAXS data for VAJATS were
collected at 0.7, 1.2 and 1.5 mg/mL and at 0.6, 0.9 and 1.2 mg/mL for VA; (all in 50 mM
Tris pH 7.0, 100 mM NacCl buffer). The VAJATS-PKR.;60 SAXS data were collected at
1.0, 1.25, 1.5 and 1.75 mg/mL in 50 mM Tris pH 7.50, 100 mM NaCl buffer. In addition,
SAXS data for PKR were collected at 3, 4, 5, 7 and 8 mg/mL whereas for VA]ATS-PKR
complex, data were collected at 1.5, 1.6, 3, and 5 mg/mL. SAXS data for wt were
collected at 1.00, 1.90 and 3.10 mg/mL, 1.00, 3.00, and 4 mg/mL for Aloop, 0.40, 0.60,
0.80 mg/mL for Abulge, 1.00, 1.50, and 2.20 mg/mL for ACD, 1.30, 1.80, 2.30 mg/mL
for AGU, 1.30, and 1.70 mg/mL for ACD2bp, 1.40, 1.90, 2.40 mg/mL for ACD4bp, 1.30,
1.50, and 1.70 mg/mL for wt-PKR_;¢9 complex, and 1.25 and 1.50 mg/mL for Aloop-
PKR ;.69 complex (all in 50 mM TRIS (pH 7.50), 100 mM NaCl, and 5 mM MgCl,). The
instrument is equipped with a Rigaku MicroMax+002 microfocus sealed tube (Cu Ka
radiation at 1.54 A) and a Confocal Max-Flux (CMF) optics system operating at 40 W
(Rigaku). It has a 200-mm multiwire two-dimensional detector to record generated
scattering data. The data for all RNA and protein samples and buffer(s) were collected for
3 h for each sample within the range of 0.008 <'s < 0.26 A™" and processed according to
the method previously described in section 2.9.2, where we used momentum transfer (s)
= 4nsin 0/A. Here the 0 is the scattering angle and 4 is the wavelength of the X-ray
radiation. SAXS data for all samples were collected at multiple concentrations. Prior to

data collection, samples were subjected to DLS experiments to confirm that all the



samples were highly pure and suitable for data collection. Wild type PKR is prepared in
50 mM Tris pH 8.0, 100 mM NacCl, 5 % Glycerol w/w, and 5SmM 2-B-mercaptoethanol),
PKRj.149 1s prepared in 50 mM Tris pH 7.50, 100 mM NaCl, and 5mM 2-B-
mercaptoethanol), and RNAs are made in 50 mM Tris pH 7.50, 100 mM NaCl buffer, or
50 mM Tris pH 7.50, 100 mM NaCl supplemented with 5 mM MgCl,. Primary data
analysis was performed using program PRIMUS [344], followed by the merging of
buffer subtracted data for all concentrations of each sample and the complex. The data
were further processed using the GNOM program [358] to obtain radius of gyration (r¢)
and maximal particle dimension (D).

The ab initio modeling for protein and individual RNA molecules was performed
using the program DAMMIN [359]. The program MONSA [359] was employed to
calculate ab initio models of protein-RNA complexes by fitting data for protein, RNA
and the complex simultaneously. The quality of the models was verified by the goodness
of fit parameter () value) after each model calculation. 4b initio models for each sample
and the complex were then rotated and averaged using the program DAMAVER [360].
Sample quality was confirmed after SAXS experiments by gel electrophoresis.

The hydrodynamic properties for each individual protein and RNA models, and
complexes were calculated using the program HYDROPRO [361]. The atomic element
radius of 2.9 A was considered for HYDROPRO calculations according to the
HYDROPRO manual. The density (1.0038 g/mL) and viscosity (1.026 cPoise) of buffer
was calculated using SEDNTERP [338] whereas the molecular weights and partial

specific volume were calculated using NucProt Calculator [362]. The partial specific



volumes of VAIATS-PKR 169 and VAjALoop-PKR ;49 complexes were calculated using

Equation 2.6.

‘; (MPKR Vpkr+ MRNAVRNA)
complex =
(MPKR + MRNA)

(Equation 2.6)

Hydrodynamic parameters are summarized in Chapters 3, 4, and 5.
2.10 COMPUTATIONAL MODELING OF TERTIARY STRUCTURE

High-resolution modeling was performed in collaboration with Dr. Janusz
Bujnicki, director of the Laboratory of Bioinformatics and Protein Engineering,
International Institute of Molecular and Cell Biology, Warsaw, Poland. Here is the
overview of the approach taken for the modeling. The tertiary structure of VAJATS was
modeled using SImRNA, a method for RNA folding simulations by the Monte Carlo
approach that uses a coarse-grained representation and a statistical potential [363].
Predicted secondary structure without any assumptions about possible pseudoknots [364]
was used as restraints. First, a series of Replica Exchange Monte Carlo simulations were
carried out, starting from extended sequence of VAJATS RNA, and low-energy decoys
were collected. These decoys were then clustered based on their mutual geometric
similarity, and the central member of the largest cluster was selected as a representative
model. For these models, full-atom representations were generated using a routine from
the SimRNA toolkit, and their local geometry (bond lengths, angles, and steric
interactions) was refined using phenix.refine [365].

Modeling of the VAJATS alone and in complex with the dsSRBMs of PKR was
carried out using PyRy3D (an in-house method under development in the Bujnicki

laboratory; http://genesilico.pl/pyry3d/). First, ab initio reconstructions of the VAJATS




alone and in complex with PKR; 169 were converted into pseudo EM-maps with sfall and
fft programs from the CCP4 suite [366]. For the protein-RNA complex, two
complementary maps were obtained. Second, RNA and protein models were divided into
rigid and flexible regions. Individual helices of RNA (together with hairpin loops at their
ends) were modeled as rigid bodies, restrained at the junction to maintain the continuity
of the nucleotide chain. For the protein-RNA complex, the pseudoknot was also retained.
For modeling of the VAJATS complex with PKR;_j¢9, individual dsSRBM domains taken
from the experimentally determined structure (PDB code: 1QU6) [367] were treated as
rigid bodies. The N-terminus (residues 1-13) and the linker between dsRBMs (residues
87-103) were modeled as flexible chains.

For RNA alone, and for protein-RNA complex, separate Monte Carlo simulations
were conducted with PyRy3D to optimize the fit of the starting models to the
corresponding pseudo-densities derived from SAXS measurements. The above-
mentioned rigid elements connected to each other were allowed to move around, aiming
to fill out as much as possible of the volume inside the map, minimize the complex
volume outside of the map, minimize the violation of restraints, and minimize steric
conflicts between the individual components. In the case of the protein-RNA complex,
the RNA molecule was fitted first, following by fitting of the protein moiety in the
presence of best-fit RNA model. The medoid structure from the largest cluster obtained
from 100 independent simulations was selected for further processing. The final models
of the RNA alone and of the RNA-protein complex were obtained following a refinement

with phenix.refine [365], with restrains on VAATS pseudo-density map.



CHAPTER 3: RECOGNITION OF VIRAL RNA STEM LOOPS BY THE
TANDEM DOUBLE-STRANDED RNA BINDING DOMAINS OF PKR
Chapter 3 of the thesis was adapted from: Dzananovic, E., Patel, T. R., Deo, S., McEleney,
K., Stetefeld, ]. and McKenna, S. A. (2013) Recognition of viral RNA stem-loops by the
tandem double-stranded RNA binding domains of PKR. RNA. 19, 333-344. E.Dz
primarily carried out the preparation and writing of manuscript. In addition, E.Dz. was
responsible for designing and performing the experiments as well as analyzing
experimental data. T.P. gave assistance with carrying out ab initio modeling of
macromolecules. S.D. contributed to preparation of protein, RNAs, and buffers. K.M. was
responsible for operating the Small angle X-ray instrument. S.M. and J.S. are principal
investigators.
3.1 Background

Human PKR is a 551-residue enzyme containing three distinct regions, each with
specific functional roles in the response to dSRNA. N-terminal tandem dsRBMs adopt a
canonical fold containing a 3-stranded antiparallel B-sheet flanked by 2 a-helices with the
tandem dsRBMs joined by a 23 amino acid linker [157]. The C-terminal region
encompasses a Ser/Thr kinase domain responsible for target substrate recognition and
phosphorylation. The kinase domain is connected to dsSRBMs by a second domain, an 80
residue long flexible linker implicated in PKR self-association [194-196]. Binding of
dsRNA to the dsRBMs significantly enhances the kinase activity of PKR [232]. The
molecular basis for the interaction has been studied extensively with a variety of
synthetic and biological dSRNA molecules, although no high-resolution structure of PKR

in complex with RNA exists. Productive interaction requires residues from both dsSRBM1



and 2 as well as the linker that joins them [226]. Structures of a single dsSRBM from
proteins other than PKR in complex with perfectly duplexed dsRNA indicate that
approximately 1.5 turns (~15 bp) of the A-form RNA helix comprising consecutive
minor-major-minor grooves are recognized, and that contacts are mediated primarily
through the 2’-hydroxyl groups of the ribose sugar, explaining the observed selectivity
[169, 170, 180-183]. In addition to a minimum length requirement (~15 bp), specific
structural (bulges, loops, efc.) and nucleotide modifications (i.e. 5’-phosphorylation state)
have been observed to be accommodated by PKR, and in some cases significantly affect
both the affinity for and activation of PKR [226-231]. As there is scant structural
information about imperfectly duplexed RNA in complex with PKR, a detailed
understanding how PKR accommodates these deviations remains an unanswered
question.

A well-characterized viral dsRNA activator of PKR is the HIV-1 transactivation
response (TAR) element, an RNA stem-loop structure spanning nucleotides +1 to +59 of
the newly synthesized viral mRNA [233]. TAR adopts an A-form RNA helix with
distortions including a trinucleotide bulge and hexaloop [239, 240]. HIV-1 TAR RNA
has been established as a potent activator of PKR kinase activation, where high affinity
interaction requires the presence of 16 base pairs proximal to the loop as well as both the
bulge and hexaloop [226, 251, 252]. Given that each individual dsRBM requires
approximately 15 bp for interaction, it is unclear how the tandem dsRBM domains of
PKR are interacting with TAR RNA. High-resolution information on a tandem dsRBM-
dsRNA complex has been difficult to obtain, likely due to the established flexibility of

both the linker between dsRBM1 and 2 and the inherent flexibility of stem-loop RNA



structures. Here, I present the solution conformation of tandem dsRBMs of PKR in
complex with an imperfectly base-paired viral dsRNA using small-angle X-ray
scattering. A4b initio analysis of PKR; 169, HIV-1 TAR, and the protein-RNA complex
were determined to investigate how each dsRBM orients and interacts with TAR RNA.
Dynamic light scattering (DLS) was employed to (1) investigate the homogeneity of
macromolecules at various concentrations, (2) measure the hydrodynamic radius of
individual macromolecules as well as their complexes and (3) compare the calculated
values from SAXS models with experimentally determined values. This experimental
approach was repeated using a second model RNA ligand, the apical stem of adenovirus
VA RNA, in order to confirm the validity of the results with a second known activator of
PKR. Together, these results provide a plausible framework for the recognition of short,
imperfectly base-paired RNA ligands by the tandem dsRBMs of PKR and highlight the
effectiveness of small-angle X-ray scattering approaches for systems with highly flexible
components.
3.2 RNA-protein complex purification and characterization

In perfectly duplexed dsRNA, the tandem dsRBMs of PKR require a minimum of
15 bp (1.5 turns of the A-RNA helix) for interaction, and yet based on existing structures
it would be expected that each dsSRBM would require the entire 15bp. Additionally, PKR
is capable of tolerating, and in some cases requires, deviations from prefect duplexes
including bulges, internal loops, and loops for high affinity binding. In order to study the
structural basis for these interactions, I sought to determine the solution conformation of

two dsRNA-PKR complexes by small angle X-ray scattering (SAXS). Complexes were



assembled with purified recombinant PKR.;¢9, which contains both dSRBM1 and 2 and

retains identical binding affinity to the full-length PKR (Figure 3.1).
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Figure 3.1: EMSA and size exclusion chromatography profile showing the ability of
dsRBD to bind to both TAR and VA-AS RNAs. (A) EMSA of dsRBD with TAR
RNA confirming the binding between the protein and the RNA. The concentration
of protein ranges from 0 to 1 uM (lane 1 to 8), concentration of RNA is 0.1 pM in all
of the lanes. The samples were incubated at room temperature for 10 minutes and
run on 8 % native TBE gels at 4° C. The gel was stained by Syber Gold dye. (B) Size
exclusion chromatography profile of dsRBD-TAR complex. Peak corresponding to
elution of complex is at 142 mL, which precedes the TAR RNA alone peak at 164
mL. (C) Size exclusion chromatography profile of dsRBD-VA-AS complex. Peak



corresponding to elution of complex is at 144 mL, which precedes the VA-AS RNA
alone peak at 172 mL.

