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ABSTRACT

Modulation of host cell innate immune proteins by viral non-coding RNAs
By

Virginia Vachon

Precise control of protein synthesis is essential for regulation of normal cellular processes
and responses to cell stress. In addition, the innate immune response exploits varied
strategies of translational control in order to limit viral protein synthesis and thus
replication. The double-stranded RNA-activated protein kinase (PKR) and 2°-5’-
oligoadenylate synthetases (OAS) sense cytosolic double-stranded RNA, a molecular
hallmark of virus infection, to initiate a general shut down of protein synthesis. The
central importance of PKR and OAS is highlighted by numerous diverse strategies
employed by a range of viruses to thwart their effects. Among them, the Adenovirus non-
coding (nc)RNA transcript, VA RNA,, accumulates to high levels in later stages of
infection, and is critical for efficient adenoviral replication. VA RNA, is well recognized
for its inhibition of dsSRNA-activated protein kinase (PKR)-mediated shut-down of
general translation but, counterintuitively, VA RNA, activates rather than inhibits OASI.
The fundamental basis for control of these proteins by VA RNA, and other viral or
cellular non-coding RNAs, including the range of RNA sequences and structures capable
of regulating their activity remains underexplored.

Here, VA RNA, is used as a model to further our understanding of RNA-mediated
regulation of PKR and OAS1. Following a review of the current state of knowledge
surrounding the multifaceted roles of VA RNA,, a description is provided of methods
developed for solution-based probing of VA RNA, and other short RNA structures. These
methods are then applied to a study on the role of VA RNA, structure in PKR inhibition.
Finally, using VA RNA, as a starting point, discovery and characterization of a general,
novel motif for optimal activation of OAS1 is presented.

Defining the molecular signatures which govern the activities of PKR and OASI is
essential to understanding how these proteins maximize their protective role against a
broad range of pathogens while accurately discriminating between foreign and self
molecules to avoid inadvertent activation. Detailed knowledge of specific pathogen-
associated molecular patterns recognized by proteins of the innate immune system is also
an essential foundation for development of therapeutic strategies that either directly target
viral pathogens or enhance the host cell response to them.
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CHAPTER I:

Introduction



BACKGROUND

The innate cellular immune system is critical for host survival of invading pathogens.
Upon detection of foreign molecules, or pathogen-associated molecular patterns
(PAMPs) of infection (1), this system elicits a range of responses that limit virus
replication and spread, and initiates response by the adaptive immune system. The
collection of innate immune proteins that detect foreign nucleic acids, including
cytoplasmic double-stranded RNA (dsRNA), is especially important for limiting virus
replication. Cytoplasmic dsRNA can be produced as a consequence of RNA virus
genome replication, transcription of overlapping reading frames in both RNA and DNA
viruses, and formation of viral mRNA or RNA genome secondary structure. In order to
maximize the range of their protective effect, innate immune proteins must be somewhat
promiscuous, and thus able to detect dSRNA from multiple pathogenic sources, while still
maintaining a level of stringency required for avoiding inadvertent activation.

The proteins responsible for detection of cytoplasmic dsRNA during virus
infection include the dsRNA-activated protein kinase (PKR) (2), retinoic acid-inducible
gene [ (RIG-I) (3), melanoma differentiation-associated gene 5 (MDAJY) (4), and the 2°-5’
oligoadenylate synthetase (OAS) family (5). Each of these proteins possesses specific,
though often overlapping, requirements for activation; including dsRNA length, the
degree to which base-pair mismatches are tolerated, the importance of sequence content,
tolerance of RNA modifications, and the presence of a 5’-triphosphate (Table 1). Mice
lacking either PKR or a functional OAS pathway exhibit virus-specific susceptibility to

infection and only minimal susceptibility to uncontrolled cell proliferation (6-11).
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Similarly, MDAS and RIG-I have overlapping roles in defense against some viruses, and
may be singly dispensable in a virus-dependent manner (12,13). Mice deficient in both
PKR and the OAS/ RNase L pathway or RIG-I and MDAS5 show considerable
susceptibility to a larger range of viruses than do mice deficient in single proteins (14,15).
In spite of having some overlapping ability to detect dSRNA and elicit host immune
responses, the virus-dependent susceptibility of mice in which these proteins are absent

indicates that this overlap in function is incomplete (12).

PKR and the OAS family of proteins regulate cellular protein synthesis

Unlike MDAS and RIG-I, whose activation results primarily in stimulation of Type-I
interferon genes (16,17), PKR and OAS activation by cytoplasmic dsRNA results in a
shut down of protein synthesis (Table 1) (18,19). Though PKR has a range of other
inflammatory and stress response functions, reviewed extensively by others (18,20), its
effect on general translation is severely limiting to virus replication.

Upon detection of cytoplasmic dsRNA, PKR dimerizes and trans
autophosphorylates on multiple serine/threonine residues, resulting in an activated kinase
with reduced dependence on dsRNA. Activated PKR then phosphorylates its target, the o
subunit of the translation initiation factor eIF2 on residue serine 51 (21). elF2a-Ser51
phosphorylation increases the affinity of elF2 for its guanosine nucleotide exchange
factor elF2B, effectively rendering it unable to exchange GDP for GTP, and sufficiently
depleting eIF2¢GTP to halt translation. Because GTP hydrolysis is the rate-limiting step

for formation of the ternary complex during translation initiation, PKR phosphorylation



of elF2 results in a shut down of general translation, thereby preventing synthesis of viral

and host proteins, halting virus spread (Figure 1; 22,23).

P
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Figure 1: PKR-mediated antiviral response to cytoplasmic dsRNA. Upon detection of dsSRNA
produced as a consequence of viral replication, PKR monomers (red) dimerize (green) and
phosphorylates their target, the o subunit of translation initiation factor eIF2. This phosphorylation
increases the affinity of elF2 for its guanosine nucleotide exchange factor eIF2B, effectively rendering it
unable to exchange GDP for GTP, and sufficiently depleting eIF2¢GTP to halt translation. Through this
avenue, PKR phosphorylation of eIF2 results in a shut down of general translation, thereby preventing

synthesis of viral and host proteins, halting virus spread.

The OAS family of proteins also limits virus replication through shut down of
protein synthesis. The OAS family is comprised of 8 distinct proteins, derived from four
different genes. Three of the four genes, OASI, OAS2, and OAS3, are located together on
chromosome 12, and each contains the indicated number of repeating core units (24,25).
OAS1 is expressed as four splice variants (p41, p44, p46, and p48), OAS2 as two splice

variants (p69 and p71), and OAS3 as a single variant (p100) (25). The fourth gene, OASL,



contains a single, catalytically inactive core unit, is located at a distant site on
chromosome 12, and possesses an additional exon homologous to ubiquitin (26). Though
OASL is catalytically inactive, it serves an antiviral role by modulating the activity of
RIG-I by mimicking the polyubiquitin required by dsRNA-bound RIG-I to induce
transcriptional initiation of Type-I interferon (27).

Upon binding dsRNA, the catalytically active OAS forms (OAS1, OAS2, and
OAS3) synthesize 2°-5’ linked oligoadenylate (A(2°-5’A),), in a non-processive fashion
(28,29). These second messengers, when comprised of three or more adenylates
(pppA(2°-5°A)n>2), activate their only known target, the latent cellular endoribonuclease
L (RNase L) (30). By tethering RNase L monomers together to form a functional dimer,
activated RNase L degrades single-stranded RNA (31), primarily after UU and UA
dinucleotides (32) present in loops or bulges in otherwise highly structured RNAs (33),
thereby halting protein translation (Figure 2) . While overexpression of RNase L, or
activation of the enzyme by copious quantities of pppA(2’-5’A), results in cleavage of
ribosomal RNA, the true targets of RNase L in are unknown (34). The effects of OAS are
thought to be local, and the response of RNase L dose-dependent (35), raising the
possibility that in the context of infection, RNase L may have more specific targets, such
as specific viral RNAs bound to the ribosome. Indeed, there are conflicting reports of
whether RNase L specifically targets viral mRNA, RNA genome, or cellular ribosomal

RNA (36-39).

Members of the OAS family of enzymes have been reported to have optimal catalytic

activity at different pHs and distinct subcellular localization (40,41), suggesting that they



may be compartmentalized within the cell. Additionally, different OAS genes and
variants have been reported to have distinct roles in limiting infection by different viruses
(41-44). In this work, the most studied OAS]1 variant, p42 (UniProt accession # P00973-

2) is used to dissect the RNA features required for activation of this protein.

RNase L
dimer RNA )
— degradation Oé'%s Trlanslation
nitiation
* ® ®
2-5A
synthesis
rsi)-.
dsRNA
TITTITTTIIITITT
RNase L

Figure 2: OAS1 mediated antiviral response to cytoplasmic dsRNA. In addition to PKR (green), the
antiviral protein OAS1 (orange) also responds to cytoplasmic dsRNA to shut down translation. Upon
binding dsRNA, active OAS1 synthesizes 2’-5’ linked oligoadenylate (A(2°-5’A),) (green), in a non-
processive fashion. These second messengers, activate latent RNase L (purple) by tethering RNase L
monomers together to form a functional dimer. Activated RNase L degrades single-stranded RNA,

thereby halting protein translation.

Viral countermeasures against PKR and the OAS/ RNase L pathway

An extensive array of viral countermeasures highlights the importance of PKR- and
OAS-mediated translational shut down as a defense against virus infection, reviewed in
(9,45). Strategies for thwarting the effects of PKR include direct inhibition, sequestration
of dsRNA, and the synthesis of e[F2a mimics. Similarly, the numerous virus strategies

for escape from the effects of OAS1 include direct inhibition, synthesis of 2°-5’



phosphodiesterases which cleave and thereby inactive 2°-5’ linked oligoadenylates, and
direct inhibitors of RNase L. Further evidence of the importance of these two systems is
the fact that many of these mechanisms are thought to have evolved independently within
disparate classes of viruses (45,46).

Both Adenovirus and Epstein—Barr virus synthesize two short (~170 nt) non-
coding RNA Polymerase III (Pol III) transcripts, VA RNAy/ VA RNA;; and EBER-1/
EBER-2, respectively. Each of these RNAs accumulates to extraordinarily high levels in
late stages in infection, with approximately 10°-10° copies per cell (47). In the case of
Adenovirus, VA RNAs are required for efficient virus replication (48). In Epstein—Barr
virus, however, the importance of EBERS is less clear, although recent reports indicate
that they are necessary for efficient transformation of lymphocytes (49). VA RNA;and
EBER-1 are structurally very similar (Figure 3) (50), and Epstein-Barr virus EBERSs are
capable of functionally substituting for VA RNAs during Adenovirus infection. Even so,
their functions cannot be entirely identical, as the converse is not true: VA RNAs are
unable to complement an Epstein—Barr virus strain in which the EBERs are deleted (51).
Though comparatively little is known about the function of the secondary species, VA
RNAj and EBER-2, VA RNA| and EBER-1 are well characterized. The structures of
Adenovirus VA-RNA| and the Epstein—Barr RNA EBER-1, and how these RNAs interact
with and regulate the activity of both PKR and OASI, are the focus of this work. Both
VA RNA; and EBER-1 bind to PKR and inhibit its activity by preventing dimerization

and autophosphorylation, and thus, phosphorylation of elF2a (Figure 2; 47,52).
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Counterintuitively, each of these RNAs activate, rather than inhibit, OAS1 in
vitro (Figure 4) (53,54). Why a single RNA, in two instances, would inhibit one and also
activate a second parallel host anti-viral pathways is perplexing and requires further

detailed investigation.