The dynamic light scattering experiments were performed to study homogeneity
of all macromolecules and to determine the hydrodynamic radius (ry) of each species
being studied at multiple concentrations. PKR; 69 displays a narrow distribution of
hydrodynamic radii at all concentrations examined, consistent with a monodisperse
sample (2.80 £ 0.10 nm) (Fig. 3.2A). A linear distribution of ry over multiple
concentrations (2.50-6.50 mg/mL) was observed suggesting minimal concentration

dependence on the Stokes radius (Figure 3.2B).
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Figure 3.2: Confirming the quality of dsRBD’s, TAR, VA-AS, and complexes by
DLS. (A) DLS profile of dsRBD at 3.50 mg/mL, before (—, solid line) and after (.-,
dotted line) SAXS data collection. (B) Concentration dependence of the Stokes
radius (Rh) deduced from the peaks of DLS profiles for dSRBD shows linear fit with
Rh =2.80 = 0.10 nm. (C) Concentration dependence of the Stokes radius (R/)
deduced from the peaks of DLS profiles for TAR shows data in linear range with
calculated RA of 2.65 £ 0.20 nm. (D) Concentration dependence of the Stokes radius
(Rh) deduced from the peaks of DLS profiles for VA-AS showing all concentration
being in linear range with respect to R/ of 2.58 + 0.05 nm. (E) Concentration
dependence of the Stokes radius (R4) deduced from the peaks of DLS profiles for
dsRBD-TAR complex showing all concentration being in linear range with respect
to Rh of 3.06 = 0.04 nm. (F) Concentration dependence of the Stokes radius (Rh)
deduced from the peaks of DLS profiles for dsRBD-VA-AS complex shows data in
linear range with calculated RA of 3.11 £ 0.03 nm.

RNA model ligands were selected based on (i) their high affinity (~100 nM) for
PKRi.160 (Figure 3.1A), (ii) their ability to stimulate autophosphorylation and kinase
activity of PKR, and (iii1) that they are short, imperfectly base-paired dsSRNA stem loops.
Based on these criteria, I selected HIV-1 TAR RNA (57 nt) and the apical stem of
adenovirus VA RNA (52 nt) (Figure 1.6 and 1.7). Both RNAs were in vitro transcribed
from linearized template, purified by size exclusion chromatography, and subjected to
native gel electrophoresis. Both TAR (Figure 3.1A, lane 1) and VA;-AS (not shown)
behave as a single species based on this analysis. DLS confirmed the 7y value consistent
with monomeric TAR (2.7 £ 0.2 nm) over the concentration range examined, indicating
minimal concentration dependence on Stokes radius, thus excluding the possibility of
presence of aggregation (Figure 3.2C). Identical observations were made for VA-AS (ry
= 2.58 = 0.05 nm) that has similar size to that of TAR suggesting that both RNA have
similar shape in solution as ry depends on size and shape of macromolecules (Figure

3.2D). The determined hydrodynamic radii of the RNA species being studied are within

error of each other, consistent with their size exclusion chromatography elution profiles.



Complexes containing PKR_j¢9 and either TAR or VA-AS were assembled in the
presence of excess RNA to minimize non-specific protein binding and maximize 1:1
stoichiometry. At low concentrations, electrophoretic mobility shift assays (EMSA)
confirm the emergence of a single higher molecular weight species upon incubation of
TAR with increasing concentrations of PKR;.j¢9 (Fig 3.1A). Identical results were
obtained with VA;-AS-containing complex (data not shown). Complexes were then
assembled at high concentration (uM range), and purified away from free RNA by size
exclusion chromatography (Figures 3.1B, C). Given that solution conformation data
quality by SAXS is sensitive to sample heterogeneity, this step is essential to ensure the
removal of uncomplexed dsRNA. The elution profile for both complexes show two
distinct peaks: a higher molecular weight peak corresponding to RNA-protein complex
followed by a lower molecular weight peak corresponding to free RNA.

The DLS profiles of complexes are also linear with respect to increasing
concentration, showing no signs of aggregation across the concentration range at which
the experiments were performed (Figures 3.2E, F). PKR_j¢0 in complex with either TAR
(rz = 3.06 £ 0.04 nm) or VA-AS TAR (ry = 3.11 £ 0.03 nm) are monodisperse and
within error demonstrate similar 7y values, consistent with their elution profiles from size
exclusion chromatography. As expected, an increase in ry is observed in the complex
compared to the individual components, although relative to the largest component
(PKR|.1¢9) these increases were relatively moderate for TAR (9%) and VA-AS (11%).
Taken together, these results confirm complex homogeneity and suggest a stacked

orientation of both RNA-protein complexes.



3.3 The dsRNA-binding domain of PKR adopts an extended conformation in
solution

To understand the behavior of dsRNA-PKR;. ;69 complexes in solution, I first
studied the individual protein and RNA components in solution using SAXS. As our
starting point, I first examined PKR .49 as the high-resolution structure of this protein has
already been determined in solution [157], and will serve to validate the quality of SAXS
results. SAXS data collected at multiple concentrations were merged to generate a single

scattering profile for PKR ;¢ for further data analysis (Figure 3.3A, red circles).
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Figure 3.3: Small angle scattering experimental data. (A) Scattering profile curves
for dsRBD (¢), TAR (¢), dsRBD-TAR (+), VA-AS ("), and dsRBD-VA-AS complex

(4).
(B) Pair distribution function profile of dSRBD (¢), TAR (¢), dsSRBD-TAR (+), VA-
AS (), and dsRBD-VA-AS complex (A) providing the information on the overall

shape of molecules.

First, the scattering data was used to generate a distance distribution plot that
presents a frequency histogram of all observed electron pairs in the molecule, enabling
determination of key parameters including the radius of gyration () and the maximum
particle dimension (D,.y) using the program GNOM [351]. A skewed bell-shaped
distance distribution function was observed typical for elongated molecules that may
contain flexible regions (Figure 3.3B, red circles). The experimentally calculated s and
Doy for PKR 169 are 2.53 + 0.04 nm and 9.0 nm respectively (Table 3.1). Based on the
scattering data, multiple ab initio solution conformations for PKR;_j¢0 were generated
using the program DAMMIF [352] and superimposed using program DAMAVER [368]

to generate an average surface envelope of the protein (Figure 3.4A).
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Figure 3.4: SAXS modeling of dsRBD’s, TAR, and VA-AS. (A) Averaged solution ab
initio model of dsRBD obtained from DAMMIF (top left) and 90° rotation (top
right) around its major axis. The model suggests extended and flexible conformation
of dsRBD in solution. (B) Fitting of high-resolution NMR structures into SAXS
model. SAXS model dimensions have a good agreement with the known NMR
structure. (C) Averaged solution ab initio model of TAR obtained from DAMMIF,
and its 90° rotation around its major axis. SAXS solution model of TAR suggests
extended and flexible conformation. (D) Averaged solution ab initio model of VA-AS
obtained by DAMMIF (bottom left), and its 90° rotation (bottom right) around its
major axis. There are three distinct bulges that can be seen in VA-AS model. This
suggests that VA-AS takes upon more rigid conformation in solution then TAR.

The molecule adopts an extended structure that appears to orient the individual
dsRBMs at opposite ends joined by the interdomain linker. However, the relatively

uniform broadness of the entire molecule (including both the dsRBMs and linker) is



consistent with the flexible nature of the linker. The y value obtained for individual ab
initio models was ~ 0.9 illustrating an excellent agreement between experimental data
and that obtained from the ab initio calculation. Furthermore, the normalized spatial
discrepancy parameter (NSD) of 0.80 = 0.04 amongst the ab initio models generated to
create the average model indicates very little differences between individual PKR;_je9
models. In order to validate the ab initio calculations, the program HYDROPRO [369]
was employed to calculated hydrodynamic parameters. The rg of 2.62 £ 0.02 nm, D, of
9.5 + 0.05 nm and ry of 2.76 + 0.06 nm are in good agreement with experimentally
calculated hydrodynamic properties (Table 3.1). Identical DLS results were obtained
after SAXS data collection, confirming absence of any radiation damage to the sample
after exposure to X-rays (Figure 3.2A).

To validate our ab initio modeling approach and to determine the orientation of
individual dsRBMs within the solution conformation, I took advantage of the existing
high-resolution solution structure of PKR;.;s9 (PDB ID: 1QU6) [157]. This was
accomplished by employing program BUNCH [370] that is able to utilize high-resolution
information and finds optimal positions and orientations of individual domains (dsRBMs)
for which the high-resolution structural information is available as well as place the
dummy residues for the part of the domains where the high-resolution information is
missing (linker). In order to prevent model bias, the linker was severed in the center such
that each dsRBM could rotate freely. All the structures calculated using BUNCH (3D
domain structures) were nearly identical to each other as well as to ab initio models that
does not incorporate information from high-resolution data in terms of their solution

conformation (Figure 3.4B). Overall, the ab initio model comfortably accommodates



each dsRBM, and strongly suggests that the interdomain linker can adopt a number of
different configurations. BUNCH data analysis also strongly indicates that the dsSRBM1
is positioned into the shorter arm while dsSRBM2 is positioned in longer arm of the SAXS
model. The hydrodynamic parameters calculated from ab initio models as well as for 3D
structures from program BUNCH are not only nearly identical within error to each other
but also agrees very well with those parameters determined experimentally validating our

modeling approach (Table 3.1).

PKRi-169 TAR TAR-PKR1.169 VAr-AS VAr-AS-PKR1.160
Hydrodynamic | Experimental HYDROPRO HYDROPRO HYDROPRO HYDROPRO HYDROPRO
parameters
DAMMIF BUNCH | Experimental | DAMMIF | Experimental | MONSA | Experimental | DAMMIF | Experimental | MONSA
ru (nm)> 2.8(0.1) | 2.76(20.06) | 2.80(£0.05) | 2.7(20.2) | 2.90(20.06) | 3.06(+0.04) | 3.00(0.06) | 2.58(:0.05) | 2.40(+0.05) | 3.11(x0.1) 3.1(£0.1)
re(nm)b 2.53(£0.04) | 2.62(20.02) | 2.63(£0.01) | 2.60(:0.05) | 2.66(+0.01) | 2.58(x0.03) | 2.53(£0.02) | 2.45(20.02) | 2.50(0.02) | 2.66(:0.04) | 2.60(+0.01)
Dimax(nm)® 9.0 9.5(+0.05) | 9.8(0.05) 8.4 9.2(+0.05) 9.2 9.00(£0.04) 7.9 8.80(£0.07) 9.0 9.1(0.04)
ro/mu 0.9(£0.01) | 0.95(20.08) | 0.94(£0.06) | 1.0(0.2) | 0.92(0.07) | 0.84(+0.07) | 0.84(+0.08) | 0.95(20.07) | 1.04(£0.07) | 0.86(:0.07) | 0.8(x0.1)
X - 0.9 11 - 1.0 - 1.0/1.4/1.0¢ - 1.0 - 1.0/1.1/1.1¢
NSD - 0.80(0.04) [ 0.9(x0.1) - 0.7(£0.1) - 0.58(£0.03) - 0.7(£0.1) - 0.76(£0.02)
a fromDLS data
® from SAXS data
cvalues from protein/RNA/complec respectively

Table 3.1: Comparison of experimental and predicted hydrodynamic parameters
3.4 Solution conformation of HIV-1 TAR and adenovirus VA;-AS RNA

SAXS data for TAR and VA-AS were collected at multiple concentrations and
merged to generate their respective scattering profiles (Figure 3.3A). The resultant
distance distribution functions for both TAR and VA-AS demonstrate a bell-shaped
curve with an extended tail that is consistent with an elongated stem-loop conformation
(Figure 3.3B). The experimentally determined values of g and D, are 2.60 = 0.05 nm
and 8.4 nm, respectively. The pair-distance distribution plot was utilized for ab initio
analysis to obtain the solution conformation of the RNA. The y value of ~1.0 was
obtained for each model indicating good agreement between SAXS experimental data

and the data calculated for each ab initio model. The NSD parameter of 0.7 + 0.1 for ab



initio models also suggests that individual ab initio models agree with each other almost
perfectly. The averaged solution conformation presents an extended shape with slight
curvature. Interestingly, the model lacks significant definition in terms of distinct
structural features such as the loop or internal bulge (Figure 3.4C). The ry (2.90 £ 0.06
nm), rg (2.66 £ 0.01 nm) and D,y (9.2 £ 0.05 nm) values for the TAR models were
calculated using HYDROPRO and are consistent with experimentally determined values
(Table 3.1). As with the free protein (PKR;.149), no significant sample deterioration due
to radiation damage was observed by DLS after SAXS data collection (data not shown).
For the VA-AS RNA, rg of 2.45 £ 0.02 nm and D,,,, of 7.9 nm was obtained
from the distance distribution function that was further employed to generate several ab
initio solution conformations. The resultant y values of those models of ~1.0 and the NSD
parameter of 0.7 = 0.1 provides a high level of confidence with our data analysis. SAXS
data analysis of VA-AS suggests that it adopts and extended shape with slight curvature,
but with more pronounced definition in terms of three distinct bulges (Figure 3.4D).
VA-AS RNA is significantly more compact than TAR, which suggests that VA|-AS
adopts a more rigid conformation in solution than TAR. The slightly smaller r¢ and D,
values may be due to the smaller RNA size (52 versus 57 nucleotides). The ry (2.40 +
0.05 nm), ¢ (2.50 = 0.07 nm) and D4 (8.80 + 0.07 nm) values for the VA;-AS models
were calculated using HYDROPRO and are consistent with experimentally determined
values (Table 3.1). DLS results pre and post data acquisition were identical, confirming
that no significant sample deterioration due to radiation damage occurred (data not

shown).