VA RNA; is a multi-functional pro-viral RNA

VA RNA; is a highly structured RNA comprised of three structurally independent
domains: the Terminal Stem (TS), Central Domain (CD), and Apical Stem (AS) (Figure
1) (55). In spite of the fact that the largely base-paired Apical Stem provides at least 20
bp of dsRNA that could potentially activate PKR, this RNA potently inhibits PKR (47).
Previous work in our lab utilizing systematic deletion of VA RNA; showed that a mutant
lacking the entire Terminal Stem (TSA21 RNA) retains full inhibitory function against

PKR (56).

During Adenovirus infection, the RNA interference (RNA1) pathway enzyme Dicer
cleaves VA RNA| to produce an approximately 23 bp fragment that is loaded onto the
RNA-induced silencing complex (RISC) and a truncated VA RNA; similar is size to
TSA21 RNA (56,57). Though Dicer processes only a small fraction of the VA RNA;
present late in Adenovirus infection, this processing is thought to saturate both Dicer and
the RISC complex, preventing processing of antiviral micro RNAs (58). The role and
importance of the RISC-associated VA RNA| remain unclear (59,60). However, the
sequence of the Adenovirus type 2 (Ad2) Dicer-processed 23 bp fragment is unnecessary

for efficient virus replication (61). That a single RNA can serve to saturate the cellular
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Figure 4. Model for viral non-coding RNAs VA RNA|and EBER-1 regulation of dsRNA-
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leads to translational arrest. Activated OAS synthesizes pppA(2°p-5),s2 second messengers which

activate the latent endoribonuclease RNase L leading to cleavage of virus and

host RNAs. Dicer

processing of VA RNA| generates an RNA that retains its activity against PKR (TSA21) but has

unknown activity against OAS1. The processed VA RNA| Terminal Stem is loaded onto the RISC

complex; the role of these fragments is unknown. It is also unknown if EBER-

or if any truncated fragment produced retains activity against PKR or OASI.

1 is processed by Dicer,
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RNAIi machinery and efficiently inhibit PKR (56) indicates that this transcript possesses
multiple functions, all of which are explored further in the detailed review of VA RNA;

biology in Chapter 2.

VA RNA; activation of OAS1

VA RNA; activates OAS1 in vitro but the sequence and structural qualities of this RNA
that define it as an activator of OAS are unknown (54). At the outset of this work, two
publications reported specific but dissimilar OAS1 activation sequences (62,63). In one
case, where single-stranded RNA aptamers were retrieved through SELEX, the consensus
sequence is degenerate, and the experiments complicated by the propensity for the ligand
adapter sequences to activate OAS and the likelihood that the single-stranded RNAs were
folding to form secondary structures. For these reasons, though each type of consensus
sequence is present in both VA RNA; and EBER-1, efforts in this work were focused on
the more clearly defined activation consensus sequence WW(No)WG (where W is A

or U, and N is any nucleotide). This sequence is present at two locations in VA RNA;
(Figure 3); once in the Terminal Stem region missing in TSA21 RNA, and again in the
Central Domain. We hypothesized that Dicer processing may generate an RNA with
reduced or ablated activity against OAS1. Therefore, defining the activity of TSA21
RNA, in conjunction with mutagenesis-based studies of VA RNA; would inform our
understanding of the comparative importance of the consensus sequences and the

structural features present in this RNA for regulation of OASI.



13

Pro-viral functions of EBER-1 may mirror those of VA RNA;

Though the structures of VA RNA; and EBER-1 are quite similar, and their common
inhibitory activity against PKR is established, there is some ambiguity as to EBER-1’s
localization during infection (64-67). Because both PKR and OASI are cytoplasmic, the
biological relevance of both VA RNA; and EBER-1 interaction with these proteins is
shaped by its localization. While the cytoplasmic localization of VA RNA is established,
some groups report EBER-1 to be present in the cytoplasm of infected cells (64), while
others insist that it is present exclusively in the nucleus (66,67). Further complicating the
matter is the fact that Epstein—Barr virus is capable of both acute and latent infection
(68), and that EBER-1 localization may be dependent on the context of virus life cycle or
upon cell cycle. Additionally, the hybridization sites for probes used in studies showing
EBER-1 to be localized to the nucleus are located in a region of the RNA analogous to
VA RNA/’s Terminal Stem. This raises the possibility that a Dicer-processed EBER-1
fragment may be present, but remain undetected due to the absence of the necessary
ssRNA sequences for fluorescent probe hybridization. Should this be the case, the
activities of truncated EBER-1 against PKR and OAS]1 could inform our understanding

of how Epstein—Barr virus interacts with this arm of the innate immune system.

PKR and OAS/ RNase L anti-proliferative functions

In addition to the antiviral effects of these proteins, an increasing appreciation for
their anti-proliferative functions outside of the context of virus infection has emerged.
Both PKR and the OAS/ RNase L pathway have been identified as important in

mediating the inflammation associated with diabetes, controlling cell proliferation during
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differentiation, and have been implicated in various types of cancers (reviewed in
18,20,69,70). In addition to its role in limiting virus infection, RNase L has also been
implicated in context-specific targeting of cellular mRNAs, defending against
intracellular bacteria (71-74) and as an oncogene in hereditary prostate cancer (75).
Improving our understanding of how these proteins are regulated during virus infection is
therefore applicable not only to our understanding of host-pathogen interactions, but also

to the numerous important processes of which these proteins are a part.

RESEARCH GOALS

This work began with two primary questions on the nature of VA RNA; and EBER-1
structures and the activities of these RNAs against PKR and OASI1 (Figure 4).

Specifically, my work aimed to address the questions:

1. What are the features of VA RNA| that define it as an inhibitor of PKR?
Following a detailed review of VA RNA| structure and function in Chapter 2, the next
two chapters describe development of new methods for ‘Selective 2’-Hydroxyl Acylation
Analyzed by Primer Extension’ (SHAPE) (76,77) and their application to my analysis of
VA RNA; inhibition of PKR (Chapter 3, Chapter 4); (76). This latter chapter describes
a study which aimed to dissect the VA RNA; tertiary structure to determine its
contribution to PKR inhibition. However, these studies uncovered that PKR inhibition
does not require this tertiary structure and thus the structural requirements for inhibition

by RNA are far simpler than previously appreciated.
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2. What are the features of VA RNA| that define it as an activator of OAS1?
Initially, I asked if the Dicer-processed VA RNA; TSA21 retains its ability to active
OASI. During initial comparisons between full-length VA RNA; and TSA21 activity
against OAS1, I was unable to reproduce published data for full-length VA RNA;(54,78).
Upon close comparison of our VA RNA; construct with those used by other groups, we
identified the only difference to be the absence (in our construct) of the RNA’s 3’-UUUU
tail, generated by Pol III transcription termination. While this 3’-CUUU sequence is
entirely dispensable in studies of PKR, it is required for optimal VA RNA; activation of
OASI. This initial observation began an investigation in which we uncovered a novel
motif for activation of OAS1, the 3’-single-stranded pyrimidine (3’-ssPy), described in
Chapter 5.

Following the discovery of the 3’-ssPy motif, we sought to better understand its
function through experiments utilizing a simple 18 bp system that contains two
overlapping activation consensus sequences. Using this system, we plan to investigate the
key question of how the presence of the 3’-ssPy adjacent to an activation consensus
sequence affects its ability to activate OAS1 using a future experimental approach
outlined in Chapter 6. Using the results of thee experiments, we hope to explain the
ability of VA RNA| features other than the 3’-ssPy to influence OAS1 activity. In the
context of the full length RNA, to which the 3’-CUUU sequence is appended,
preliminary results show that mutations to distant 3’-ends of activation consensus
sequences dampen the effect of the RNA on OASI1. This preliminary result, in
conjunction with our findings in Chapter 5, raise questions about how RNA structure

and affinity for OAS1 may shape the activating potential of any given RNA molecule.
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3. Does EBER-1 activity against PKR and OAS1 mirror that of VA RNA;?
Though there is some ambiguity surrounding EBER-1’s cellular localization, its
structural similarity to VA RNA; and its ability to inhibit PKR and activate OAS1 prompt
the question of whether there are additional similarities between these two RNAs
(52,53,79). We first asked if truncated EBER-1 would retain its ability to capable inhibit
PKR but become a pseudo inhibitor of OAS1 as VA RNA; does. Before testing the
activity of a truncated EBER-1, we asked if EBER-1 is indeed processed in vitro by Dicer
in vitro (Figure 4). Preliminary results indicate that this RNA is processed, and
experiments addressing the activity of this RNA and its Dicer-processed fragment against

both PKR an OAS1 will be important next steps as outlined in Chapter 6.

Collectively these studies shape our current understanding of how VA RNA;
exerts its activity against PKR and OAS. The structural requirements for VA RNA;
inhibition of PKR are simpler than previously appreciated; shedding light on how
structurally dissimilar VA RNA;’s from varying serotypes are able to maintain inhibitory
activity against PKR. The discovery of the 3’-ssPy motif as necessary for optimal
activation of OASI is the first report of an RNA feature responsible for potentiation of
OASI1 unrelated to a search for a canonical activation sequences. While these findings are
explored individually in their respective chapters, together they have led to formation of
new hypotheses regarding the relationship between the PKR and OAS/ RNase L
pathways and how the activities of these proteins are governed by RNA structures,

sometimes found within the same RNA, as with VA RNA; (Figure 3). Understanding
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how these proteins interact with dsSRNA will allow for a more complete understanding of

host-pathogen interactions as well as how the cell avoids their inadvertent activation.
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ABSTRACT

Adenovirus ‘virus-associated’ RNAs (VA RNAs) are exceptionally abundant (up to 10°
copies per cell), heterogeneous, non-coding RNA transcripts (~150-200 nucleotides). The
predominant species, VA RNA|, is best recognized for its essential function in relieving
the cellular anti-viral blockade of protein synthesis through inhibition of the double-
stranded RNA-activated protein kinase (PKR). More recent evidence has revealed that
VA RNAs also interferes with several other host cell processes, in part by virtue of the
high level to which VA RNA| accumulates. Following transcription by cellular RNA
polymerase III, VA RNAs saturate the nuclear export protein Exportin 5 (Exp5) and the
cellular endoribonculease Dicer, interfering with pre-micro (mi)RNA export and miRNA
biogenesis, respectively. Dicer-processed VA RNA fragments are incorporated into the
RNA-induced silencing complex (RISC) as ‘mivaRNAs’, where they may specifically
target cellular genes. VA RNA;also interacts with other innate immune proteins,
including OAS1. While intact VA RNA| has the paradoxical effect of activating OASI,
VA RNA; lacking the entire Terminal Stem has been reported to be a pseudoinhibitor of
OASI1. However, we find here that the authentic product of Dicer-processing activates
OASI to the same degree as full-length VA RNA; while retaining activity against PKR.
These findings underscore that the impact of VA RNA| on the outcome of Adenovirus
infection beyond that of well-established PKR inhibition is underexplored. Further, any
additional contributions of VA RNA; heterogeneity resulting from variations in
transcription initiation and termination to each of these functions remain open questions

that are discussed here.
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INTRODUCTION

Adenoviruses (AdVs) are naked, icosahedral, double-stranded DNA viruses that have
been extensively studied for well over 60 years. Human AdVs include approximately 56
types divided into eight classes, A-G (1). AdVs are pathogenic, and can cause a variety of
different diseases including gastroenteritis, keratoconjunctivitis, hemorrhagic cystitis and
acute respiratory disease. Class C AdVs, which include the most widely studied Ad2 and
Ad5, are the most frequent cause of myocarditis in children under the age of one year and
are a common cause of respiratory illness in children (2,3). However, in between 50-90%
of cases, Class C AdV primary infections are asymptomatic (1,2). In addition to acute
infection, AdVs are capable of both persistent (4) and true latent infection (5,6). In spite
of their complex biology, our depth of knowledge of Adenovirus coupled with its ease of
genetic manipulation, ability to infect a wide range of tissues, including both dividing and
senescent cells, has lead to its development as a promising candidate for gene and

oncotherapy (7,8).

The AdV genome is ~36 kilobases long with inverted terminal repeats. Genes are
organized into early and late transcriptional units, and are transcribed from both strands
of the DNA genome. All human AdV serotypes encode at least one highly structured,
approximately 160 nucleotide (nt), non-coding “virus-associated RNA” (VA RNA)
(9,10). Approximately 80% of all AdVs, including Ad2 and AdS, encode two distinct VA
RNA transcripts, VA RNA; and VA RNAy; (9). VA RNAs from serotypes with only a
single VA RNA gene most resemble the Class C VA RNA;. VA RNA;is essential for

efficient virus replication: In Ad5, deletion of VA RNA| led to an approximately 20-fold
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decrease in virus titer (11). While deletion of VA RNA[; caused no measurable decrease
in AdVS5 viability, deletion of both VA RNA; and VA RNAj decreased titers 60 fold
(12). This greater impact compared to the single VA RNA| deletion suggests that while
VA RNAj can partly compensate for the absence of VA RNA;, VA RNA| plays the
predominat pro-viral role. For this reason, the majority of research into the function of the
Adenovirus VA RNAs has focused on VA RNA;and it is therefore the main focus of this
review. Where the collective activities of both VA RNA; and VA RNA| are discussed,
the term VA RNA will be used, while the individual VA RNAs will be referred to

specifically as VA RNAjand VA RNAj;.

During Adenovirus infection, VA RNA; and VA RNAj; accumulate in the cytoplasm
beginning at ~18 hours post infection, and by late in the lytic infection cycle (24 hours),
these RNAs have accumulated to extraordinarily high levels, 10° and 10° copies per cell,
respectively (10). Like many viral RNAs, VA RNA| interacts with multiple cellular
proteins and likely have multiple functions during infection. The most established and
best understood role of VA RNA is as an efficient inhibitor of the innate immune protein
double-stranded (ds)RNA-activated kinase (PKR). Through this activity, VA RNA;
allows AdV to escape a key cellular response to dsSRNA, a potent pathogen-associated
molecular pattern (PAMP), and confers AdV’s observed resistance to interferon (10,13).
In addition to binding and inhibiting PKR, VA RNA| interacts with the other innate
immune system dsRNA-detecting proteins, RIG-I1 and OASI (14,15), as well as the host
RNA interference (RNA1) machinery through the cellular endoribonuclease Dicer and

Argonaute-2 (Ago-2) within the RNA-induced silencing complex (RISC) (16,17). While
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most functions of VA RNA| are associated with its accumulation late in infection, recent
work has revealed a novel role for VA RNA| early in infection as a repressor of
Hepatoma-Derived Growth Factor (18). Understanding the interactions of this RNA with
host proteins during AdV infection will add to the growing body of knowledge of the
multifaceted roles of non-coding RNAs (ncRNAs), improve our understanding of host-
pathogen recognition, and promote effective development of AdV-based technologies. Of
particular importance is building an understanding of how particular RNA features are
critical for activation and inhibition of dsSRNA-detecting innate immune proteins. Such
proteins are responsible for the general detection of viruses and thus represent a potential
target for influencing the outcome of infection. The ability to modulate and selectively
activate these proteins is of particular interest for developing general antiviral therapies
effective against viruses that rely upon manipulation of dsSRNA-detecting innate immune
proteins but for which there are no vaccines or treatments (19,20). For example, selective
activation of PKR or the OAS/ RNase L pathway in infected cells has already been
demonstrated as a viable way to inhibit replication of a range of viruses including
respiratory syncytial virus, encephalomyocarditis virus, and human parainfluenza virus 3

(21-23).

Expression, Localization, and Structure of AdV VA RNAs

VA RNA gene structure and transcription
The VA RNA genes encode transcripts of ~150-200 nt in length. Accumulation of VA
RNA| was first observed late in Ad2 infection (24), and a second RNA species, VA

RNA/;, was later found to be present in lower amounts, at approximately a 1:40 ratio (25).
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Both VA RNAs are transcribed by the cellular RNA Polymerase III (RNA Pol III)
(25,26). RNA Pol III requires two intragenic promoter elements, Box A and Box B,
which are highly conserved across all AdVs and in Ad2 are located approximately at
positions +13 to +24 and +56 to +70, respectively (27-29) (Fig. 1). Mutations in these
promoter regions reduce VA RNA transcription and limit virus replication in vivo (9).
Accumulation of VA RNAs is a function of AdV genome copy number (18) and in
viruses which possess VA RNAjand VA RNAj;, the RNAs compete for transcription by
RNA Pol IIT (28). Though both VA RNAs are initially transcribed at similar levels, RNA
Pol III becomes limiting following AdV genome replication, and VA RNA; outcompetes
VA RNA( for transcription, resulting in the lower relative level of VA RNAj; observed
late in infection (12).

In Ad2, transcription of VA RNA is initiated at one of two possible transcriptional start
sites (Fig. 1), G(+1) or three nt upstream at A(-3) (30,31), with the former variant
accounting for 75% of the total VA RNA| pool (30,32). In contrast, Ad2 VA RNAj; has
only a single start site corresponding to the G(+1) form (33,34), though in other AdVs,
VA RNA[y can have alternative transcription start sites (35). While these alternative
transcriptional start sites are not present in every VA RNA;, such variation in
transcription initiation is present in many serotypes (9,35). The 3’-ends of VA RNAs are
unique in that they are dictated by termination of transcription itself and not by
processing, as is the case for many host polymerase transcripts (36). Termination of VA
RNA| transcription by RNA Pol III is instigated by a conserved 3’-end transcription
termination sequence located ~10 nt from the 3’-end of the RNA, immediately upstream

of four consecutive adenosines (d(A4); Fig. 1).
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Fig. 1. VA RNA| gene organization and transcript secondary structure. A, Adenovirus VA
RNA| is transcribed from two distinct start sites: A (-3) and G (+1) producing VA RNA|(A) and VA
RNA/(G) transcripts, respectively. Locations of the RNA Pol III Box A and B promoter regions
(green), internal terminator sequence (T1A, red), first d(A4) terminator sequence (T1B, red), backup
terminator sequence (T2, red), and pair of universally conserved complementary tetranucleotide
sequences (yellow) are indicated. B, Secondary structure of VA RNA|, which is comprised of three
structural domains: Terminal Stem, Central Domain, and Apical Stem. The RNA Pol III promoter
sequences, conserved tetranucleotides, and T1A/ T1B terminator sequences are colored as in panel
A. Two WW(Ng)WG OASI consensus activation sequences (purple), sites of Dicer cleavage
(orange dotted lines), and the site of TSA21 RNA truncation (blue dotted line) are mapped on the
RNA secondary structure. 5’-end nucleotides arising from alternative transcription start site in VA
RNA| (A) are shown in outline font. The VA RNA| Apical Stem can adopt two functionally non-
equivalent structures; the alternate folding with base pairing between G57-G60 and C67-C70 which

results in the formation of a loop within the helix is shown (boxed).

Unlike some other RNA Pol III transcripts, for which a d(A4) sequence on the template
strand is sufficient for transcription termination, mutations in the conserved VA RNA;

terminator sequence upstream of its d(A4) sequence significantly decreases termination
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efficiency (36). While the exact function of the upstream terminator sequence is unclear,
it has been shown to bind the cellular nuclear factor 1 (NF1), which promotes RNA Pol
III termination and transcript release (36). In the absence of NF1, AdV replication is
diminished as RNA Pol III is unable to properly terminate, release the VA RNA;
transcript and re-initiate transcription (37). RNA Pol III completes VA RNA;
transcription by transcribing between one and four single-stranded uridines from the
d(A4) terminator sequence and appending up to two additional non-templated uridines to
the 3’-end of the VA RNA,. This process generates a mixture of VA RNA; transcripts
appended with between one to six 3’-end uridines (Fig. 1B), with transcripts containing
two or four 3’-end uridines being the most abundant, followed by those with one or three
3’-end uridines, and those containing five or six uridines representing an extremely small

subset of the VA RNA| pool (38).

Sequencing of the Ad2 VA RNA; and VA RNA|; genes identified an additional “backup
terminator” sequence at position +37 from the 3’-end of VA RNA; (38,39) (“T2”; Fig.
1A). During RNA Pol III transcription of VA RNAj, in AdV infection and in vitro, a
subset of VA RNA| transcripts do not terminate at position ~157-159, but rather at
position ~197 using the backup terminator sequence to generate a longer VA RNA;
species, Voo (33,40). Mammalian RNA Pol III termination is leaky and transcribed
genes, such as those for tRNAs, often contain both canonical d(A4) and non-canonical
termination signals, leading to a heterogeneous transcript pool (41). In contrast, yeast
tRNA genes more closely resemble the organization found for VA RNA, with two

canonical terminators placed immediately downstream of the RNA coding sequence
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(42,43). This strictly controlled termination may reflect a pressure to rapidly reinitiate
transcription and produce the large quantities of tRNA necessary for a fast growing
unicellular organism (41). Thus the presence of a second canonical RNA Pol III
terminator at the 3’-end of some VA RNA| genes may be needed for efficient termination
and reinitiation, required to to accumulate high levels of viral transcript. Additionally,
this terminator redundancy may ensure the absence of a VA RNAjand VA RNA(; fusion,
or continued transcription into the adjacent gene in serotypes lacking VA RNAj;, which
could potentially result in activation of dsSRNA-detecting innate immune proteins.