3.5 PKRy.1¢9 interacts with TAR via both the stem and loop regions

To determine the molecular basis for the interaction between PKR and TAR
RNA, I subjected the purified complex to SAXS analysis. The merged scattering data
from multiple concentrations of complex were used to generate the distance distribution
function, which indicates an extended structure with corresponding r¢ (2.58 £ 0.03 nm)
and Dy, (9.2 nm) values (Figures 3.3A, B). The experimentally determined D, for the
complex is within error of each of the individual RNA and protein components,
consistent with a stacked as opposed to end-to-end orientation of the complex. Individual
ab initio solution conformations of the PKR;.;6o-TAR complex were determined using
the MONSA software suite, which exploits the differential scattering intensity of RNA
and protein components to allow visualization of each molecule in the complex. A

representative individual best-fit model is shown in Figure 3.5A.
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Figure 3.5: Modeling of complexes with MONSA. MONSA uses scattering data
information for individual components and complex to resolve the structure of
complex. (A) Averaged solution ab initio model of dsSRBD-TAR. In MONSA model
we can clearly distinguish between protein and RNA component. The model has an
extended structure in solution, and TAR wraps around the dsRBD. Whole of TAR is
required to interact with tandem dsRBD’s. In this model TAR loop can be seen
suggesting that TAR in complex is more rigid structure. (B) Averaged solution ab
initio model of dsSRBD-V A-AS. Again both RNA and protein part can be seen. For
this binding too the whole RNA is required to bind the tandem of dsRBD’s. The
complex has extended structure in solution and protein wraps around the RNA. In
VA-AS three distinct regions are still present, and RNA takes upon rigid
conformation like when found free in solution.



The RNA-protein interface curves along the length of the extended complex
structure, with both dsRBMs and the linker region between them are required for the
interaction with the RNA. As opposed to the free TAR RNA model, the RNA stem loop
is clearly visualized upon complex formation with PKR_;¢9, and both the loop and stem
regions of the RNA are involved in the interaction. Once in complex, TAR adopts a
significantly more defined conformation than observed in individual models for the free
RNA. The overall solution conformation of PKR_j¢9 is similar to that of the free protein,
and therefore it appears as though dsRBMI1 is responsible for interaction with the loop of
TAR, with the linker and dsRBM2 primarily mediating the interaction with the stem
region of the RNA. Finally, the solution conformation is consistent with 1:1
stoichiometry, as other stoichiometries tested were unable to sustain reasonable fits to the
raw data. For comparison, the average solution conformation from the individual
MONSA fits is significantly less information-rich, yet defines a disc-shaped surface

envelope (Figure 3.6A).



Figure 3.6: DAMFILT models of complexes. (A) Averaged solution ab initio model
of dsRBD-TAR (top left), and its 90° rotation (bottom left) around its major axis. In
solution, dsSRBD-TAR complex takes upon extended shape. (B) Averaged solution ab
initio model of dsRBD-V A-AS (top right), and its 90° rotation (bottom right) around
its major axis. In solution dSRBD-VA-AS takes upon extended shape. In solution
dsRBD-TAR model takes upon more rigid conformation then dsRBD-VA-AS
model.

The determined y values of ~1.0 and NSD value of 0.58 + 0.03 for the complex
indicates a quality fit between the calculated individual solution structures and the raw
scattering data. Model-based parameter determinations are in good agreement with
experimentally determined values, including the SAXS model-based and DLS-
determined ry values (Table 3.1).

3.6 VA;-AS and TAR adopt similar overall conformations in complex with PKR;_;69

Finally, 1 performed SAXS experiments on purified PKR;.16-VA-AS to

determine whether a similar solution conformation could be observed to the PKR._i49-



TAR complex. Experimental hydrodynamic parameters based on the distance
distribution function calculated from the raw scattering data are within error of those
determined for the TAR-containing complex (Figure 3.3 & Table 3.1). The overall
topology of individual surface conformation models present and extended structure in
which, again, the dsRBMs of PKR track the length of the VA|-AS RNA molecule
(Figure 3.5B). The entire length of the PKR;.¢ protein mediates the interaction,
presumably via the dsRBMs and linker joining them. Unlike in the TAR-containing
complex, the loop region of the VA;-AS RNA was not pronounced, and no significant
conformation change is observed in the RNA molecule upon protein binding. However,
the overall disc-shaped topology is similar between the two complexes, as illustrated by
the comparison of the solution conformations (Figure 3.6B). As with all other molecules
examined by SAXS, the model validation parameters (y; NSD) and hydrodynamic
parameters (ry; ¥g; Dmax) are also consistent with an accurate model determination
approach.
3.7 Discussion

The structure of individual dsRBMs from proteins other than PKR in complex
with synthetic RNA duplexes suggest that the A-RNA helix is recognized in a sequence-
independent manner via the 2’-hydroxyl groups of the ribose sugar in the minor groove
and nonbridging oxygen residues of the phosphodiester backbone in the intervening
major groove [169, 170, 181-183]. The separate structure of each of ADAR2’s (dsSRNA-
binding enzyme that performs RNA editing) tandem dsRBMs bound to its stem-loop
RNA ligand additionally demonstrated the direct readout of the RNA primary sequence

in the minor groove accounting for the sequence specificity of each dsRBM [180]. To



date, no high-resolution structure of the dsSRBMs of PKR in complex with either synthetic
or natural ligands exists, nor does a clear understanding exist of how PKR is capable of
interacting with imperfectly duplexed RNA ligands. Therefore, I sought to structurally
characterize the interaction between the tandem dsRBMs of PKR and two viral dsSRNA
ligands, HIV-1 TAR and a stem-loop form adenovirus VA; (VA-AS) (Figures 1.6 and
1.7).

I examined the conformation of individual components and complexes by
SAXS, a solution-based structural technique that allows low-resolution determination of
molecular shape and importantly can accommodate systems that are dynamic. All
protein, RNA, and complexes were purified by size exclusion chromatography to remove
heterogeneity and were confirmed monodisperse by DLS prior to SAXS experiments
(Figures 3.1 & 3.2). All samples demonstrated a linear dependence of ry on sample
concentration, confirming their suitability for SAXS experiments (Figure 3.2).
Confidence statistics (y~1 in all cases) on individual models indicate an excellent fit with
the raw scattering data. NSD values (< 0.9 in all cases) confirm that the individual
models share similar structural features. Model-based calculations of hydrodynamic
parameters are within error of the experimentally determined values, and importantly are
cross-validated with the independently determined ry values from DLS experiments.
DLS experiments performed after SAXS data collection for each sample demonstrated
absence of any sample degradation due to radiation damage. Finally, using BUNCH
modeling with the known NMR solution structure of PKRj.je9, it was possible to
recapitulate the determined SAXS model and even orient the individual dsRBMs to

specific regions of the model.



Models of RNA-protein complexes were determined using MONSA, software
that ultimately allows for the separate visualization of both protein and RNA
components. The experimentally determined solution structure of TAR in complex with
the tandem dsRBMs of PKR (PKRj.j69) highlights that nearly the entire length of the
protein tracks a curved path to form contacts with the RNA stem-loop, involving both
dsRBMs and the linker that joins them (Figure 3.5A). This is consistent with the
observation that high affinity binding to TAR requires both dsSRBMs of PKR, and NMR
chemical shift perturbation experiments that have identified the binding interface to
involve both dsRBMs and the linker [226]. A striking feature of the model is the apparent
decrease in flexibility of TAR RNA upon interaction with PKR;.j¢9 and the ability to
visualize both the stem and loop portions of TAR RNA. Based on our modeling results of
the free protein, I propose that dSRBM1 is responsible primarily for interaction with the
loop, whereas the linker and dsRBM2 primarily interact with the stem region of TAR
RNA. The model also suggests that the C-terminal end of the protein (dSRBM2) may be
oriented such that the 80-residue interdomain linker and kinase domain are not directly
affected by interaction with the RNA; similar observations have been made previously
[197]. The RNA sequesters the tandem dsRBMs entirely, which would preclude the RNA
from interacting with another molecule of PKR or an interaction between the dsSRBMs
and kinase domains from a single PKR molecule.

The observed TAR loop structure is striking but also suggests that a region larger
than the expected hexaloop is involved in loop formation. While the model resolution is
not sufficient to confirm the nucleotides involved, the TAR RNA hexaloop is highly

dynamic [371], and has been shown to adopt significantly different conformations



depending on its association with ligands including small molecules, peptides, proteins,
and other nucleic acid molecules [372, 373]. Concerted motions in TAR RNA have been
suggested as the basis for access to bound state conformations [374]. HIV-2 TAR
undergoes similar conformational changes [375]. Other dsSRBM-containing proteins such
as S.cerevisiae Rntlp [376] and Drosophila Staufen [181] have shown a preference for
loop regions, and mutation of the TAR hexaloop, bulge, or stem results in a significant
reduction in binding affinity to PKR [226]. Therefore, there is significant experimental
basis for recognition of the TAR loop via the dsSRBMs of PKR.

Our SAXS, DLS, and size exclusion chromatography data are all consistent with a
1:1 complex stoichiometry under the concentration range and buffer conditions employed
in this study or under the conditions in which the experiments were performed. With the
experimentally determined hydrodynamic parameters, it was not possible to fit the
acquired scattering data to any other complex stoichiometry. These results are consistent
with previous NMR experiments in which the same complex stoichiometry is observed
[197, 226]. It is important to stress that this study has been focused on a bound
conformation of the PKR-TAR complex, and no comment can be made on whether this
complex represents an active conformation, which remains our goal for further study.
TAR RNA dimerization has been suggested as a potential mechanism required for
activation [254], and while our data cannot preclude this possibility it does not directly
support it either.

I additionally examined a second viral dsSRNA stem-loop, VA-AS, in order to
determine the generality of our results. Previously performed NMR experiments have

indicated that identical amino acid residues in PKR are responsible for the interaction



with both TAR and VA-AS, and that similar regions of the stem-loop structure are
responsible for interaction with PKR [227]. Free VA-AS is more conformationally
constrained than TAR, and the same trend is observed once bound to PKR.j¢9, as VA-AS
undergoes only moderate conformation changes (Fig. 3.4, 3.5) However, the SAXS
envelope of TAR and VA-AS containing complexes have similar overall domain
orientations and hydrodynamic parameters, consistent with a similar mode of interaction
supporting previous studies [227].

Overall, the work presented demonstrates how tandem dsRBMs are capable of
tolerating a wide range of sequence and structural motifs to function in the innate

immune response to viral infection.



CHAPTER 4: SOLUTION CONFORMATION OF ADENOVIRUS VIRUS
ASSOCIATED RNA-I AND ITS INTERACTION WITH PKR

The writing of Chapter 4 was adopted from: Dzananovic, E., Patel, T. R, Chojnowski, G.,
Boniecki, M. J.,, Deo, S., McEleney, K., Harding, S. E., Bujnicki, |]. M. and McKenna, S. A.
(2014) Solution conformation of adenovirus virus associated RNA-I and its interaction
with PKR. | Struct Biol. 185, 48-57. E.Dz. was responsible for writing the manuscript,
and designing and carrying out experiments including analysis of experimental data. T.P.
contribution involved assistance with AUC experiments as well helping with ab initio
modeling. Members of J.B. group, G.C. and M.B. contributed to in silico modeling of
RNAs, proteins, and their complexes. S.D. contributed to preparation of protein, RNAs,
and buffers. K.M. was responsible for operating the Small angle X-ray instrument. S.H.
provided the access and assistance with operating the AUC instrument. SM. is a
principal investigator
4.1 Background

PKR, a Ser/Thr kinase, is a key component of the interferon-stimulated innate
immune response that interacts with dsRNAs originating from replication by-products,
mRNA transcripts, or the viral genome itself via its tandem N-terminal double-stranded
RNA binding motifs (dsRBMs, residues 1-169) [228]. Once viral dsRNA binds to PKR,
it can either activate or inhibit the protein. A number of studies have suggested that VA,
RNA acts as an inhibitor of PKR and prevents its self-association [160, 234, 235, 290-
292]. During the late stages of viral infection, adenovirus synthesizes non-coding virus
associated (VA) RNAs by host RNA polymerase III that accumulate to high

concentration [377, 378]. VA; mediates its effect in part through enabling efficient



translation of viral mRNA during late stages of infection [322, 379]. VA; RNA has been
determined to consist mainly of a double-stranded RNA (dsRNA) with three major
domains; an apical stem-loop (AS), a central stem-loop (CS), and a terminal stem (TS)
(Figure 1.7) [321, 323, 324]. The role of the apical and central stems of VA is well
established; the apical stem directly involved in the interaction with the tandem dsRBMs,
and the central stem prevents self-association of PKR [160, 274, 291, 292]. PKR
autophosphorylation assays, isothermal calorimetry, NMR studies and RNA footprinting
have demonstrated that the central stem of VA; does not make a high affinity interaction
with any region of PKR [160, 274, 291, 292]. In the absence of a high-resolution
structure of the RNA-protein complex, the most straightforward interpretation would be
that the central stem serves as a steric block to self-association of two PKR molecules. In
addition, a truncated version of VA; that lack the terminal stem (nucleotides 1-29 and
132-159) called VAJATS, can still bind to PKR with full affinity and prevent its self-
association.