While one or both of these scenarios may be at play in the cell, neither would
preclude the possibility that VA RNA| transcripts produced from the second terminator
also perform distinct functional roles. To examine whether this additional sequence is
capable of adopting a stable structure, we used Mfold (44) to examine its potential
folding and found that a stable hairpin is the only predicted structure (Fig. 2). However,
whether this structure is adopted in the context of the full VA RNA; transcript and is
capable of imparting novel activities remains to be determined. More generally,
variations in RNA Pol III transcriptional start and termination sites create substantial
heterogeneity at both the 5’- and 3’-ends in the VA RNA; pool; whether this
heterogeneity influences VA RNA function in the context of infection will require

further detailed investigation.

Cellular Localization of VA RNA,

VA RNA; is present in both the nucleus and the cytoplasm of AdV-infected cells, but
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accumulates in high copy number in the cytoplasm late in infection. The La autoantigen
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Fig. 2. Predicted structure of the additional 3’-end sequence in VA RNA, produced at the
‘backup terminator’ (T2). A small percentage of VA RNA| transcripts are terminated downstream of
the primary terminator sequence at the ‘backup terminator’ (T2, red). The predicted structure of the
3’-end sequence (bold) appended to VA RNA| as a result of this termination is shown. The AG of

folding for this structure predicted by Mfold is -15.40 kcal/mol.
is a protein recognized by the sera of patients with systematic lupus erythematosus (45),
which binds to the 3’-end UUU-OH sequence of RNA Pol III transcripts, including
tRNAs, pre-5S rRNA and VA RNA; (46,47). La binding facilitates proper maturation of
cellular RNA Pol III transcripts, contributes to nuclear retention of small RNAs,
facilitates formation of ribonucleoprotein complexes, and can promote translation of
specific mRNAs (reviewed in (46)). La is essential in mammals (46), and its absence in
brain tissues causes cell death (48,49). Recent work shows that La shuttles between the
nucleus and cytoplasm (50), but whether La remains bound to VA RNA| once in the
cytoplasm is unknown. However, as approximately 2 x 10’ copies of La are present in the
cell, most likely bound to tRNA transcripts (46), and VA RNA;| copies alone far surpass

this level at late stages in infection, it is unlikely that all VA RNA; molecules are bound
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by La. We speculate that the rate at which VA RNA; transcription outpaces the
availability of La may play an important role in the timing of when the VA RNA; termini
are free to interact with other cellular proteins. For example, RIG-I is known to be
activated by the 5’-end triphosphate (5’-ppp) group of VA RNA;(15); occlusion of the
5’-ppp by La could thus dampen any antiviral effect that RIG-I may confer upon
activation by VA RNA; until late in infection. The degree to which La might prevent this
type of interaction is unknown, as well as the number of VA RNA| molecules required to
saturate available La in the presence of its other binding partners such as tRNAs and 5S

rRNA.

VA RNA Structure

VA RNA; adopts a complex secondary structure with three distinct structural domains:
The Apical Stem, Central Doman, and Terminal Stem (Fig. 1B) (51,52). Despite
generally low sequence conservation, all VA RNAs appear to be structurally conserved
and retain their overall organization into these three domains (9,52). Between AdV
subgroups only two regions of VA RNA| sequence are phylogenetically conserved: the
RNA Pol IIT promoter sequences (Box A and Box B), and two complementary
tetranucleotide sequences within the Central Domain, GGGU and ACCC (9,53) (Fig. 1).
In addition to the proposed secondary structure formed by these tetranucleotides within
the Central Domain, their specific identity may also be important for VA RNA; inhibition
of PKR, suggesting a role beyond that of maintaining stable Central Domain secondary

structure.
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The Apical Stem forms an unusually stable hairpin structure with an apparent thermal
unfolding T,, of >80 °C (51), and which is resistant to denaturation even in 6 M urea.
This latter feature causes Ad2 VA RNA; (~155 nt) to migrate as an apparent ~220 nt
RNA in denaturing polyacrylamide gels (51,54). The distal region of the Ad2 VA RNA;
Apical Stem can adopt alternate base pairings (Fig. 1B) that result in two structures
which are functionally non-equivalent in their ability to bind and inhibit PKR (55). While
PKR binding in vitro does not alter the relative amounts of each Apical Stem
conformation, whether there are other forces at play in the cell which can drive formation
of one conformation over the other, or whether the structure which inhibits PKR more

weakly is retained for some other essential functional role, remains unknown.

The VA RNA| Terminal Stem is also largely Watson-Crick base-paired but is not as
stable as the Apical Stem. While the Apical Stem appears to form an independently
folded structural domain, the unfolding of the Central Domain and Terminal Stem are
tightly coupled, indicating that the Terminal Stem may serve to stabilize the Central
Domain (51). The Terminal Stem sequence and base pairing are relatively conserved
among all AdV serotypes, owing to the presence of the RNA Pol III transcription start
(Box A) and termination sites (9,36) but minor substitutions which disrupt base pairing at
the ends of the Terminal Stem are tolerated (56). However, the mutations tested permit
maintenance of some base pairs near the very termini of the RNA, leaving open the
question of whether the 5°- and 3’-ends of must be base-paired to optimally rescue
translation during AdV infection. PKR also binds the Terminal Stem in isolation (57), but

this region is apparently entirely dispensable for the inhibitory activity of VA RNA;
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against PKR (58). However, the finding that variants with smaller deletions, which leave
portions of the Terminal Stem intact, have a reduced ability to inhibit PKR (58) suggests
that aspects of Terminal Stem architecture may be important for VA RNA; function in the

context of the intact RNA.

The importance of the Terminal Stem is apparent for a more recently defined function of
VA RNA,, as a substrate of the cellular miRNA biogenesis endoribonuclease Dicer. Dicer
specifically binds and processes the VA RNA Terminal Stem, making the sequence and
structure of this domain indispensable for generation of VA RNA-derived miRNAs
(“mivaRNASs”) (17). The reported short half-life of the Dicer-truncated VA RNA; Apical
Stem-Central Domain (AS-CD) fragment also lends some support to the idea, noted
above, that the role of the Terminal Stem in vivo is to protect the Central Domain from
degradation. However, though one group has reported that AS-CD RNA is unstable (59),
detailed analysis of the fate and potential roles of the AS-CD RNA product of VA RNA;

Dicer processing has not yet been performed.

The Central Domain is the most structurally complex of the three VA RNA; domains
(60), with a secondary structure that takes the form of a three-helix junction, linking the
Apical and Terminal Stems, and containing the two universally conserved,
complementary tetranucleotide sequences. Additionally, a higher order tertiary structure
was proposed based upon sequence complementarity and mutual insensitivity to single-

strand specific ribonucleases of two loop regions within the Central Domain (9,53). This
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pseudoknot interaction (dashed line) was recently experimentally verified in two

independent studies.

The first built upon a prior in vitro identification and analysis of a truncated VA RNA;
lacking the entire Terminal Stem (“TSA21 RNA”) which revealed a strong dependence of
Central Domain unfolding upon solution pH (58). Stabilization at low pH is consistent

with a critical protonation-dependent RNA tertiary contact, and this feature was used by
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Fig. 3. A structural model for Ad VA RNA;and the role of the Central Domain in PKR inhibition.
A, Secondary structure of Ad2 VA RNA| highlighting the three major structural domains, the Central
Domain pseudoknot interaction between Loops 8 and 10 (L8 and L10; yellow outline font), Loop 2 (L2;
green), and the pair of conserved tetranucleotide sequences which form Stem 4 (S4; red). Putative
interaction sites for Mg®" (61) are indicated by the circled nucleotides. B, Two views of the VA RNA,
structural model derived from solution RNA structure probing and SAXS constraints (62). Domain and

structural features are colored as in panel A; the right view is shown with a surface representation

(gray) of the ab initio model derived directly from the SAXS data.
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Wilson et al. (61), in combination with solution structure probing by “selective 2'-
hydroxyl acylation analyzed by primer extension” (SHAPE), to dissect the higher order
structure within the Central Domain of this truncated RNA. This study identified the
protonated base (A123) and provided direct experimental evidence for the pseudoknot
interaction within the Central Domain (Loop 8 and Loop 10 sequences ACC:GGU; Fig.
3). Using Tb”>"-probing, potential sites of Mg”" interaction within the Central Domain
were also identified; two of these residues, A103 and A123, are within or immediately
adjecent to the pseudoknot structure. Remarkably, however, this study also revealed that

the native Central Domain tertiary structure it is not required for PKR inhibition.

Launer-Felty et al. (62) also applied SHAPE and dimethylsulfate (DMS) RNA structure
probing to demonstrate the same Central Domain pseudoknot structure is formed within
full-length Ad2 VA RNA,. Constraints from both stucture probing experiments and small
angle X-ray scattering (SAXS) analysis of wild-type and mutant RNAs were used to
generate a structural model for VA RNA;. These molecular structures were compared to
ab initio SAXS-derived molecular models with good agreement. The model of full-length
wild-type VA RNA| has an extended, almost planar structure in which the Apical and
Terminal Stems are separated by a central bulge comprised of the Central Domain and
the large loop at the top of the 5-side of the Terminal Stem (Fig. 3B). Interestingly, no
change was observed in the SAXS-derived structure with addition of Mg®*. While this
demonstrates that divalent ion is not required for tertiary folding of the Central Domain
and does not induce gross structural changes, this observation is not inconsistent with

Mg®" stabilization of the Central Domain tertiary structure and influence upon interaction
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with PKR (63). Additionally, the model places the extended Loop 2, located at the top of
the Terminal Stem, adjacent to the Central Domain suggesting that Loop 2 may be
responsible for the enhanced Central Domain stability and coupling of RNA unfolding of
these two domains in the intact VA RNA; (51,58). A particularly appealing feature of the
model is the compact nature of the Central Domain and the manner in which the
conserved tetranucleotide sequences are positioned to stack coaxially with the Apical
Stem and thus define a short extension to the primary PKR binding site (Fig. 3). As noted
by the authors, this suggests a precise structural tuning of the PKR binding site which

likely defines the molecular mechanism by which VA RNA; exerts its inhibitory activity.

VA RNAs Usurp Multiple Cellular Functions

While VA RNA is best known for its essential pro-viral activity in PKR inhibition, more
recent evidence has uncovered further potential roles for VA RNAs in disrupting multiple
cellular processes (Fig. 4). In the following sections we review the current state of

understanding and highlight the key areas for further investigation.

VA RNA interference with RNAi machinery

VA RNA; interferes with cellular miRNA biogenesis on three levels: competition with

cellular RNAs for Exportin 5-mediated export from the nucleus, saturation of the pre-
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miRNA processing endoribonuclease Dicer, and direct interference with RISC complex

assembly and function.
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with multiple cellular processes (red arrows). VA RNAs block miRNA biogenesis via saturation of
nuclear RNA export by Exp5 and pre-miRNA processing by Dicer, resulting in an alteration of the
population of RISC-bound miRNAs (top and center). Single-stranded segments of the VA RNA
Terminal Stem are also incorporated into functional RISC complexes (as mivaRNAs). Both intact VA
RNA| and the Dicer-derived AS-CD fragment can inhibit protein synthesis via direct inhibition of the
innate immune protein PKR (left). VA RNA| binding to PKR prevents dsRNA-mediated PKR
dimerization, activation and thus downstream phosphorylation of elF2 which would otherwise block
translation initiation. Intact VA RNA; and the authentic product of Dicer cleavage (AS-CD RNA
fragment) activate OAS1, which could potentially activate the latent cellular ribonuclease RNase L
(right). The dashed red line indicates, in contrast, that an RNA fragment with the Terminal Stem fully

deleted RNA (TSA21) can act as a pseudoinhibitor in vitro.
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Competition for nuclear export by Exportin 5 (Exp 5)

Following transcription by RNA Pol III, VA RNAis exported to the cytoplasm via Exp 5
(Fig. 4), a Ran-dependent GTPase important for export of nuclear RNAs, including pre-
miRNAs and tRNAs (64,65). Exp 5 recognizes a ‘mini-helix,” a >14 bp, mostly double-
stranded stem with its 5’-end involved in base-pair interactions and its 3’-end comprised
of 3-8 single-stranded nucleotides (66). This feature is present at the end of the VA RNA;
Terminal Stem and interacts directly with Exp 5 making it an efficient competitor against
cellular pre-miRNAs for nuclear export (67). Exp5 also regulates export of Dicer mRNA
into the cytoplasm, and through competition with this mRNA for export, VA RNA;can
deplete the cytoplasmic levels of Dicer protein (68). Thus, through interaction with Exp
5, VA RNA| both alters the ability of newly synthesized pre-miRNAs to be exported to
the cytoplasm and limits the cellular level of the miRNA-maturation endoribonuclease

Dicer.

Dicer Saturation

Once in the cytoplasm, VA RNA further suppresses miRNA biogenesis by saturating
Dicer, rendering it unavailable to process cellular pre-miRNAs, including potential
antiviral miRNAs (17). Dicer binds and cleaves the Terminal Stems of VA RNAjand VA
RNAj from a range of AdV serotypes (16,35). The efficiency of Dicer cleavage of VA
RNA is the same as that for dSRNA of the same length (17), and produces a truncated VA
RNA species and a Terminal Stem fragment from which the 22 nt mivaRNAs that may

be incorporated into RISC are derived (Fig. 4) (17,32). Interestingly, VA RNAy appears
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to be the preferred VA RNA substrate for Dicer in vivo: despite ~20 fold lower
expression than VA RNA|, VA RNA( is preferentially processed by Dicer and

incorporated into RISC during infection (16).

Though VA RNAj-derived mivaRNAs are more prevalent, the specific requirement of
VA RNA; for efficient AdV replication (12) has led to more numerous investigations on
the interactions of VA RNA; with the RNAi machinery. Although they differ by 3 nt in
length, both G and A forms of VA RNA| (Fig. 1B) are processed at the same site by
Dicer, yielding VA RNA 3’-end fragments of the same size and 5’-end fragments
differing in length by three nt (32). Much of the work done to identify the sites of Dicer
processing in VA RNA; used Ad5 VA RNA; (32), for which two sites of processing were
identified following nt 137 or nt 138, for both the G and A isoforms (16,32). However,
another report indicated only a single cut site for Ad5 VA RNA; after nt 138, but also
showed VA RNAs from other serotypes, including Ad4 and Ad37, are cleaved at two
locations (35). These conflicting reports leave open the possibility that Ad5S VA RNA;
processing may be dependent on the cell line used. Defining the precise location(s) of
Dicer processing site and the factors that influence alterations in this pattern is important
because variation in product length alters the seed sequences of these RNAs, and

therefore the potential mMRNAs targeted (69).

The importance of Dicer processing of VA RNA;during infection is poorly understood.
While some groups have reported that the phenotype of a poorly replicating Adenovirus

strain lacking VA RNA; and VA RNA( can be restored by knocking down either Dicer or
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Exp 5 (68), others show that knocking down Dicer has no restorative effect in this context
(70). These conflicting reports raise the question of whether the importance of Dicer
inhibition by VA RNA| is serotype specific, or dependent upon the type of infection (i.e.
acute, persistent, or latent). While much attention has focused on subsequent
incorporation of Dicer processed fragments into the RISC complex and their potential
targets, it remains to be seen if Adenovirus infection is affected by Dicer saturation alone.
Infection with an Adenovirus containing VA RNAs resistant to Dicer processing, but
which still maintain their other pro-viral functions might begin to shed light on this

question.

mivaRNA incorporation into RISC: a mechanism of viral control of host cell gene
expression?

Following processing by Dicer, the 3’ and 5’ strands of the VA RNA Terminal Stem-
derived 22 bp fragment can be incorporated into RISC (17,67,71,72). These mivaRNAs
are the only source of RISC-associated miRNAs of viral origin during Adenovirus
infection (73). While one group reported that approximately 80% of Ago-2-containing
RISC complexes late in Adenovirus infection contain mivaRNAs (16), others report a
significantly lower proportion, 15% (73). Though this disparity may be attributed to
differences in experimental approach, for example overexpression of Ago-2 resulting in
reduced VA RNA competition with cellular RNAs (16), the extraordinary level to which
VA RNA accumulates (10® copies per cell) (10) makes a substantial effect on the cellular

miRNA population highly likely (Fig. 4).
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The ability of a given mivaRNA to down regulate gene expression is not directly
correlated with its overall abundance, degree of processing by Dicer, or level of
incorporation into RISC. For example, despite being expressed at 20-fold lower
abundance, VA RNA[; is the origin of the majority of RISC-associated mivaRNAs
(~69%) (17,71). Yet among mRNAs isolated from mivaRNA-containing RISC during
Ad5 infection, seed sequences corresponding to mivaRNAy; are underrepresented (73).
Furthermore, both 3’-mivaRNA(A) and (G) more efficiently knock down reporter gene
expression than mivaRNAs derived from VA RNAy; (73). Together these findings
illustrate a disconnect between mivaRNA abundance in RISC and the likelihood that a
given mivaRNA can knock down gene expression. This disconnect is also present among
VA RNAj-derived mivaRNAs. The 5’-and 3’-end strands of mivaRNA(A) and
mivaRNA{(G) are not incorporated into RISC in equal measure. For Ad5 VA RNA,,
while both the 5’ and 3’ strands of VA RNAj(A) are incorporated, in contrast, only the 3’
strand of VA RNA((G) is found in RISC (17,71). This preference for 5’-VA RNA(A)
strand incorporation, in spite of mivaRNA(G) representing more than 75% of the total
VA RNA pool (34), is determined by 5’-end heterogeneity, as 5’-mivaRNA[(A) is three
nucleotides longer than 5’-mivaRNA|(G) due to their different transcriptional start sites
(32,74). Although 3’-mivaRNA|(A) is more likely to be found in RISC, the 3’-strand
activity is only about twice that of the 5” strand (73). Curiously, a conflicting report
shows that the 3’-mivaRNA (A)-associated RISC is only 2% as active as a RISC
assembled upon the 5’-mivaRNA(A) in vitro (32). This pattern, however, is not
recapitulated in vivo, and reporter assays demonstrate that 5’-mivaRNA;(A) is not as

effective in knocking down reporter expression as 3’-mivaRNA|. This indicates that the
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inherent activity of mivaRNA-associated RISC in vitro may not always accurately reflect

mivaRNA function in vivo.

The role of mivaRNAs once they are incorporated into the RISC complex is unclear. The
mivaRNAs are bound by Ago-2, the endonuclease component of RISC (75), indicating
that the mivaRNA-loaded RISC is indeed functional. Further, sequences within the
mivaRNAs can supress reporter gene mRNAs containing artificial complementary
sequences by approximately 20% (71), indicating that during infection these RISC-
associated RNAs are indeed capable of interference. In support of the idea that the
mivaRNAs are functional interfering RNAs, blocking the ability of VA RNA| Terminal
Stem sequences to bind to their putative targets by supplying complementary 2’-O-
methylated RNA decreases virus titer (71). This observation is consistent with earlier
work demonstrating the importance of the VA RNA; Terminal Stem in which viruses
harboring VA RNA; lacking 3’-half of the Terminal Stem exhibited a 10-fold reduction
in virus titer (76). These discoveries sparked a search for mivaRNA targets during
Adenovirus infection and, though some have been identified using microarray and
bioinformatics approaches, the importance of knocking down these targets is unclear.
While the evidence from the studies described above supports a functional role for the
mivaRNAs, the finding that supplying mivaRNA mimics has no impact on virus
replication in AdS lacking VA RNA; indicate that this role is not sufficient for

complementing loss of PKR inhibition (73).
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Recent work using microarray analysis to identify genes downregulated during AdV
infection revealed 13 genes involved in DNA repair, growth, apoptosis, and RNA
metabolism, that are potentially regulated by the Ad5 mivaRNA derived from Dicer
cleavage of VA RNA;(A) after nt 138 (mivaRNA(A)-138) (77). A single AdS5 3’-
mivaRNA;(A) target was subsequently verified as TIA-1 cytotoxic granule-associated
RNA binding protein (34,78,79). TIA-1 is an RNA-binding protein implicated in
translational control during cellular stress and alternative splicing of pro-apoptotic
proteins (34,78,79). An alternate approach of RISC immunoprecipitation during Ad5
infection, and subsequent analysis of recovered RISC-associated mRNA transcripts (73),
also identified potential targets of mivaRNAs. In this work, the mivaRNAs were shown
to have distinct targets, including genes involved in apoptosis, membrane and
mitochondria-associated processes and cell growth. Interestingly, all validated targets
contained complementarity to the mivaRNAs in their 3’-UTRs (73). Both this and one
other study identified the cell-growth protein lymphocyte antigen 6 complex (LY 6K)
(73,77), a protein implicated in both breast, and head and neck cancers (80,81), as a target

of 3’-mivaRNAs (73,77).

The nature of the mivaRNA targets identified to date are consistent with the pro-viral role
of VA RNA|, but whether these targets are directly related to the viability of the virus is
unclear. The effect of mivaRNAs may simply be to alter the overall population of RISC-
associated miRNA, rather than to knock down specific targets (73). In fact, recent work
has demonstrated that disrupting the seed sequences present in 3’- and 5’ mivaRNAs has

no effect on lytic virus growth in tissue culture (70). This finding raises the question of
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whether the few genes identified as specific targets of mivaRNAs are important for virus
replication, or incidental and therefore a side-effect of a more general inhibition (73,77).
The sequence of the AdV Terminal Stem is not strictly conserved, raising the additional
question of whether the same genes are down regulated during infection by different AdV
serotypes, and if any such pattern is sequence-dependent. Whatever their true function,
these mivaRNAs are also present in persistently infected lymphoid cells (82), indicating
that Dicer processing of VA RNA and subsequent incorporation into RISC could have a

role in both lytic and persistent infection.