As a precursor to understanding the molecular mechanisms of inhibition,
biophysical and structural characterization of VA and its protein-binding partners are a
required first step. In this study, I have in vitro transcribed and purified both VA and VA
lacking the terminal stem (VAJATS) by SEC. The solution conformation of these RNAs
were determined using SAXS, and results were cross-validated by both dynamic light
scattering and analytical ultracentrifugation. Using a similar experimental approach, I
determined the solution conformation of VAJATS in complex with the tandem dsRBMs
of PKR. I have then used SAXS data as restraints for computational modeling of VAJATS

- free and in complex with the dsSRBMs of PKR. Taken together, the results presented



provide insight of the structural features of VA; that enable recognition and inhibition of
PKR.
4.2 Homogeneity of VA, VAIATS, and VAJATS-PKR/.169

I first sought to determine the solution conformation of VA; by SAXS. A
prerequisite for this approach and its validation is a pure, monodisperse sample that
displays similar hydrodynamic properties over a range of concentrations. I initially
investigated 3 species purified by SEC: VA, VA lacking the terminal stem (VAIATS),
and VAJATS in complex with the dSRBMs of PKR (PKR.49). The elution profiles of the
RNAs (not shown) and the RNA-protein complex (Figure 4.1A) indicate the presence of
a single species. The SEC purified samples were subjected to dynamic light scattering to
further investigate purity of in vitro transcribed VA; and VAJATS, as well as VAJATS-

PKR] -169 complex.
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Figure 4.1: Homogeneity of VA, TS, VA1 TS-PKR ;.60 complex and VA; RNA. (A)
The elution profile of VA|7ATS-PKRj.1690 complex from SEC indicating the purity of
the complex. Azs (solid line) and Ajs) (dashed line) values are shown. (B)
Hydrodynamic radius distribution for VAz\ TS, VAL TS-PKR/.;690 complex and VA,
RNA at 1.2, 1.0 and 1.2 mg/mL, respectively confirming the purity of RNAs and
complex. (C) Dynamic light scattering data for VA|A\TS, VALK TS-PKR/.;69 complex
and VA; RNA are presented at multiple concentrations. For comparison purposes,
DLS data for VA;AS has also been presented. An increase in hydrodynamic radius
from VAAS to VAIA\TS-PKR;.i69 complex is clearly evident with increase in
molecular mass of these macromolecules. (D) Sedimentation coefficient distribution
of VA; RNA at 0.20 mg/mL indicating that the RNA is of high purity.

The DLS profiles of both RNAs as well as the complex indicated monodisperse
sample preparation (Figure 4.1B). Linear distribution over multiple concentrations
suggested minimal concentration dependence of the Stokes radius (Figure 4.1C). The
hydrodynamic radius (ry) values obtained from the DLS measurements at multiple
concentrations for VAJATS and VA are (3.30 + 0.04) and (3.80 + 0.04) nm, respectively.
As expected, the size of the truncated versions of the VA; RNA (VAJATS and VA; AS
[380] is smaller than the wild type and molecular weight and ry are positively correlated
for the three RNAs. The respective elution volumes on SEC further supported this
observation, where the full length RNA elutes first followed by VAJATS and VA;AS
(data not shown). As expected, VA; ATS-PKR .69 complex presented an increase in ry
(3.90 + 0.20 nm) compared to VAJATS alone. The sedimentation velocity experiment for
the VA; RNA was carried out at a single concentration (0.2 mg/mL). The sedimentation
velocity analysis (Figure 4.1D) suggested that VA; RNA is monodisperse, supporting the
SEC and DLS results in terms of its purity. The sz, (S) for VA; RNA was corrected to
standard solvent conditions using program SEDNTERP to s, (S) of (5.46 £ 0.10) S.

Taken together, the results suggest all three samples are appropriate for SAXS. The

results have been summarized in the Table 4.1.



4.3 SAXS studies on VAJATS and VA,

While there is currently no high-resolution structural information available on
VA, its secondary structure consists primarily of A-RNA stem-loops interrupted
periodically by internal bulges, a junction, and non-canonical base pairing (Figure 1.7).
In order to determine the solution conformation of VA; and its Dicer processed version
(VAIATS), I performed SAXS experiments. The stability of each sample was assessed by
denaturing gels pre- and post-SAXS experiments (data not shown). The solution
scattering profiles were collected at multiple concentrations and evaluated for self-
association at individual concentrations by calculating the radius of gyration (rg). The
output files at individual concentrations were then merged to obtain a single profile, from
which the p(r) distribution function was determined (Figure 4.2A). The merged data
were also utilized for Guinier analysis to obtain radius of gyration [381] (Figure 4.2B).

The p(r) function of previously published VA;AS is also presented in Figure 4.2C [380].
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Figure 4.2: SAXS data analysis. (A) Merged raw SAXS data for individual
macromolecules. (B) Guinier analysis of merged data for individual
macromolecules. (C) The pair distribution function analysis of VA; RNA, VA|A\TS,
VAL TS-PKR;.160 complex and VA,AS are presented.

Each profile adopts a skewed bell shape that is typical for elongated molecules,

and the extended tails of each of the distribution functions are distinct suggesting

structural differences between these three RNAs. From the scattering profiles, 1 obtained



the rg for VA; and VAJATS of (4.35 = 0.07) nm, and (3.71 &+ 0.06) nm respectively. The
rg for all species obtained from GNOM analysis were comparable to those obtained from
Guinier analysis (Table 4.1). I also obtained the D,,,, values of 14.0 and 11.8 nm for VA;
and VAJATS respectively (Table 4.1). As expected, the ¢ and D,,,, values for VA; and
VAJATS are consistent with that of the VAJAS (rg - 2.45 = 0.02 and D,y — 7.9 nm) as
the full length RNA behaves as largest species followed by VA;ATS and VAAS.
4.4 Solution conformation of VA;ATS

Based on the experimentally determined ¢ and D,,,, values, ab initio models for
VAIATS were determined using the program DAMMIN [359]. Twelve models for
VAIATS were calculated using the merged scattering data obtained from multiple
concentrations. A  value of ~0.8 was obtained for individual models of VAJATS,
indicating an excellent agreement between the experimental data and data calculated

from ab initio models (Table 4.1).



VA, VAATS VA,ATS-PKR, ¢,
HYDROPRO HYDROPRO HYDROPRO
Hydrodynamic . Experimental DAMMINe Experimental
parameters Experimental DAMMIN® Xperimenta Xperimenta MONSA®
ry (nm)? 3.8(0.4) 3.65(x0.02) 3.30(0.04) 3.43(+0.03) 3.9(0.2) 3.78(£0.04)
r(nm)P 4.4(0.1) - 3.7(0.1) - 3.4(x0.2) -
r(nm)e 4.35(0.07) 4.33(x0.03) 3.71(+0.06) 3.78(x0.06) 3.60(x0.03) 3.42(+0.04)
D, . (nm)¢ 14.0 14.20(x0.02) 11.8 12.2(x0.06) 11.0 10.50(x0.01)
% - 0.8 - 0.8 - 1.0/0.8/1.14
NSD - 0.71(0.01) - 0.63(20.02) - 0.75(0.03)
2 experminetally determined fromDLS data, with error obtained from linear regression analysis.
b experimentally determined r; from Gunier analysis.
¢ experimentally determined from P(r) analysis by GNOM
4 values for protein/RNA/complexes respectively
¢ model-based parameters calculated from HYDROPRO, with errors obtained as the standard deviation
from multiple models

Table 4.1: Summary of hydrodynamic data (with error in parentheses)

Ab initio models of VAIATS were then rotated, aligned, averaged and filtered
using program DAMAVER that provided a normalized spatial discrepancy (NSD) of 0.64
+ 0.02, suggesting a strong agreement between the individual models (Figure 4.3A). The
ab initio model of VAJATS shows two distinct elongated domains possibly coinciding
with apical and central stem-loops. The structure exhibits an elongated conformation,

which agrees with experimental data from the pair distribution function.
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Figure 4.3: Ab initio analysis of VA|ATS. (A) Solution conformation of VAATS
obtained from ab initio analysis using DAMMIN program. (B) A representative ab
initio model of VAIATS-PKR;.169 complex calculated using MONSA program. The
PKR;.169 is presented in cyan color whereas VAJATS is in orange color. (C) A
filtered model of VA;JATS-PKR ;.19 complex obtained form 15 ab initio calculations
indicating overall shape of the complex in solution. (D) In silico model of VAATS
based on ab initio solution conformation determination. A high-resolution RNA
model was obtained from SimRNA program and built into the reconstructions using
PyRy3D. (E) Model of the VAATS-PKR;.69 build based on the ab initio
reconstructions of protein (cyan) and RNA (orange) components of the complex.
Atomic coordinates of the models are available from
ftp://genesilico.pl/iamb/models/VA-RNA/.



4.5 Solution conformation of VAJATS-PKR;.;69 complex

VA lacking the terminal stem is the shortest RNA sufficient for binding and
inhibition of PKR, and therefore I chose this RNA as our PKR binding partner. Prior to
performing SAXS experiments, the VA]ATS-PKR.169 complex was purified by means of
SEC to separate the complex from any unbound individual components. The purity of the
complex was further assessed by DLS (Figure 4.1B) before SAXS data collection. SAXS
experiments were performed at multiple concentrations and the raw data were merged
(Figure 2 inset). An rg of 3.60 £ 0.03 nm and D,,,, of 11 nm was obtained from the bell-
shaped pair distribution function plot that is characteristic of an extended molecule. Both
the r¢ and D, of the complex are slightly smaller than those of the RNA alone,
indicating a potential minor conformational change in the RNA upon protein binding. To
obtain ab initio models, the previously published scattering data for PKR;.j69 [380] was
used as an input dataset along with the scattering data for VAJATS and VAJATS-PKR ;69
complex to determine the solution conformation of the complex using the MONSA
program.  values of 1.0, 0.8, and 1.1 were obtained for PKR.;69, VAJATS and VAJATS
PKR.169 complex respectively, demonstrating the agreement between experimental
scattering data and data calculated from the models. Figure 4.3B presents an individual
ab initio model calculated for the VAJATS-PKR; 69 complex where PKR;.6 and
VAATS interact in a side-by-side orientation that involves entire PKR;.;69 molecule. It is
also evident that VAJATS undergoes a slight conformational change upon its interaction
with PKR.j69. The DAMAVER processed averaged model of the complex obtained from
multiple ab initio models is presented in Figure 4.3C. The NSD parameter of 0.75 = 0.03

was obtained indicating that the individual models are highly similar to each other.



4.6 In silico tertiary structure prediction based on ab initio models

To further visualize the conformations of VAJATS both RNA alone and in
complex with PKR_j69, a set of preliminary tertiary structure models were obtained using
the SimRNA program. Simulations were carried out with restraints on predicted
secondary structure [364]. SAXS solution conformations were then used as a restraint to
filter the resulting low-energy models to select structures for further refinement. Based on
the filtered SIMRNA results, modeling with restraints derived from experimental data
was carried out using PyRy3D, a tool for modeling of macromolecular complexes where
individual parts with defined structures can be represented as either rigid bodies or as
flexible chains. PyRy3D models were generated by minimizing the violation of restraints
including distances between individual elements or their parts, shapes, contacts, exposure
on the surface. Here, segments of VAJATS RNA and PKR;_j¢9 predicted to be rigid were
treated as rigid bodies, and spatial restraints included shapes obtained from SAXS ab
initio reconstructions, and continuity of the nucleotide and polypeptide chains. For
VAIATS alone, the overall dimensions of the in silico structure and SAXS ab initio
model are self-consistent (Figure 4.3D). An extended conformation was observed with
clearly defined apical and central stems oriented roughly perpendicular to each other. For
the protein-RNA complex, the in silico structure supports that both dsSRBMs mediate the
interaction with the apical stem while making no significant contacts with the central
stem (Figure 4.3E). The dsRBM1 is situated at the loop end of the apical stem, whereas
dsRBM2 primarily contacts the apical stem at is base near the junction with the central
stem. The mode of interaction between either of the dsSRBM domains and the RNA is

consistent with the typical RNA-binding mode of essentially all dsRBDs studied to date



[382]. In the context of the RNA-protein complex, the central and terminal stems of
VAJATS adopt a pseudoknot conformation by base pairs that were not restrained in the
simulation.
4.7 Solution conformation of VA RNA

To investigate the structural importance of the terminal stem, ab initio models for
VA were calculated using the DAMMIN program that provided models with y values of
~0.7. Individual models adopt an extended conformation and show three distinct domains
that, at low resolution, may correspond to the predicted stem loop regions of VA (Figure

4.4A).

14.0 nm

11.8 nm

7.9 nm




Figure 4.4: Ab initio analysis of VA; RNA. (A) Solution conformations of VA; RNA
obtained from DAMMIN program. (B) A filtered model of VA; RNA obtained from
DAMAVER program using 15 ab initio models. (C) Comparison of solution
conformations of VA; RNA (blue), VAIATS (red) and VA AS (green) RNAs.

The average model for VA; RNA (from DAMAVER) was determined with a
resulting NSD value of 0.79 £+ 0.01 (Figure 4.4B). By comparison to VAJATS and the
previously published VAJAS model [380], VA; RNA is the largest RNA followed by the
VAJATS, which lacks 21 base pairs in the terminal region of the VA;, followed by the
VAIAS which does not contain the central or the terminal stem (Figure 4.4C).