Though most previous work on mivaRNAs utilized AdS, VA RNAs of all human
Adenoviruses serotypes are thought to be processed by Dicer and subsequently
incorporated into RISC (35). Dicer processing efficiency, cut site number, and strand bias
for loading mivaRNAs onto Ago-2 containing RISC are all serotype specific (35).
Interestingly, the 5’-seed sequences in stable RISCs for each serotype examined (Ad4,
Ad5, Adl11, and Ad37) have homologous seed sequences. Whether this homology has
functional implications or contributes to virulence, however, remains unknown. In spite
of these differences, each of the examined serotypes has maintained the ability to be
processed by Dicer, indicating that serving as a substrate for Dicer may be an important

pro-viral role for VA RNA;

VA RNA -mediated inhibition of PKR

Shortly following the discovery that VA RNA; is required for optimal virus replication

(12), its specific role in Ad5 resistance to interferon-a and efficient translation late in
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infection was revealed (11,83). The ability of VA RNA; to promote Adenovirus protein
synthesis arises from its direct inhibition of PKR, which blocks the PKR-mediated shut
down of general translation (Fig. 4) (13,84). In the absence of viral inhibition, PKR is
activated by dsRNA produced as a consequence of transcription of overlapping genes in
DNA viruses, RNA genome replication in RNA viruses, or formation of RNA secondary
structures (84-86). Cytoplasmic dsRNA is thus a hallmark of viral infection detected by
PKR, and which promotes PKR dimerization, autophosphorylation and subsequent
phosphorylation of Ser 51 on the o subunit of the eukaryotic translation initiation factor 2
(elF2) (87,88). elF2 phosphorylation increases affinity for the guanosine nucleotide
exchange factor elF2B, preventing exchange of GDP for GTP on elF2. Because GTP
hydrolysis is a rate-limiting step in translation initiation, PKR phosphorylation of elF2a
leads to dramatic reduction in protein synthesis (89,90). Through its ability to bind and
effectively inhibit PKR by preventing PKR dimerization, VA RNA| thus ensures efficient
production of viral proteins (91). The poor growth phenotype of Ad2 lacking VA RNAs
can be complemented by growing the virus in a cell line harboring an elF2 Ser51Ala
mutation which cannot be phosphorylated and thus regulated by PKR (92). VA RNA;
transcripts from range of AdV serotypes inhibit PKR, and the degree to which they are
able to do so is directly related to virus replication kinetics (52). In addition to the
importance of VA RNA; inhibition of PKR during acute infection, more recent works
suggest that the ability of many AdVs to establish latent infection may be related to the
abundance of VA RNA: for example, the low virulence and slow growth of Ad12 is due

to promoter mutations which lead to low levels of VA RNA; accumulation (93).
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Collectively, these findings illustrate the importance of VA RNA| in both acute and latent

infection.

Uncovering the protein-RNA contacts that mediate PKR-VA RNA| interaction and
identifying the structural hallmarks that define VA RNA; as an inhibitor of PKR have
been the subject of extensive studies over the last several decades. While a high-
resolution structure of a PKR complex with VA RNA;| (or any other RNA) has remained
elusive to date, solution studies of VA RNA; structure and in vitro function have revealed
a wealth of important new information. Though a large majority of studies have focused
specifically on the RNA molecular features and interactions that confer VA RNA;-
mediated inhibition of PKR, they have nonetheless also informed our understanding of

the complex nature of VA RNA| biology.

Binding and inhibition of PKR are the primary functions of the Apical Stem and Central
Domain of VA RNA|, respectively (94). PKR binds the Apical Stem via two N-terminal
dsRNA binding motifs (95) on the same dsRNA-binding surface responsible for binding
to activating RNA (96). Initially, it was hypothesized that the inability of the Apical Stem
to activate PKR was due to the presence of a number of base mismatches which could
potentially distort the A-form dsRNA helix. However, mutating the Apical and Terminal
Stems so that they are perfectly base-paired improved both PKR binding and inhibition,
rather than transforming the RNA into a PKR activator (96). In the absence of the Central
Domain, the Apical Stem of VA RNA; can activate PKR, confirming the previous finding

that PKR binding and activation are distinct processes (97), and highlighting the critical



57

functional role of the Central Domain. Indeed, while the Apical Stem is the primary
binding site for PKR, high affinity PKR-VA RNA; interaction, and thus potent PKR
inhibition requires the presence of Mg”" and contacts mediated by the Central Domain

(54,57,63).

The VA RNA| Central Domain is necessary for inhibition of PKR (54,56). Following
early studies which used large deletions and substitutions to show that the overall
architecture of the RNA must be maintained in order to inhibit PKR (97), subsequent
work focused on the role of specific sequences and substructures. The identity of the
bases in the conserved Central Domain tetranucleotide sequences, GGGU and ACCC,
and not simply maintenance of their base pairing, was suggested to be important for
translational rescue by VA RNA; (53). While mutation and subsequent restoration of base
pairing partially recovered the ability of VA RNA variants to rescue translation, wild-
type VA RNA| activity was never fully recovered (53). This finding suggested the
involvement of this conserved four bp helix (Stem 4) in the formation of a Central
Domain tertiary structure (Fig. 3). As discussed in, two recent studies verified the
presence of a pseudoknot interaction within the Central Domain using solution structure
probing studies of VA RNA; and in one case combined this data with SAXS constraints

to construct a complete molecular model of VA RNA; (61,62).

First, using the truncated TSA21 RNA, Wilson et al. (61) provided compelling evidence
for the existence of a pH- and Mg* -sensitive tertiary structure in the Central Domain,

including a pseudoknot structure formed by the base pairing of Loop 8 and Loop 10
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sequences, ACC (nts 103-105) and UGG (nts 124-136), respectively (Fig. 3). Contrary to
expectation, however, this Central Domain tertiary structure was found to play no role in
efficient inhibition of PKR by TSA21 RNA. Additional mutagenesis studies of the RNA
revealed that PKR inhibition by VA RNA; required only the Apical Stem and the
presence of a three-helix junction, with the greatest impact on activity arising through the
deletion of the 5’-half sequence at the junction between the Central Domain and Apical

Stem.

A subsequent study by Launer-Felty ef al. (62) also used SHAPE and DMS structure
probing to demonstrate the same pseudoknot exists within the intact VA RNA|. Here,
mutagenesis of the pseuoknot-forming sequences revealed that formation of this tertiary
structure is dependent upon the stability of the base pairing (i.e. with G-C but not A-U
pairs) but not their specific orientation (i.e. G-C versus C-G). Although the impact on
PKR inhibition was not directly tested, analyses of PKR-VA RNA| binding affinity again
suggested that the Central Domain tertiary structure does not play a critical role.
Specifically, purturbation of the Central Domain tertiary structure and PKR binding
affinity do not appear to be directly correlated: individual mutations of each pseudoknot
sequence had substantially different effects on PKR binding affinity (6- and 2.5-fold
reduced upon mutation of Loop 8 and Loop 10, respectively) and a point mutant (at
A103) was identified that impacted PKR affinity (4-fold reduced) while retaining the
native tertiary fold. The most deleterious effects on PKR binding arose where mutations
included alteration of nucleotide A103, one of three nucleotides identified by Wilson et

al. as potential sites of Mg”" binding within the Central Domain (61). The PKR-VA
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RNA interaction is dependent upon Mg>" (63), suggesting that the effects on PKR
binding reflect alterations in the interaction of the divalent ion with the Central Domain
and not simply disruption of the tertiary structure per se. Precisely how Mg*" within the
Central Domain tunes PKR interaction (and perhaps its inhibition), and whether the same
effects are at play in the presence and absence of the Terminal Stem will require further

investigation.

Both of these recent studies called into question the functional necessity for the absolute
conservation of the two complementary tetranucleotide sequences which reside within the
Central Domain. While previous work suggested these nucleotides and their specific
orientation were important for translational rescue by VA RNA; (53), these new studies
reveal a more limited impact upon PKR binding and inhibition when these sequences are
altered in the intact and Terminal Stem truncated RNAs, respectively (61,62). Although
the functional basis for sequence conservation is less clear from these new works, the VA
RNA|molecular model produced by Launer-Felty et al. (62) suggests a clear role for the
structure they form. In the model, this region of the Central Domain is coaxially stacked
with the Apical Stem to add a short extension adjacent to a bulged region formed by the
rest of the Central Domain and its junction with the Terminal Stem (Fig. 3). This model
thus suggests an appealing mechanism by which the PKR binding site is precisely tuned
to maximize binding without inducing PKR activation. Given that other sequences can
fulfil this function in vitro, why are these tetranucleotides sequence absolutely
conserved? As speculated by the authors of both recent studies (61,62), perhaps the

conserved tetranucleotide sequences are important for other activities of VA RNA;,
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raising the intriguing possibility that the observed translational rescue by VA RNA; may

not be entirely due to PKR inhibition.

The finding that the Central Domain tertiary structure is not required for PKR inhibition
and that major deletions are either fully or partially tolerated also appears inconsistent
with previous reports of instances in which single mutations within the Central Domain
decrease VA RNA| inhibition of PKR (98). However, several of these point mutations,
which most render VA RNA; unable to inhibit PKR, cluster around the three-helix
junction or are adjacent to putative sites of Mg*" interaction (61). Thus the effects of
these point mutations might be attributed to gross deformation of the Central Domain
secondary structure and/ or destabilization of the three-helix junction (56,96). Therefore,
while it is possible intact VA RNA; may be more sensitive to destabilizing mutations
within the Central Domain than the TSA21 RNA construct used by Wilson et al. (61), the
effects of these single point mutations are not entirely inconsistent with the more general
finding that the three-helix junction and the manner in which it extends the Apical Stem
PKR binding site is the most critical structural feature for VA RNA| inhibition of PKR
(61,62). This more simple requirement for VA RNA; inhibition of PKR allows a ready
rationalization of the ability of VA RNAs from different AdV serotypes and other non-
coding RNAs with diverse sequences and structures to inhibit PKR in vivo. For example,
the Epstein-Barr virus, a dsSRNA virus capable of both lytic and latent infection, also
possesses two non-coding RNAs, EBER-I and EBER-II, which bear a broad structural
similarity to the VA RNAs (99). EBER-1 binds to PKR with similar affinity to VA

RNA\, and is capable of inhibiting translation to the same degree as VA RNA;(100).
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Further, EBERs can complement a virus lacking both VA RNAs. However, VA RNAs
are unable to fully complement an EBER-deleted Epstein-Barr virus, demonstrating that
despite their structural similarities, the functions of these two viral non-coding RNAs are

not entirely overlapping (101).