4.8 Solution conformation of PKR and PKR-VAATS

The original focus of our study was to characterize PKR and PKR-VAATS
complex using SAXS. PKR was expressed and purified followed by dynamic light
scattering analysis at a wide range of concentrations to evaluate its purity. Although the
protein was found to be monodisperse up to 8 mg/mL (highest concentration used in the
current study), the ry at concentrations above 2 mg/mL increased dramatically (data not
shown). The 7y for PKR up to 2 mg/mL was found to be independent of concentration
(Figure 4.5A) and a linear extrapolation of r from 0.5 to 2 mg/mL provided a value of
5.8 £ 0.03 nm. Interestingly, ry of 7.6 = 0.3 nm was obtained for PKR at 8 mg/mL,
suggesting self-association behavior (data not shown). Further evidence of PKR’s self-
association was obtained from SAXS studies performed at multiple concentrations. The
radius of gyration and maximal particle dimension obtained from pair distribution
function analysis of SAXS data for PKR from 3 to 8 mg/mL (Figure 4.5 (B) and (C))
clearly indicates that PKR self-associates. Therefore, an attempt was not made for either

ab initio or rigid body modeling for PKR. I was also able to prepare PKR-VAJATS

complex and purify by SEC. The purity of complex was analyzed using dynamic light



scattering at multiple concentrations and a value of 6.7 £ 0.2 nm was obtained (Figure
4.5D). The pair distribution function analysis for PKR-VAJATS complex suggested minor
increase in rg and D, from ~1.5 mg/mL to 3.2 mg/mL that prevented any further model

building to study low-resolution shape (Figure 4.5E).

A B

s |3gL
4g/lL
o |59
e J7gL

—~ = o |8gL
Eo | =
= °r I 1 b d 0
X I X l J_ =]
5|
4 L L L L L
0 0.5 1 1.5 2 25 18
C (glL) Radius (nm)
8 18 9
. 8}
6 M 16
®
- ® o _ 7} 1
€ s © 8 € =] 3
£4 . ° 14 > £ I + ij_
° . i = 6
2 412
. ® rg(nm) 5r
®  Dmay (nm)
0 L L ' ' 10 4 L L L
0 2 4 6 8 10 0 1 2 3 4
C(gl) C(gL)
8 1501

e {169/
e |30L
5g/L

20

Radius (nm)

Figure 4.5: Hydrodynamic studies on PKR and PKR-VA|\TS complex. (A)
Hydrodynamic radius of PKR measured at dilute concentrations (up to 2 mg/mL).
(B) Pair distribution function analysis of PKR at multiple concentrations. (C)
Dependence of r¢ and D,,. on PKR concentration. (D) Hydrodynamic radius
distribution of PKR-VA| TS complex at multiple concentrations. (E) Pair
distribution function analysis of PKR-VA, TS complex at multiple concentrations
indicating increase in radius of gyration and maximal particle dimension with
increase in concentration.



4.9 Calculation of hydrodynamic parameters from ab initio models

In order to further validate the ab initio solution conformations by SAXS, I
compared experimentally determined hydrodynamic parameters (g, ry and D,,,) with
those calculated from the models (Table 4.1). Using this approach, the ry, r¢ and Dy
values obtained from ab initio models of VAJATS are 3.43 + 0.03 nm, 3.78 £+ 0.06 nm,
and 12.2 £ 0.06 nm respectively, which are in excellent agreement with the
experimentally determined data. The VAJATS-PKRi.169 complex ab initio models
provided the ry, rg and D, values of 3.42 = 0.04 nm, 3.78 £ 0.04 nm and 10.50 + 0.01
nm respectively which are also consistent with the experimental data. An excellent
agreement was also obtained for VA; RNA, where the rg of 4.33 £ 0.03 nm, r5 of 3.65 =
0.02 nm and D,y of 14.2 + 0.02 nm was obtained from ab initio models.
4.10 Discussion

As a countermeasure to host innate immunity, adenovirus transcribes VA; RNA in
host cells to enable viral growth. This effect is at least in part mediated through the
interaction with and inhibition of PKR, a key interferon-stimulated protein. The apical
stem of VA interacts with the tandem dsRBMs of PKR while the central stem plays a
pivotal role in inhibition of PKR autophosphorylation. VA; lacking its terminal stem
(VAIATYS) is sufficient to mediate inhibition in vitro, and suggests maintenance of its
secondary structure. In order to investigate these features, I investigated the solution
conformation of VAJATS, VAJATS-PKR .19 complex, and the full length VA; RNA by
small angle X-ray scattering (SAXS). Prior to solution conformation determination by
SAXS, RNA was purified by SEC and characterized by DLS. For both VA; and VAJATS

a highly pure and homogenous sample preparation was observed (Figure 4.1).



Additionally, the purity of VA; RNA was also confirmed using the analytical
ultracentrifugation. From the sedimentation coefficient of VA; RNA (5.46 £ 0.10 S), the
molecular weight of 54.2 kDa was calculated by taking advantage of the 7y of 3.80 = 0.40
nm using equation 1. The sedimentation coefficient obtained for VA; agrees with a value
of ~5 S obtained from previous study [332]. This agrees with the sequence molecular
weight of 48.2 kDa for a monomer. Therefore, I am confident in my sample quality prior
to SAXS analysis.

The ab initio models of VAJATS suggested it adopts an extended conformation
with two roughly perpendicular protrusions that are consistent with the previously
predicted secondary structure of VA; RNA (Figure 1.7 and Figure 4.3A). The VAJATS
in silico tertiary structure superimposes nicely on the ab initio models, and I propose that
the longer stem represents the apical stem-loop, while the shorter one coincides with the
central stem (Figure 4.3D). Individual ab initio models for full length VA also presented
an extended conformation, but with three distinct domains (Figure 4.4A). Based on
comparison to the solution conformations of VA;AS [380] and VAJATS, the longer stem
of VA| resembles the apical stem and the terminal stem extends beyond the envelope
assigned to the central stem. Unfortunately, the results prevented the structural resolution
of the central from terminal stems in the context of VA;, and will await high-resolution
structure determination. Models are in agreement with the independently determined
experimental data, and model validity is further supported by the determined x and NSD
values (Table 4.1).

Our attempts to study the solution conformation of full-length PKR, free or in

complex with VAJATS, were unsuccessful. An examination of the rg and D, values at



multiple concentrations indicated a concentration-dependent increase in both parameters.
Interestingly, previous SAXS study on PKR was carried out at 1, 2 and 4 mg/mL and
reported a radius of gyration of 4.2 + 0.02 nm at 4 mg/mL that also agrees with the r¢ I
determined at 4 mg/mL. The current study involves wider range of concentrations
(Figure 4.5B) that provides evidence for self-association at higher concentrations.
Although, the r¢ value of 4.2 + 0.05 nm at 4 mg/mL from this study is comparable with
that from VanOudenhove et al. [195]. This result is not unexpected for full length PKR,
as numerous studies have established the dynamic nature of the linker joining the
dsRBMs to kinase domain [194-196]. That similar behavior was observed for the PKR-
VAJATS complex may suggest that the interaction with inhibitory RNA does not
significantly reduce the interdomain linker flexibility. Additionally, this data serves as a
cautionary tale as to the limitations of using SAXS approaches at a single concentration,
particularly in systems where self-association is known to occur.

A recent study from our group provided additional support for the recognition of
the apical stem RNA construct (VA;AS) by the dsRBMs of PKR, where the dsRBMs
track the entire length of the RNA [380]. Here, I have extended the studies to include the
solution conformation of VA lacking the terminal stem (VA;ATS) in complex with the
dsRBMs of PKR (PKRj.is9) in order to determine the structural contributions of the
central stem. The complex adopts an extended conformation where RNA and protein
present a side-by-side interaction (Figure 4.3B,E). Based on (i) comparison of the SAXS
envelopes of VA|-AS and VAJATS (Figure 4.3C), (ii) the computationally predicted
tertiary structure of the complex (Figure 4.3E), and (iii) the previously published VA;-

AS -PKR;.j69 data from SAXS, I propose that the dsSRBMs track the length of the apical



stem but do not interact extensively with the central stem of VA;. While speculative
based on the resolution afforded by SAXS, our results indicate that the loop of apical
stem is involved in the interactions with one of the dsRBMs (presumably dsRBM1)
leaving the other dsSRBM (dsRBM2) of PKR to interact with base of the apical stem, thus
supporting previously reported mode of recognition between the RNA and PKR [380].
The central stem is oriented roughly perpendicular to the helical axis of the apical stem,
which suggests a potential structural basis for the inhibition of PKR via steric prevention

of PKR self-association.



CHAPTER 5: THE STRUCTURAL INTEGRITY OF THE CENTRAL STEM-
LOOP OF ADENOVIRUS VA| RNA IS ESSENTIAL FOR PKR INHIBITION
Chapter 5 is an adaptation of a manuscript titled “The structural integrity of the central
stem-loop of adenovirus VA; RNA is essential for PKR inhibition” that is in the process of
being submitted for publication. Co-authors on this manuscript include Edis Dzananovic,
Trushar R. Patel, Soumya Deo, Grzegorz Chojnowski, Astha, Evan P. Booy, Kevin
McEleney, Janusz M. Bujnicki, Sean A. McKenna. E.Dz was primarily involved in
carrying out the preparation and writing of manuscript. In addition, E.Dz. was
responsible for designing and performing the experiments including analysis of
experimental data. T.P. assisted with ab initio modeling of macromolecules. S.D.
contributed to preparation of protein, RNAs, and buffers. High-resolution modeling is to
be performed by members of J.B. group, G.C. and Astha (data not included in thesis). E.
B. contributed by providing technical assistance with western blotting. K.M. was
responsible for operating the Small angle X-ray instrument. S.M. is a principal
investigator.
5.1 Background

To evade the host innate immune system, some viral countermeasures include
transcription of small non-coding RNAs that inhibit PKR via direct binding to the
dsRBMs of PKR to prevent autophosphorylation [274]. Adenovirus uses the host RNA
polymerase III to transcribe virus associated RNA-I (VAj) that accumulates during the
late stages of infection to inhibit PKR [160, 234, 235, 290-292]. At the secondary
structure level, VA consists of two stem-loops, apical (AS) and central (CS) (Figure 1.7)

and a terminal stem (TS) region [321, 323, 324, 383]. Functionally, the apical stem of



VA is responsible for interaction with the dsRBMs of PKR, while the central stem plays
a pivotal role in the inhibition of PKR autophosphorylation. The terminal stem appears
dispensable for PKR inhibition, as VA lacking the terminal stem (VA;ATS) has no
impact on affinity for or inhibition of PKR in vitro [328]. Moreover, VAIATS may
represent a biologically relevant structure based on results demonstrated by the Dicer-
processing of VA; by the RNA interference machinery [328].

The central stem is hypothesized to prevent PKR self-association and
autophosphorylation through steric means, through formation of a pseudoknot that adopts
a structure favorable to inhibition, or a combination of both [227, 383, 384]. Although it
is evident that the central domain of the VA is critical for the inhibition of PKR [160,
274, 291, 292], contradictory results suggest that the central stem is dispensable [385,
386]. Instead the central stem’s overall organization as a three-helix junction found at the
base of the three stems plays a crucial role for the activation [386]. The interaction
between the PKR and the RNA is mediated through dsRBMs of PKR and the apical stem
of RNA, while the RNA-mediated inhibition of PKR is accomplished through the central
stem-loop of VAJATS [321, 323, 324]. Recently, several studies have questioned the role
of central stem-loop in the inhibition of PKR by VAJATS [386]. Magnesium ions have
been shown to play multiple roles required for the function of VA; RNA. The binding
stoichiometry to PKR is modulated by the presence of Mg ions [387], and PKR requires
the presence of the divalent ion for its function [160, 190, 193, 291]. In addition, it has
been observed that Mg”" is required for the formation of pH-dependent tertiary structure

in the central stem of the RNA [387]. Furthermore, Mg®" ions are present under the



physiological condition within the cell. Based on these observations we decided to
perform experiments in presence of Mg”" ions.

As of now there is no high-resolution structure of PKR, VA/VAJATS, or the
complexes involving these molecules. However the high-resolution structures of PKR_j69
[157] and kinase domain [165] together with SAXS models of full length PKR [158] as
well as PKR_j¢9 alone and in complex with short viral dSRNAs [380, 383] give insight
into mechanism of activation/inhibition of PKR. NMR studies of PKR.1¢¢ show that each
dsRBM from PKR adopts a canonical fold required for dsSRNA recognition, containing a
3-stranded antiparallel B-sheet flanked by 2 a-helices with the tandem dsRBMs joined by
a 23 amino acid linker [157]. The C-terminal region of PKR encompasses a Ser/Thr
kinase domain involved in PKR autophosphorylation and recognition and
phosphorylation of target substrate. Structural studies on the kinase domain in complex
with elF2a detailed the overall Ser/Thr kinase fold including the Thr446 and Thr451
residues in activation loop overhanging the kinase active site that lead to PKR
autophosphorylation and activation as well as the features required for target substrate
interaction [165, 380, 383]. The dsRNA binding and kinase domains are joined by a third
region, a flexible interdomain linker (80-residue), implicated in PKR self-association
[158, 159]. Previous studies have shown that significant flexibility in the two linkers (one
between the dsSRBMs, the other between the dsSRBMs and kinase domains) exist, allowing
for two distinct conformations of PKR; an extended “open” conformation where dsRBMs
and kinase domains are not in contact, and a collapsed “closed” conformation [158, 161,

196-198].



The solution conformation of VA; and VAJATS reveal that the RNA takes upon
an extended shape in solution [383, 388]. The ab initio model of VA; and VAJATS shows
two distinct elongated domains coinciding with apical and central stem-loops consistent
with the previously predicted secondary structure. Tertiary structure computational
models of VAIATS show an extended conformation was observed with clearly defined
apical and central stems oriented roughly perpendicular to each other [383]. SAXS
modeling together with chemical probing reveal the presence of pseudoknot in VAJATS
formed between the loop of central stem and a single-stranded region near the three-way
junction of the AS, CS, and TS [388]. In addition, a solution conformation of PKR_j¢9 in
complex with apical stem of VA; (VA-AS) and VAJATS determined by SAXS show an
extended shape in solution with small decrease in size of VAJATS suggestion a change in
RNA conformation upon binding to PKR.;69. VA-AS and VAJATS are shown to interact
in a side-by-side orientation that involves entire PKR;_ 169 molecule. dsRBMs track the
length of the apical stem but do not interact extensively with the central stem of VA
Both the loop and stem region of each RNA are involved in the interaction with both
dsRBMs and the linker region between them. In silico model of VAJATS-PKR;_i69
structure supports that both dsSRBMs mediate the interaction with the apical stem while
making no significant contacts with the central stem.

In this study we have investigated the role of the central stem-loop in the
mechanism of inhibition of PKR by the VAJATS RNA. In order to establish the
importance of various structural features in the inhibitory central stem to PKR inhibition,
we produced and purified VAJATS RNA and VAJATS with modest in the central stem of

VAJATS designed to not drastically affect the overall tertiary structure of the RNA and



retain full binding affinity for PKR. Electrophoretic mobility shift assays (EMSAs) were
performed to confirm that the mutations do not affect binding affinity. Dynamic light
scattering (DLS), and small-angle X-ray scattering (SAXS) were used to determine the
impact of mutation on global tertiary structure. /n vitro autophosphorylation assays were
then performed to determine the impact of mutation of the central stem on PKR, and
suggest that preservation of the pseudoknot structure, and not steric hindrance represents
the mechanism of PKR inhibition. Finally, VA|-PKR complexes were compared
structurally to determine the impact of mutation on complex structure.
5.2 Purification of VAJATS derivatives to probe central stem structure

To study the effect of specific structural features of the central stem-loop (CS) of
VAIATS on its ability to inhibit PKR, we in vitro transcribed VAJATS RNA (used as a wt
RNA in this study) and six mutant versions of the RNA that all retained the apical stem
(AS) (Figure 1.7). The mutants probe the CS heptaloop by mutation to UUCG (Aloop),
CS bulge at its base by conversion to perfect duplexed (Abulge), mid-CS GU bp by
conversion to a canonical GC basepair (AGU), CS length by stem shortening by two
(ACD2bp) or 4 bp (ACD4bp), or complete CS truncation (ACD). In vitro transcribed
RNAs were purified using non-denaturing size-exclusion chromatography (SEC) in a
Mg**-containing buffer (Buffer, 50 mM Tris pH 7.5, 100 mM NaCl, 5 mM MgCl,.)

(Figure 5.1A).
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Figure 5.1: Purification of VAJATS and its mutant versions by size exclusion
chromatography. (A) HiLoad 26/60 Superdex 75 size exclusion chromatography
purification of RNA. The elution range for the peak volume of each RNA (insert)
(B) Native gel electrophoresis of VAIATS and its mutants. 2 pg of each RNA was
loaded on 8% native TBE gel. Gels were stained with Toluidin blue for total RNA.
Concentration of elution fractions was monitored by in-line spectrophotometric
detection at 260 and 280 nm simultaneously.

This method allows separation of template plasmid and small molecule
contaminants from the desired RNA. The elution profiles demonstrate good separation
and that all RNAs elute in a similar volume range as the wt (VA;ATS), with the notable
exception of ACD that lacks the CS and is of smaller size. Sample purity of the samples
was verified using native gel electrophoresis, where again all RNAs share similar features
to wt with the exception of the smaller ACD (Figure 5.1B).

Dynamic light scattering (DLS) analysis of each sample was performed to ensure

sample monodispersity over a range of RNA concentrations (Figure 5.2), and was used



to determine the hydrodynamic radius (7) for each RNA by extrapolation to infinite

dilution (Table 5.1).
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Figure 5.2: Homogeneity of VAJATS and its mutant versions. The concentration
dependence of the hydrodynamic radius (rg) was determined by DLS. For
comparison purposes, DLS experiments were carried out in Tris-based buffer in
presence (solid line) and absence (dashed line) of Mg2+.

Samples displayed no observable change in 7y consistent with self-association
over the concentration range examined, suggesting that subsequent solution structure
experiments using small-angle x-ray scattering (SAXS) were feasible. Reasonably
comparable ry values for the mutant and wt VAJATS suggest absence of any drastic

conformational changes of mutated/truncated RNA molecules. Identical experiments

were repeated using RNAs prepared in buffer lacking Mg®" (Buffer 2) and some



noticeable differences were observed when compared to samples containing Mg®" (Table
5.1, Fig. 5.2, open circles). For the majority of RNAs, the absence of Mg resulted in a
minor but significant decrease in ry values, with the notable exceptions ACD, AGU and
A2bp where no change in ry is observed. Given that Mg>" would be present under
physiological conditions, all subsequent studies were performed in its presence.
5.3 Specific central stem mutations affect the solution conformation of VA;ATS

To obtain structural insights of the impact of modest mutations on the structure of
the CS, we performed SAXS experiments on each of the wt and derivatives in the
presence of Mg>". The scattering profiles of individual concentrations were merged to
obtain a single scattering profile (Figure 5.3A), from which the p(r) distribution function
(distribution of electron pair distances in the sample), maximum particle dimension
(Dmay) and radius of gyration (rg) were determined using GNOM analysis. The p(r)
distribution function of these RNAs show profiles that adopt a skewed bell shape at short

radii with an extended tail that is typical of an elongated molecule (Figure 5.3B).
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Figure 5.3: Characterization of complexes by SAXS. (A) SAXS scattering profiles
for VAIATS and its mutant versions. Each data point represents the merged raw
data from multiple sample concentrations. (B) Dependence of the pair distribution
function upon particle radius for each of the samples outlined in A. (C) Averaged ab
initio model of VA;ATS and its mutants obtained from DAMMIF.

The extended tails observed in the p(r) distribution functions from each RNA
have different shapes suggesting structural differences between these RNAs. While the
wt and majority of the mutants display little definition in the tail, Aloop and Abulge
present distinctive definition in the tail suggestive of specific subdomain formation that is
distinct. The rg values determined for all RNAs obtained from GNOM analysis were
comparable to each other (3.60-3.96 nm), although the largest results were observed for
Aloop and Abulge (Table 5.1). D, values determined were also relatively similar

amongst the RNAs (11.2-12.5 nm) with Abulge at the smaller end and wt/ACD at the



larger (Table 5.1). Taken together, these results were suggestive that introduction of

modest mutations, to the loop and bulge in particular, was having a significant impact on

VA structure.
RNA Experimental HYDROPRO

R, (nm) R, (nm) D, (nm) Chi NSD R, (nm) R, (nm) D, (nm)
ACD 3.77£0.40 3.70 £ 0.06 12.5 1 0.58 +0.03 3.40 £ 0.04 3.71 £ 0.04 12.6 +£0.02
ACD 4bp 4.27 +0.08 3.63 £0.03 114 0.91 0.77 £ 0.04 3.68 +0.02 3.67 £0.03 11.5+0.1
ACD 2bp 3.68 £ 0.06 3.60 £ 0.04 12.0 0.91 0.72 £ 0.03 3.55+0.03 3.64 £ 0.04 12.1+0.01
AGU 3.76 £0.01 3.75+£0.04 11.8 1 0.80 = 0.03 3.63 £ 0.03 3.78 £0.03 12.1+0.01
Aloop 4.07 £0.07 3.96 £ 0.05 124 1 0.95 + 0.08 3.84 £0.03 4.00 £ 0.06 13.2+0.12
Abulge 4.12 +0.02 3.87 £0.06 11.2 0.92 1.1 £0.06 3.84 +0.04 3.90 £ 0.05 11.7 £ 0.06
VAATS 3.64 £0.14 3.77 £0.05 12.5 1 0.78 £ 0.02 3.57 £0.04 3.78 £0.06 12.7£0.02
ALoop/ 5.30 +0.08 4.27+0.10 13.0 1,1.1,1 0.80 = 0.05 4.02+0.10 3.87+0.10 12.5+0.20

PKR,
TSA21/ 3.90+0.28 3.95+0.07 13.2 1,1.2,1.1 0.53 £ 0.04 4.23+0.10 3.95+£0.02 13.0+0.14

PKR ¢

Table 5.1: Comparison of experimental and predicted hydrodynamic parameters

To determine the average solution conformation of VAJATS and mutants, the
experimentally determined p(r) plot, r¢ and D,,,., were used as constraints for generating
ab initio models. Twenty models for each RNA were determined using the program
DAMMIF [352]. The calculated y value for individual models for each RNA was ~1
indicating good agreement between the experimental data and data calculated from ab
initio models (Table 5.1). Ab initio models were then rotated, aligned, averaged and
filtered using program DAMAVER [368] that provided a normalized spatial discrepancy
(NSD) of ~1 suggesting a strong agreement between the individual models. DLS
experiments were carried out before (Figure 5.2) and after (data not shown) the SAXS
experiments to ensure sample quality. An elongated solution conformation of wt VAJATS
with a modest bend near the midpoint of the structure was observed, and is consistent
with a previously determined model [383] (Figure 5.3C, yellow). Noticeably, no obvious

regions corresponding to the AS and CS are observed. When compared to the wt ab initio



model, AGU and A2bp present a similar overall shape to wt, suggesting that these
mutations have no discernable effect on VA; conformation (Figure 5.3C, blue and
green). ACD while adopts a completely linear extended conformation, consistent with an
RNA that lacks the central stem and is almost completely A-RNA conformation along its
length (Figure 5.3C, brown). A4bp adopts a conformation that is slightly less elongated
and more globular at one end relative to wt (Figure 5.3C, purple) Aloop and Abulge
show a large protuberance in the form of a distinct junction that is not observed in the wt
(Figure 5.3C, crimson and orange). Abulge, in particular, displays an enveloped
consistent with AS and CS in a perpendicular orientation. Together the data are consistent
with VAJATS adopting a compact structure wherein either the AS and CS are aligned in
an end-to-end orientation mimicking an elongated A-RNA helix, or the CS is collapsing

down and directly interacting with the rest of the RNA.

5.4 Mutations in the central stem-loop of VAJATS do not significantly impair
binding affinity to PKR

Previous studies have shown that the CS does not make a high-affinity interaction
with any region of PKR, and that the AS of VA is solely responsible for the interaction
with the PKR [160, 227, 274, 291, 292]. Therefore, we would expect that the CS mutants
would interact PKR and with similar affinity as wt. To assess binding stoichiometry and
affinity of RNAs to PKR, EMSAs were performed at a single concentration of RNA (100

nM) and protein (500 nM) (Figure 5.4A).
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Figure 5.4: EMSA performed to assess binding stoichiometry and affinity of RNAs
to PKR. (A) EMSAs performed at a single concentration of RNA (100 nM) and
protein (500 nM). (B) EMSA of PKR (0-1000 nM) binding to AGU (left) and ACD
(right) (100 nM) confirming the formation of a single complex. Quantification of

free RNA bound to PKR. Curve fitting and calculation of Ky was performed as
described in section 2.4.

Under these conditions, all RNAs interact with PKR. To compare the affinity of
the mutants to that of VAJATS, RNAs were incubated with increasing concentrations of
PKR and a gradual shift to higher molecular weight species was observed. Figure 5.4B

shows representative EMSAs for two of the RNAs, ACD and AGU. Identical experiments



were performed for all of the RNAs, and the fraction bound was plotted against the
protein concentration to determine the relative affinity of the RNAs for PKR (Figure
5.4C). Within error nearly identical binding curves were observed for each RNA,
indicating that the mutations introduced to the CS are not impacting the AS structure.
5.5 Mutations in the CS that disrupt the potential pseudoknot attenuate the
inhibition of PKR

Recombinant human PKR activation loop autophosphorylation was assessed by
incubation with VA/ATS and mutants in the presence of ATP/Mg”” with detection of

Thr446 phosphorylation using immunoblotting (Fig. 5.5A).
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Figure 5.5: Activation of PKR in presence of VAIATS (wt) and its mutant versions.
(A) PKR (100 nM) and RNAs (500 nM) were incubated for 15 min at 30 °C. PKR
autophosphorylation assays were performed, as previously described in section 2.6.
The phosphorylation levels of PKR monitored by Anti-PKR Thr446 specific
antibodies. (B) Quantification of PKR autophosphorylation in presence of variable



concentrations of RNAs. Quantification of phosphorylated PKR was performed by
using Alpha Imager Software.