VA RNA, regulation of 2°-5" oligoadenylate synthetase-1 (OAS1)

Given the well-established function of VA RNA| as an inhibitor of PKR, it is at first
glance paradoxical that this RNA can activate another arm of the innate immune system,
the OAS/ RNase L pathway (14). Like PKR, the OAS family of enzymes are dsRNA-
sensors. Upon detection of dsSRNA, the catalytically active OAS forms (OAS1, OAS2,
and OAS3) synthesize 2’-5’-linked oligoadenylate second messengers, which in turn,
activate their only known target, the latent cellular endoribonuclease RNase L (102,103).
Active RNase L degrades single-stranded RNA, primarily after UU and UA dinucleotides
(104) present within loops or bulges of otherwise highly structured RNAs (105), thereby
halting protein translation (Fig. 4). RNase L activity is dose-dependent (106), and its
biological targets may therefore depend on 2’-5’-oligoadenylate levels; however, RNase
L degrades cellular, viral, and host ribosomal rRNA (107-110). Just as viruses have
developed an array of strategies for subverting the effects of PKR, they have also
developed ways to circumvent the effects of OAS activation including dsSRNA
sequestration, direct inhibition of OAS or RNase L, or synthesis of 2°-5’

phosphodiesterases (reviewed in (111)).
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OASI1 has been the primary focus of most investigations concerning the identification of
RNA features required for activation. While such RNA requirements are still not fully
understood, the structure of OAS1 bound to an 18 bp dsRNA duplex and a single dATP
revealed much about how simple dsRNAs control OASI activation. Upon binding to
activating dsRNA the relative orientations of the OAS1 N- and C-lobes is altered in a
manner which narrows the ATP-binding cleft of OASI1, and facilitates a structural
rearrangement that repositions a catalytic residue to complete the enzyme active site
(112). While OAS1 requires a minimum of 18 bp of duplex RNA to become active (113),
not all dsSRNA activates OASI to the same degree, indicating that there are additional
RNA molecular features which contribute to activation of this enzyme. To date, most
work has focused on identification of activation consensus sequences and two distinct
types have been identified: WWNGWG (113) and AWAWN,CC...UUN,ACCC (114).
However, the dissimilarity of these sequences, coupled with the observation that not all
dsRNAs which harbor them are activators, indicates that there are additional, currently
unknown sequence and structural features that are important for driving activation of

OASI.

With the added complexity of RNA secondary and tertiary structures, the regions of VA
RNA| required for OAS1 activation or inhibition remains unclear. Furthermore, multiple
regions of VA RNA may be bound by OAS1, either simultaneously or exclusively, with
some initiating the necessary structural rearrangements to activate OAS1, and others
which fail to do so and are thus unproductive. Nonetheless, initial studies of OAS1

regulation by VA RNA| have already shown that this RNA is an excellent model system
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with which to tease apart the details of RNA-mediated control of OAS1 activity. First, the
OAS1-activating potential of VA RNA; may be increased by making the Terminal Stem
or Apical Stem perfectly base-paired, whereas disrupting the structure of any of the three
domains reduces the effect of VA RNA; against OAS1, even in the absence of altered
binding affinity (14). However, the effect of base-pairing the Terminal Stem is greater
than that of the Apical Stem (14), despite the Apical Stem being a more potent activator
than the full length RNA (115). This raises the possibility that another domain, most
likely the Central Domain has an inhibitory effect in the context of full-length VA RNA;.
In support of this idea, a truncated form of VA RNA| lacking the entire Terminal Stem

was recently shown to act as a pseudoinhibitor of OAS1 (115).

Second, more recent analyses of OAS1 regulation by VA RNA; lead to the identification
of the 3’-single-stranded pyrimidine (3’-ssPy, or “three prime spy’’) motif required for
optimal activation OAS1 by both simple dSRNA and more structurally complex
ncRNAS, (116). How the 3’-ssPy motif functions is not fully understood, but a single
highly conserved OAS1 residue, Gly57, found in a short loop adjacent to the RNA
terminus in the OAS1-dsRNA crystal structure was identified as essential for mediating
the effect of the 3°-ssPy motif. Additionally, kinetic analyses with both an 18 bp dsSRNA
containing an OAS1 activation consensus and VA RNA| showed that while the 3°-ssPy
motif consistently increases overall OASI catalytic efficiency, the effects of the 3’-ssPy
motif on the apparent RNA affinity are context dependent (116). Further, the idea that an
activating RNA motif might enhance OAS1 activating potential by decreasing apparent

RNA affinity is appealing; the comparatively weak affinity OAS1-dsRNA affinity may
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be a necessary feature of the protein-RNA interaction to drive the non-processive

synthetic activity of OASI (117-119).

Third, VA RNA| contains two WWNZWG activation consensus sequences (Fig. 1B), but
their contributions to OASI activation have not been tested. However, in light of the
insights on dsRNA-mediated activation of OAS1 gleaned from the OAS1-dsRNA crystal
structure and the fact that the two consensus sequences in VA RNA| fall outside of
regular helical regions, any contribution to VA RNA activation of OAS1 would be

remarkable and require a reassessment of the structural features that control OASI.

The in vivo physiological consequences of VA RNA| activation of OAS1 are currently
underexplored; to date, all experiments that have examined VA RNA;| activity against
OASI have been performed in vitro. The uncertainty surrounding VA RNA| activation of
OASI is compounded by the fact that VA RNA| is only able to activate OAS1 with ~10%
of the potency of perfectly double-stranded RNA of similar size (14). Whether the
comparatively low OAS1-activating potential of VA RNA| is overcome by the
extraordinarily high levels to which the transcript accumulates is unknown. Further, the
question of whether or not full-length VA RNA; activation of OAS1 may be beneficial to
AdV at certain stages of infection, and its activation purposeful rather than inadvertent is
unknown. Perhaps appropriately timed OAS]1 activation by AdV is important for
establishing different types of infection. For example, could VA RNA| activation of
OASI promote degradation of specific viral mRNAs, and thus promote the switch

between early and late gene expression? Future studies directed at examining the extent
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and impacts of OAS]1 activation in the context of Adenovirus infection will be required to

address these questions.

In addition to the inherent ability of VA RNA; to activate OASI, the potency of OAS1
and therefore RNase L activity is influenced by the levels of OASI1 present in the cell.
OASI levels are not equal between cell types due to variation in OAS1 mRNA levels
(120). Therefore, if AdV tissue tropisms do not overlap with those in which OAS1 is
present at a level sufficient to activate RNase L in the presence of a weak activator like
VA RNA| the inherent activating potential of the RNA may have little bearing on the
outcome of infection. To more completely understand the impact of VA RNA; on the
OASI1/RNase L pathway, future studies using cell culture to model infection are critical.
Even so, demonstrations that VA RNA| can induce RNase L-mediated degradation of
cellular RNA in vivo would be important for understanding the effects of VA RNA;
activation of OAS1 on the cell, even absent a role in controlling infection. Understanding
the consequences of VA RNA activation of OAS] is an important consideration for the
design of AdV vectors engineered to infect cells with higher levels of OAS1, such as

liver tissue or myeloid cells (120).

Pro-viral roles of Apical Stem—Central Domain fragment from Dicer-processing of VA

RNA,

While deserved attention has been paid to the fate of the Terminal Stem-derived
mivaRNAs), it is also noteworthy that the remaining Apical Stem and Central Domain-

containing fragment (AS-CD RNA) arising from Dicer processing of VA RNA| has also
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been hypothesized to retain pro-viral potential. A similar RNA fragment lacking the
entire Terminal Stem (TSA21 RNA) retains wild-type inhibitory activity against PKR
(58) and is also a pseudoinhibitor of OAS1 which binds with slightly increased affinity
yet fails to activate the enzyme (115). While these studies hint that pro-viral roles exist
for AS-CD RNA, TSA21 RNA and the authentic Dicer-derived fragment are not
identical: AS-CD RNA possesses additional 5’- and 3’°-end single-stranded sequences
(Fig. 5A). In light of the potential for short single-stranded RNA motifs to potently
regulate both PKR and OAS1 (116,121), these differences warrant more careful
examination of AS-CD RNA activity. We therefore tested the activity of AS-CD RNA
against PKR and OAS] using established PKR activation and inhibition kinase assays
and OASI1 chromogenic assays, respectively (61,116). We found that AS-CD RNA
retains inhibitory activity against PKR, though is somewhat less potent TSA21 RNA (Fig
5B). Surprisingly, however, we found that the authentic Dicer-derived AS-CD RNA
activates OASI to the same degree as full-length VA RNA; (Fig 5C) rather than
inhibiting OASI as reported for TSA21 RNA (115). This result casts doubt on the
hypothesis that Dicer-processed AS-CD RNA serves as a pseudoinhibitor of OAS1
during AdV infection (115). The difference in activity observed between these two
constructs can serve, however as a tool to begin to ellucdate the structures of VA RNA;

responsible for OAS1 activation.
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Fig. 5. Activity of the Dicer-derived Apical Stem-Central Domain (AS-CD) fragment against PKR
and OASI. A4, Sequence and secondary structure of an authentic Dicer-derived AS-CD fragment. The
site of truncation in TSA21 RNA (blue dotted line) and the pair of universally conserved tetranucleotide
sequences (yellowfont with black background) are also highlighed. B, PKR kinase inhibition assays
show that the authentic Dicer-derived AS-CD fragment (blue) inhibits PKR, though to a lesser degree
thanTSA21 RNA (red), corresponding to wild-type VA RNA| activity. PKR autophosphorylation were
performed in the presence of y->*P ATP and poly(I):poly(C) activator RNA as previsouly described
(61). C, Chromogenic assays of OAS|1 activation show that the authentic Dicer-derived AS-CD
fragment (blue) activates OASI to the same degree as wild-type VA RNA; (black), in contrast to
TSA21 RNA (red) which acts as a pseudoinhibitor. The chromogenic assay measures levels of PP;
produced as a consequence of 2°-5” oligoadenylate synthesis, and data are normalized to full length VA

RNA activity as previsouly described (116).
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VA RNA,induces type-I interferon late in infection

In addition to the effects on PKR and OAS1, AdV infection induces expression of type |
interferon in two distinct phases: the first between 12 and 24 hours, and later at between
48 and 60 hours post infection. VA RNA; is involved only in the latter phase during the
late stages of infection (15,122). While the late-stage induction is reported in some cases
to occur in a RIG-I-dependent manner (15), others show that the identity of the pattern

recognition receptor (PRR) on which induction depends is cell-type specific (122).

RIG-I is a cytoplasmic dsRNA-sensing innate immune protein activated by dsRNA with
a triphosphate (5’-ppp) group (123,124). As the VA RNA; Terminal Stem is largely
double-stranded and possesses a 5’-ppp, this domain of VA RNA; is potentially capable
of activating RIG-I. However, not all VA RNA| transcripts generated during infection
contain a 5’-ppp: 50% are reported to have a 5’-ppp, 40% possess a di-phosphate and
10% a monophosphate (30). The determinants of this ratio are unclear, as are the
functional consequences of disrupting the distributions. However, it is likely that VA
RNA| with 5’-ppp is the only form capable of activating RIG-I, suggesting that RIG-I
activation may be governed by the proportion of VA RNA| with 5’-ppp. Additional
support for 5’-end phosphorylation state as a driver of RNA activity can be found by
examining the 5’-ends of mivaRNAs incorporated into the RISC complex: because
functional miRNAs produced by Dicer must contain 5’-monophosphates at their 5’-ends,
one might hypothesize that only 10% of VA RNAs can serve as functional mivaRNAs
(125). Indeed, the majority of 5’-mivaRNAI(A) incorporated into the RISC complex

contain 5’-monophosphates rather than 5’-ppp, while the large majority of RISC-
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associated, non-functional 5’-mivaRNAs derived from VA RNAI(G) have 5’-ppp (32).
Additionally, RIG-I activation may be further controlled by the ratio of VA RNA;| with
more than two 3’-end single-stranded nucleotides, as recent works on RIG-I activation by
miRNAs indicate that 3’-single-stranded overhangs of between 2 and 3 nt render dsRNAs
unable to efficiently activate RIG-I (126). As a large majority of VA RNA transcripts
possess a 3’-overhang of at least 2 nt (38), most VA RNA; transcripts are likely unable to
efficiently activate RIG-I. In spite of the small fraction of total VA RNA;which possess
the RIG-I-activating 5’-ppp, the high copy number to which VA RNA;accumulates late

in infection may nonetheless explain the observed activation of RIG-I late in infection.