In the absence of RNA (negative control), basal levels of PKR phosphorylation
were observed. In the presence of synthetic dsRNA (poly I:C, positive control), an
increase in antibody intensity and a slight change in migration on the gel are observed,
both characteristic of PKR autophosphorylation. Consistent with its established role as a
PKR inhibitor, VAJATS does not lead to PKR activation above negative control levels.
AGU and A2bp, which show similar solution structures to VAATS, also do not lead to
PKR activation. As expected, ACD, which lacks the inhibitory CS, acts as an activator of
PKR. Interestingly, mutation to Aloop, Abulge and A4bp also lead to PKR activation in
vitro, suggesting that these RNAs have lost their inhibitory potential (Figure 5.5A). To
directly compare the relative activity of these RNAs with respect to PKR,
autophosphorylation was measured over a concentration series (Figure 5.5B). As
expected ACD behaves as a potent activator of PKR, but surprisingly Abulge led to
higher autophosphorylation at all concentrations. Aloop and A4bp led to similar
intermediate activation well above the negative control. VAIATS, AGU, and A2bp were
within error of the negative control even at high RNA concentrations. To confirm that
AGU and A2bp retained their ability to inhibit PKR (as opposed to not activating),
increasing concentrations of these RNAs were pre-incubated with PKR and then
challenged with a potent dsRNA activator, poly [:C (Figure 5.6A,B). As expected,
VAIATS increasingly inhibits PKR at higher concentrations, as do AGU and A2bp to a

similar extent.
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Figure 5.6: Inhibition of PKR by VAJATS (wt), AGU, and A2bp. (A) PKR (100 nM)
and variable concentrations of RNAs were preincubated for 10 min at room
temperature, followed by addition of 10 pg/ml polyl:C. Reaction mixture was
incubated for further 15 min at 30 °C. PKR autophosphorylation assays were
performed, as previously described in section 2.6. (B) Quantification of PKR
autophosphorylation in presence of inhibitors. Quantification was performed as
described in section 2.6. The percent inhibition was calculated relative to a sample
containing no inhibitory RNA.

Together, the activation and inhibition assays clearly highlight that although all
RNAs examined bind PKR with similar affinity, inhibition of PKR by VAJATS depends
upon a specific structural conformation of the CS, in particular the bulge at the base of
the CS, and to a lesser extent the loop composition and stem length.
5.6 Solution conformations of the dsRBMs of PKR in complex with VAJATS and

Aloop adopt subtly different conformations



It has been suggested that structure of VAJATS is stabilized by pseudoknot
formation between the loop of CS and a single stranded region adjacent to the CS, and
that the interaction between VAJATS and PKR is modulated by the Mg*" ions [386, 388].
In Chapter 4 we have shown an ab initio SAXS model for the VA]ATS-PKR .69 complex
in the absence of Mg2+ where PKR ;69 (dSRBMs alone) and VAJATS interact in a side-
by-side orientation that involves entire PKR_j¢9 . The calculated hydrodynamic properties
for this complex showed that the complex is slightly smaller than that of the RNA alone,
suggesting a probable minor conformational change in the RNA. We extended our
studies on VAJATS-PKR.169 complex in the presence of 5 mM MgCl, (Buffer 1) in order
to examine the effect of Mg®" ions on overall structure and stability of the VAATS-
PKR|. 160 complex. The pair distribution function in the presence of Mg®" is very similar

to that previously determined in the absence of Mg®" (Figure 5.7A,B).
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Figure 5.7: Characterization of complexes by SAXS. (A) SAXS scattering profiles
for wt-PKRj.169, and Aloop-PKR;.;¢9 complexes. Each data point represents the
merged raw data from multiple sample concentrations. (B) The pair distribution
function analysis of wt-PKRj.;69, and Aloop-PKRj.;¢9 complexes. (C) A filtered
model of wt-PKR;.;60 complex. (D) A filtered model of Aloop-PKR;.;¢9 complex



obtained form ab initio calculations indicating overall shape of the complex in
solution.

The MONSA derived ab initio model shows a one-to-one complex where
VAJATS and PKR|. 49 interact in a side-by-side orientation with both dsSRBMs and the
linker of PKR;.j¢9 being involved in the interaction (Figure 5.7C). The calculated y
values show good agreement between the experimental and model derived hydrodynamic
parameters, and NSD values show excellent agreement indicating that the individual
models are in good agreement with each other (Table 5.1). Computational models of the
complex reinforce that the entire length of the RNA molecule, including pseudoknot, are
mediating the interaction with the dsSRBMs of PKR (Figure 5.7C).

Our SAXS and activation data show that a mutation in the loop of the CS has a
significant impact on the overall conformation and function of VAJATS. To examine the
structural importance of the CS loop in pseudoknot formation and PKR interaction, we
conducted SAXS experiments on purified Aloop-PKR;.j69 complex in the presence of
Mg*" (Figure 5.7A). While exhibiting similar D, values, the pair distribution function
of Aloop-PKR.169 complex has distinct differences when compared to that obtained for
VAIATS-PKR .49, reflected in an rg for Aloop-PKR.j¢9 being slightly larger than the
VAIATS-PKR 160 + Mg®" complex (Figure 5.7B, Table 5.1). The ab initio model of
Aloop-PKR 169 complex generated by MONSA shows an extended structure in solution
as suggested by the bell-shaped distribution function with a long tail (Figure 5.7D). The
ab initio model obtained by MONSA show that overall structure of Aloop-PKR;.169 +
Mg2+ complex is different from the VAJATS-PKR 169 + Mg2+ complex.

5.7 Discussion

The antiviral properties of PKR are well established [142, 225, 234, 290]. Viruses



have evolved various strategies to circumvent host immunity. In the case of PKR, viruses
produce small non-coding dsRNAs, including VA, that interact with PKR and prevent its
self-association, thereby inhibiting its antiviral effects. The structural mechanism of
inhibition of PKR by VAATS is not fully understood; however, previous in vitro studies
have highlighted the importance of the CS of VA; in the inhibition of PKR self-
association [160, 234, 235, 290-292]. Recent studies have suggested that a pseudoknot
forming between the CS and a single-stranded region (nucleotides 123-127, Figure 1.7)
plays an important role in stabilizing the overall VA; structure and may be functionally
required for inhibition [386, 388]. Isothermal calorimetry, NMR and RNA footprinting
studies previously suggested that the CS of VAJATS does not make a direct high affinity
interaction with any region of PKR [160, 274, 291, 292]. Therefore, while it is clear that
the CS is required to sequester PKR in a 1:1 complex incapable of trans-
autophosphorylation, it is unclear whether this is due to the CS imposing a steric block to
PKR dimerization, or the CS being crucial to proper folding at the three-way junction of
the AS, CS, and TS so that inhibitory complex formation with PKR occurs. We therefore
studied VAJATS and CS mutants to understand the mechanism of PKR inhibition.
Binding affinity of these RNAs for PKR were all within error of each other and
consistent with previously published data [160, 387, 389]. Therefore, the structural and
activity differences observed for different VAJATS mutants cannot be accounted for by a
simple increase or decrease in affinity.

Overall, the SAXS models of VAIATS and mutants, when considered in
conjunction with the previously determined computational tertiary structures of VAJATS

and VAJATS-PKR ;60 complex strongly suggest the formation of a pseudoknot requiring



specific structural features of the CS. Instead of observing the predicted perpendicular
orientation of the CS and AS based on secondary structural information, VA]ATS adopts
an extended conformation in solution suggesting that the AS and CS form a more
compact structure (Figure 5.3C). Although the A4bp, Aloop and Abulge mutants contain
minor changes in the wt structure, their low-resolution models present a clear
conformational difference when compared to VAJATS (Figure 5.3). We observe a clear
conformational change in overall shape of Aloop, where a hexaloop is replaced with a
UUCG tetraloop, suggesting that the loop sequence is important for the overall VAIATS
fold. While converting the CS bulge to a perfectly double stranded stem (Abulge) was
expected to introduce a more rigid conformation, a large protuberance in the three-way
junction region of this mutant was observed suggesting disruption of an important tertiary
interaction. Interestingly, mutation of a GU bp to the more conformationally restricted
GC bp in the CS had no such structural impact. Activation assays reinforce that mutations
that disrupt the compact VAJATS fold behave as activators, and not inhibitors, of PKR
(Figure 5.5). Complete truncation of the CS (ACD), in fact shows substantially higher
phosphorylation levels than VAJATS. Disruption of the compact pseudoknot structure
with Aloop and Abulge results the loss of PKR inhibition despite increasing the potential
for steric prevention of PKR autophosphorylation, arguing that a specific VAJATS
conformation, as opposed to steric features of VA, is responsible for inhibition of PKR.
In addition to the loop composition and presence of the bulge for RNA function, the
length of the stem has also been shown to be crucial for PKR inhibition, [291], and while
deletion of 2 bp in the stem has no impact on structure or inhibition of PKR, the more

aggressive deletion of 4 bp impacts the structure and inhibition to a significant degree.



We propose that these mutants are able to activate PKR instead of inhibiting PKR due to
the loss of structural integrity of the central stem.

It has been reported that Mg ions are required for tertiary stability of VA, and
that PKR-VA,ATS complex formation is enhanced in the presence of Mg”™ ions [386,
388]. The solution conformation of VA;ATS in the presence of Mg>" does not show any
significant conformational change relative to the previously determined SAXS structure
of VAIATS in the absence of Mg”™ (Figure 4.3A), although in the presence of Mg”" a
slightly larger D, 1s observed for the dSRBD-RNA complex. When comparing VAJATS
+ Mg ab initio model to VAIATS + Mg*" solution model determined by Launer-Felty et
al. [388], both models show extended structure in solution. However, the overall shape of
two RNAs is remarkably with model presented here showing a well-defined apical and
central domain.

Since no significant change was observed in overall conformation of VAJATS +
Mg®" when compared to the previously determined structure of VA/ATS [383], we
investigated the VAJATS-PKR .10 + Mg”" complex and compared it to the previously
determined VAJATS-PKR .69 complex (Figure 4.3B), to examine if the complexes differ
in the presence and absence of Mg®". SAXS data analysis suggests that the complex of
wt-PKR 160 + Mg”" adopts an extended conformation with side-by-side interaction of
RNA and protein where PKR;.j49 follows the entire length of an apical stem of RNA
(Figure 5.7).

Due to the facts that (i) Aloop has very distinguishable solution conformation
compared to the rest of the mutants (Figure 5.3), (if) it acts as an activator of PKR

(Figure 5.5) and (iii) it is involved in pseudoknot formation, we also investigated Aloop-



PKR.160 complex in the presence of Mg”" to study how dsRBMs recognize Aloop. The
ab initio model of Aloop-PKR.;¢0 + Mg®" complex displays an extended and curved
conformation compared to that of wt-PKR, s + Mg>" (Figure 5.7D). Since the
interaction between Aloop and PKR ;¢ involves interaction between different regions of
RNA and the protein, it possibly points towards the formation of a pseudoknot in the
context of the RNA-protein complex.

Taken together, it can be argued that Mg>" ions do not have a significant impact
on overall structure of the VAJATS-PKR ;69 complex. The individual structure of Aloop
together with that one of the Aloop-PKR.;69 complex in support by the activation assays
confirm that the loop of the central stem is crucial for the structural integrity and the
function of VAJATS. Central stem loop of VAJATS is a dynamic structure that is very
important for overall structural integrity of RNA and its function in the context of viral
survival within the hosts cell. Overall our data presented here show that in addition to
previously proposed role of the central stem-loop of VAJATS in PKR inhibition, the
length of the central domain structure as well as its nucleotide composition are very

important for the stability and the function of VAJATS as an inhibitor of PKR.



CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS

6.1 Conclusions

PKR, a product of an ISG, is a key protein in the innate immune system involved
in the initial response to pathogens [142]. PKR binds to viral double-stranded RNA
(dsRNA), and after initial binding PKR self-associates and then it becomes
autophosphorylated. In turn, PKR phosphorylates its substrate eukaryotic initiation factor
2a, which slows the translation of viral proteins. In addition to PKR’s role in innate
immunity, PKR is shown to be involved in cell-signaling pathways, such as signal
transduction, differentiation and apoptosis [151]. Latent PKR interacts directly with
dsRNA from replication by-products, mRNA transcripts, or the viral genome itself [232].
In addition to viral dsRNA, PKR can be activated by heparin, dextran sulfate, chondroitin
sulfate, and poly-L-glutamine [390]. PKR interacts with its binding partners through
tandem double-stranded RNA-binding motif (dsSRBM). The recognition of dsRNA by
dsRBMs is mainly mediated through consecutive minor-major-minor grooves of the
RNA helix, and approximately 1.5 turns (~15 bp) of the A-form RNA helix is required
for the interaction with single dsRBM [169, 170, 180-183]. Both dsRBMs of PKR are
required for the high affinity interaction with dsRNA [160]. In addition to a minimum
length requirement, specific structural (bulges, loops, etc.) and nucleotide modifications
(i.e. 5’-phosphorylation state) have been observed to be accommodated by PKR, and in
some cases significantly affect both the affinity for and activation of PKR [226-231].
Regulation of PKR activity by RNA secondary structure is best observed in PKR’s
interaction with two imperfectly base-paired viral dsRNAs: HIV-1 transactivation

response (TAR) element, and adenovirus VA (viral associated) RNA 1 (VA)).



HIV-1 TAR is viral dsRNA activator of PKR [233]. TAR adopts a 23 bp RNA stem-loop
structure with distortions including a trinucleotide bulge and hexaloop [239, 240]. HIV-
infected cells treated with interferon demonstrate a decreased production of HIV proteins
as well as HIV particles due to the activity of PKR [249]. A study has suggested that a
dimeric form of TAR activates PKR [254]. However, the biological basis for TAR
dimerization remains a topic for debate. Adenovirus VA; is a non-coding RNA
implicated in viral growth. VA; dsRNA consists of three major short imperfectly base-
paired stem-loop regions with different functions; an apical stem-loop (dsRBM-binding
stem); the central stem-loop domain that is responsible for PKR inhibition; and a terminal
stem structure that contains important transcription signals but is entirely dispensable or
the PKR kinase inhibition activity of VA; [321, 323, 324]. PKR has been identified as
one of the key enzymes responsible for an overall decrease in protein synthesis in host
cells in the absence of VA; RNA [234, 290]. VA binds to PKR via its apical stem with
similar affinity as TAR and other activators, but prevents PKR self-association and
autophosphorylation through its central stem-loop thus prolonging the viral infection in
the host [160, 234, 235, 290-292, 322, 379]. It has been suggested that VA structure is
stabilized by Mg*" ions [387, 391], and that central stem-loop is stabilized by pseudoknot
[384, 386, 388], which could potentially be important for its function. VA; lacking its
terminal stem (VAJATS) is the shortest version of VA sufficient to bind to PKR with full
affinity and mediate its inhibition in vitro [184, 274, 291, 332]. The apical stem of VA;
(VA-AS) alone binds PKR.j69 with high affinity and it contains the ability to stimulate

autophosphorylation and kinase activity of PKR in vitro [160].



The work presented in this thesis focused on understanding how the interaction between
PKR and imperfectly basepaired viral dSRNA ligands regulates the enzymatic activity of
PKR. Together, the results also present an experimental approach to combine
hydrodynamic measurements, SAXS, and computational structural predictions to study
protein—RNA interactions. This work has recently been recognized in a review articles by
one of the leading experts in biological SAXS [392].

In order to understand the interaction between PKR and short imperfectly
basepaired viral dSRNA, I sought to investigate how each dsRBM orients and interacts
with TAR and VA; to provide a plausible framework for the recognition of RNA
substrate by the tandem dsRBMs (PKR;_i¢9). In addition, I studied the structural features
of VAJATS that enable recognition and inhibition of PKR self-association. Both TAR and
VA, form a high-affinity interaction with PKR. Using small-angle X-ray scattering
analysis, I have shown for the first time a structure of tandem dsRBMs in complex with
imperfectly base paired viral dsSRNAs. Ab initio models of TAR-PKR;_ 169 and VAJATS-
PKR .69 complexes determined by SAXS highlights the role of linker between dsRBMs
in PKR_;¢9, as well as of bulges and loops in viral dSRNAs for recognition of imperfectly
duplexed RNA. I have shown, in agreement with previous studies, that central stem-loop
of VA; has no binding affinity for PKR, yet tertiary organization of three-way junction
and central stem-loop of RNA is crucial for structural integrity and its function in PKR’s
inhibition. SAXS studies on VAJATS and VAJATS-PKR 169 complex in the presence and
absence of Mg®" demonstrated that Mg®" ions do not have significant impact on overall

shape of RNA and complex. Finally, SAXS experiments together with activation assays



in the context of the RNA-protein complex points towards possible formation of a
pseudoknot, which is thought to be important for stability of the RNA and its function.

The averaged solution conformation of PKRj.;9, RNAs and their complexes
show an extended shape in solution. PKR ;69 adopts an extended structure that appears to
orient the individual dsRBMs at opposite ends joined by the interdomain linker. The
averaged solution conformation of TAR, VA-AS, and VAJATS presents an extended
shape. TAR and VA-AS ab initio solution conformations have a slight curvature to their
structure with VA-AS model showing a more pronounced definition in terms of three
distinct bulges. The models for both RNAs lack significant definition in terms of distinct
structural features such as the loop or internal bulge. The ab initio model of VAJATS
shows two distinct elongated domains coinciding with apical and central stem-loops
consistent with the previously predicted secondary structure. In addition to the solution
conformation of VAJATS, to further visualize the conformations of VA|ATS RNA, a set
of tertiary structure computational models were obtained using the SImRNA program
through work with our collaborators. An extended conformation was observed with
clearly defined apical and central stems oriented roughly perpendicular to each other. The
overall size of the computer-derived model is in good agreement with the overall
dimensions of the SAXS ab initio model.

The solution conformation of TAR-PKR;.¢9 and VA-AS-PKR; 169 complexes
show a similar solution conformation with overall extended disc-shaped topology. The
RNA-protein interface curves along the length of the extended complex structure, with
both dsRBMs and the linker region between them are required for the interaction with the

RNA. Both the loop and stem region of each RNA are involved in the interaction. In



complex, TAR adopts a significantly more defined conformation as the RNA stem loop is
clearly visualized upon complex formation with PKR.;¢9. The loop region of the VA-AS
RNA was not pronounced, and no significant conformation change is observed in the
RNA molecule upon binding to PKR.j¢9. Ab initio models calculated for the VAJATS-
PKR.169 complex show that PKR.;69 and VAJATS interact in a side-by-side orientation
that involves entire PKR;.;q90 molecule. VAJATS undergoes a slight conformational
change upon its interaction with PKR ;9. dSRBMs track the length of the apical stem but
do not interact extensively with the central stem of VA;. In silico model of VAJATS-
PKR|.169 structure supports that both dsSRBMs mediate the interaction with the apical
stem while making no significant contacts with the central stem. dsRBM1 is interacting
with the loop end of the apical stem, whereas dSRBM?2 contacts the apical stem at is base
near the junction with the central stem.

The complex between PKR 69 and two activator RNAs (TAR and VA-AS) show
how tandem dsRBMs are capable of tolerating a wide range of sequence and structural
motifs (bulges and loops). In addition, positioning of dsSRBMs along the length of RNA
allows for the argument that two PKR molecules could be potentially accommodated on a
single small RNA substrate thus enabling the self-association of PKR. In similar fashion,
the orientation of dsSRBMs in complex with VAJATS positions the central stem of the
RNA in close proximity to the interdomain linker and kinase domain which implicates
the role of central stem in the inhibition.

Isothermal calorimetry, NMR studies and RNA footprinting have demonstrated
that the central stem of VAJATS does not make a high affinity interaction with any region

of PKR [160, 274, 291, 292]. Based on these findings, the initial working hypothesis was



that the central inhibitory stem-loop domain of VAJATS primarily prevents PKR’s self-
association by serving as steric block preventing two PKR monomers from self-
associating. The central stem of VAJATS has a complex tertiary structure that contains a
flexible loop, a bulge at the base of the stem and a non-canonical base pair. Several
studies propose that a pseudoknot plays an important role in stabilizing central stem-loop
structure [386, 388]. In addition, the interaction between PKR and VAATS is enhanced
in presence of Mg ions [386, 388]. To characterize the key structural features to overall
tertiary organization and subsequently function of central stem, I have designed truncated
versions of VAJATS with mutations in central stem-loop.

The ab initio models of mutants in the presence of Mg”" ions suggested that they
adopt an extended conformation in solution with two extended domains possibly
representing apical and central stem-loops, which is consistent with the previously
determined structure of VAJATS. Solution conformations of ACD, Aloop and Abulge
mutants show the difference in shape compared to the wt as well as to the rest of the
mutants. SAXS models of Aloop and Abulge demonstrate a large protuberance in the
three-way junction region of these mutants that could possibly affect the stability of the
central stem. When compared to the previously determined low-resolution structure of
VAIATS, VAIATS + Mg”" does not show any significant conformational change in the
structure. Activation assays show that mutants lacking central stem (ACD), or mutants
with large protuberance in the central stem-loop (Aloop and Abulge) behave as activators

of PKR. Similar to the wt, ACD2bp and AGU mutants did not activate PKR.



A solution structure of VAJATS-PKR .10 " Mg”" complex was investigated in order to
examine the effect of Mg®" on complex formation. SAXS data analysis suggests that the
complex of wt-PKR;.;¢0 + Mg’ adopts an extended conformation with side-by-side
interaction of RNA and protein where PKR_j¢9 follows the entire length of an apical stem
of RNA. Since the implication of the pseudoknot formation involves the loop of central
stem, in addition to obtaining the solution structure of Aloop, an attempt has been made
to resolve the solution conformation of Aloop-PKR.169 complex. The ab initio model of
Aloop-PKRy.;¢9 + Mg®" complex displays an extended and curved conformation
compared to that of wt-PKR.;¢0 + Mg®". The DAMAVER processed averaged model of
the complex obtained from multiple ab initio models suggests Aloop and PKRj.j69
complex involves interaction between different regions of RNA and the protein, and it
possibly points towards the formation of a pseudoknot in the context of the RNA-protein
complex.

Altogether, the low-resolution SAXS models of VA|ATS suggest that Mg”" ions
do not have a significant impact on overall shape of VAJATS-PKR.169 complex. The
individual structures of Aloop together with the Aloop-PKR.169 complex confirm that the
loop of the central stem is crucial for the structural integrity and the function of VA;ATS.
6.2 Future Directions

Innate immunity employs a myriad of PRRs produced through the INF cascade
that can recognize conserved structures associated with pathogens called PAMPs [8].
PAMPs include a wide range of molecules such as RNA, lipopolysaccharides,
lipoteichoic acid, and peptidoglycans among others [1]. PKR, a key component of innate

immunity is an INF-induced PRR that recognizes viral dsRNA. PKR’s function is



regulated by tertiary structure of dsRNA that can potentially activate or inhibit PKR.
PKR is mostly activated by long stretches of dsSRNA while inhibition requires a complex
tertiary structure of RNA that contains a PKR binding region and the inhibitory region
[151, 160, 234, 235, 258, 290-292].

Ever since PKR has been first observed [393] there has been increased
knowledge on PKR-dsRNA interaction. As of now, no high-resolution structure of full
length PKR, or the dsSRBMs of PKR in complex with either synthetic or natural substrates
exists due to the flexible nature and size of both PKR and its dSRNA partners. SAXS is a
powerful technique for studying interactions between proteins and their ligands such as
dsRNA in solution. SAXS can be used for analyzing protein-ligand complexes, their
association states, and their structural characterization in a dynamic equilibrium. Recent
advances in SAXS instrumentation and data analysis methods that have become available
allowed for analyzing protein-ligand complexes their association states and their
structural characterization in a dynamic equilibrium. My work on PKR.;69-TAR complex
highlights the effectiveness of small-angle X-ray scattering approaches for systems with
highly flexible components. PKR;.j¢o-TAR complex as determined by the software
program MONSA demonstrated how upon interaction of two flexible systems (TAR and
PKR.169) @ more rigid conformation is adopted. Additionally, modeling with MONSA
allowed the ability to visualize both the stem and loop portions of TAR RNA. This was
followed by investigation of more complex systems such as adenovirus VA; RNA and its
truncated versions in complex with PKR.j¢9 to elucidate the mechanism of inhibition of

PKR by complex tertiary dsRNA structure.



However, the question regarding how initial binding of RNA results in bringing about or
preventing of kinase domain self-association still remains to be resolved. Obtaining the
structure of full length PKR in complex with a dsRNA substrate would contribute
immensely towards understanding the mechanism of PKR self-association. The initial
idea was that VAJATS would limit PKR’s flexibility once bound to each other and this
would potentially enable solving complex structure by either a low-resolution or high-
resolution methods. However, SAXS modeling of VAJATS-PKR complex [383] was
unsuccessful due to the concentration-dependent increase in rg and D, values. This
could possibly be resolved by finding a more suitable dSRNA substrate and again try a
SAXS based or crystallography based approach, or forming the complex at lower
concentration. Collection of the data for the low concentration samples is readily
performed at a synchrotron source.

As previously stated, a great deal of information has been obtained on PKR’s
interaction with synthetic and viral dSRNA. Future studies should also involve finding
additional cellular RNA ligands of PKR. Several cellular RNA partners of PKR have
been reported [238, 394], but the downstream pathways that could possibly be affected
due to this interaction are yet to be investigated. In addition, it would be interesting to
identify where PKR and its dsRNA substrates are co-localized within the cell, and
whether these interactions lead to PKR activation. Specific monoclonal antibodies and
confocal microscopy can be implemented to determine the localization of PKR and
dsRNAs. PKR phosphorylation state can be determined by specific PKR phospho Thr446

or Thr451 monoclonal antibodies.



The main cellular protein target of PKR is elF2a [164, 168, 395]; however, it is
well established that PKR interacts with a broad spectrum of molecules implicated in
myriads of pathways involved in cell growth, cell differentiation, and apoptosis. Some
protein targets of PKR have been discussed in Chapter 1. It would be of great interest to
characterize additional PKR targets in non-infected cells and whether this requires the
kinase function or indicates a role of PKR as an adaptor protein. Several methods
including co-immunoprecipitation and mass spectrometry could be implemented to
identify cellular targets of PKR. As more PKR targets are discovered, the next question
would be how many pathways is PKR involved in under different conditions.
Identification of new pathways that PKR is involved can be investigated by microarray
analysis by the host response to a given stimulus.

The emergence of new tools and approaches to study PKR’s involvement in
different signaling pathways will provide further insights into the mode of PKR action, as
well as its potential utility as an antiviral and antitumor effector molecule. Overall, PKR
is a crucial component of the host defense mechanism against viruses. PKR’s role in
innate immunity is regulated through tertiary structure of dsRNA that can affect the
outcome of viral propagation. The dynamic nature of PKR’s structure allows it to interact
with viral and many cellular molecules that ultimately affects the function of target

molecules and downstream components of their pathways.
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