One alternative hypothesis is that OAS1/ RNase L activation by VA RNA| late in
infection generates RNA fragments which amplify the host-immune response through
activation of RIG-I, as has been demonstrated for the degradation products of self
mRNAs (127). As is the case with VA RNA| activation of OAS, it is unclear whether
RIG-I activation has an impact on the outcome of virus infection, as mutations which
interfere with PKR activity are the sole requirement for restoring infectivity of AdV
lacking VA RNA|. However, like OAS1 activation, the consequences of RIG-I activation

may be tissue-specific, and an important consideration for AdV-based technologies (120).

Considerations for Ad vectors

Understanding the multiple ways in which VA RNA; affects cellular processes has been
critical for the efficient development of AdV-based technologies for gene therapy,

oncotherapy, and vaccine development (8,128,129).While the efficiency with which VA
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RNA/inhibits PKR has made this RNA a valuable tool for ensuring effective translation
of transfected proteins (Promega), VA RNAs can be detrimental to experimental or
therapeutic introduction of small hairpin RNA (shRNA) for gene silencing because of the
way in which VA RNA interacts with Dicer and associates with the RISC complex (130).
While development of AdV vectors lacking VA RNAs was initially limited by the low
titers associated with the absence of these RNAs, more recent work has utilized cell lines
which express VA RNA; (129) or viruses in which VA RNA| is flanked by flippase
recognition target (FRT) sequences in a recombinase (Flp) expressing cell line to
efficiently generate AdV vectors lacking these sequences (8). In addition to avoiding VA
RNA interference with miRNA biogenesis and inadvertent activation of innate immunity,
VA RNA deleted vectors also have a naturally restricted range, which includes specific
types of cancer cells in which PKR function is diminished due to upregulation of the rat
sarcoma oncogene (RAS), making VA RNA;-deleted AdV vectors an attractive option for

oncolytic virotherapy of specific cancer cell types (131).

CONCLUSIONS

VA RNA; is a remarkable, multifaceted and essential pro-viral ncRNA transcript capable
of modulating many host cell defenses against viruses and interfering with cellular
processes such nuclear RNA export, protein synthesis and miRNA biogenesis. However,
the specific impact of many of these potential activities of VA RNA| on the outcome of
AdV infection remains underexplored. Our limited understanding in this area is further
complicated by the fact that there are several different VA RNA; subspecies resulting

from 5’°- and 3’-end heterogeneity present during infection that may have disparate
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impacts on each of these pathways. Additionally, the seemingly opposing activity of VA
RNA in activating RIG-I and OAS1 may be tissue specific. Therefore, these activities
may be of no consequence to AdV or a currently poorly defined mode by which the virus
fine tunes its own replication and spread. While experiments thus far have demonstrated
that PKR inhibition is the only function of VA RNA; sufficient to ensure optimal virus
replication (11), in vivo experiments that systematically disrupt interactions with each
individual pathway will be central in establishing the relative importance of each role of
VA RNA; is capable of performing. Even in the absence of concrete functional data, VA
RNA| can serve as an excellent model RNA for understanding how highly structured

non-coding RNAs regulate innate cellular immune proteins.
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CHAPTER 3:

Plasmid template design and in vitro transcription of
short RNAs within a ‘structure cassette’ for structure

probing experiments

The following Chapter has been published:

Vachon, V.K. and Conn, G.L. (2012). Plasmid template design and in vitro transcription

of short RNAs within a ‘structure cassette’ for structure probing experiments. Methods.

Mol. Biol. 941:157-69.

I am responsible for the work presented in each of the figures within this chapter.
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ABSTRACT
Chemical and enzymatic RNA structure probing methods are important tools for
examining RNA secondary and tertiary structures and their interactions with proteins,
small molecules, and ions. The recently developed ‘Selective- 2°-Hydroxyl Acylation
Analyzed by Primer Extension” (SHAPE) approach has proven especially useful for
uncovering details of secondary structures, complex tertiary interactions, and RNA
dynamics. Analysis of short RNAs using SHAPE or other probing methods that require
reverse transcription to detect RNA modifications presents a technical hurdle in that
intense bands corresponding to abortive transcription during primer extension and the
full-length RT product may obscure information corresponding to the 3’ and 5° ends of
the molecule, respectively. This chapter describes the design and use of an RNA
‘structure cassette’ that addresses these issues. First, we describe methods by which any
RNA of interest may be cloned into a new plasmid preloaded with sequences that encode
a structure cassette surrounding the short internal target RNA. Next, we outline key
considerations and analyses of the RNAs produced that should be performed prior to

SHAPE or other structure probing experiments.
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INTRODUCTION
The ability to thoroughly dissect RNA structures and how they govern interactions with
other regulatory molecules is critical for understanding their varied biological roles and
functions. Well-established approaches to RNA structure probing in solution include
enzymatic (e.g., RNase V1, T1, and A) and chemical probing with reagents such as
dimethyl sulfate (DMS), kethoxal, 1-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide
metho-p-toluene sulfonate (CMCT), Pb*", or hydroxyl radical. More recently, a new
approach termed ‘Selective 2’-Hydroxyl Acylation Analyzed by Primer Extension’
(SHAPE), pioneered by Kevin Weeks’ laboratory (1), has added a new and powerful
dimension to such analyses. Together these methods can interrogate RNA secondary and
tertiary structures, solvent accessibility, and, in the case of SHAPE, flexibility of each
individual nucleotide in an RNA molecule. The quantitative analysis of each nucleotide
that is possible with SHAPE is especially useful for identifying the overall architecture of
an RNA molecule, tertiary interactions, and changes in nucleotide flexibility upon protein
or aptamer binding and is a valuable tool for exploring the nature of RNA folding (2-4).
The purpose of this chapter is to provide a method by which short RNAs can be
efficiently produced for SHAPE or any other structure probing method that exploits

reverse transcriptase (RT) primer extension for analysis.

RNA for structure probing can be obtained in various ways. For SHAPE analysis of the
entire the HIV-1 genome, the RNA was obtained by direct purification from virions (5).
In many cases, however, the RNA must be produced in vitro. For structure probing of

longer RNAs, primers may be designed to anneal to different regions along the RNA so
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that primer extension products for the entire RNA can be visualized on a denaturing
polyacrylamide sequencing gel or using capillary electrophoresis (6,7). In either case, a
limitation for shorter RNAs arises because aborted RT DNA transcripts and full-length
products obscure the results of primer extension at the 3’ and 5’ ends of the molecule,
respectively. In order to obtain structural information for the entirety of a short RNA, a
‘structure cassette’ has been adopted (1,3,6,8) which introduces linker regions encoding
short stable RNA hairpins to both the 5’- and 3°-end of the RNA of interest. The 3’-end
extension additionally provides a conserved RT primer binding site (Figure 1), so only a
single DNA RT primer needs to be synthesized and labeled for all samples. Finally, this
approach also alleviates problems of 5’- and 3’-end heterogeneity. Although potentially
still present, heterogeneity at the 3° end of the RNA is of no consequence to the data
obtained via primer extension since the heterogeneity exists beyond the primer-annealing
site. Similarly, heterogeneity at the RNA 5” end lies beyond the area of interest in the
reverse transcription reaction analysis. The structure cassette’s linker regions were
designed with stable tetraloops intended to avoid interference with the folding and
structure of the internal RNA of interest (8). Although initially intended for use in
SHAPE probing experiments, its usefulness extends to any RNA probing experiment in

which short RNAs are analyzed by RT primer extension.

Typically the structure cassette is incorporated into the DNA in vitro transcription
template via the forward and reverse primers of a polymerase chain reaction (PCR).

Although widely applicable, this approach has some drawbacks. For example, long
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primers need to be synthesized for each new RNA to be studied and we have found that

for some RNAs, PCR reactions require significant troubleshooting and optimization.

a In U C
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9'-lin GeU
G—C Rt
| : — G —C primer
o - C—G site
— e G
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5 ( Target RNA \AG—CCAA—UC...»
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P
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Figure 2 A plasmid system for in vitro transcription of RNAs within a “structure cassette.” (a)
Sequence and structure of the 5 and 3” hairpin linkers (grey) and 3’-end RT site (black). The
structure cassette is shown with Pstl and HindIII sequences (shaded regions); for the alternative
cloning sites (Sacll and Ndel) both strands of the hairpin stem are altered to maintain Watson—
Crick base-pairing. (b) Organization of the structure cassette plasmid with all unique restriction
enzyme sites for cloning and linearization for run-off transcription labeled. (¢) Generation of new
transcription templates by ligation of paired 5’-end phosphorylated DNA oligonucleotides

synthesized with matching ‘sticky ends’ (shown here for Pstl and HindIII double digested plasmid).
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Generating templates for short or G-C-rich RNAs may be particularly challenging via
PCR. PCR is also a potentially error-prone process which may lead to the production of
fully altered or heterogeneous template DNA, and thus equivalent issues in the final
transcribed RNA present in the structure probing reaction. Thus, an appealing alternative
is a plasmid-based template system which can circumvent these issues. In such a system,
the structure cassette elements may be pre-loaded onto the plasmid with suitable
restriction enzyme sites built into the linker regions to allow simple cloning of only the
RNA-encoding sequence. New constructs can be sequenced prior to use and protocols are
well established that produce plasmid template of consistent yield and quality suitable for

all structure probing applications.

We have created a structure cassette plasmid by modifying a general in vitro transcription
system based on pUC19 that our laboratory previously developed (9). So that they may
be utilized as internal restriction sites for the SHAPE plasmid, Pstl and HindIII restriction
sites were removed from the vector backbone by digesting with these enzymes, removal
of 5° overhangs with T4 exonuclease and subsequent re-ligation of the plasmid.
Following these modifications, the first RNA of interest, the ~155 nt adenovirus VA
RNALI was amplified by PCR using primers encoding the structure cassette linkers and
cloned into the plasmid at its EcoRI and Xhol restriction sites. This process was
performed using each combination of forward and reverse primers containing one of the
two unique internal restriction sites within the 5° and 3’ linkers (PstI or Sacll and HindIII
or Ncol, respectively) to create a total of four structure cassette plasmids (Figure 1).

These multiple options for cloning, in addition to three unique 3’-end run-off
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transcription linearization sites (Xhol, EcoRV, and Xbal) derived from the original
transcription plasmid (9), significantly reduce the likelihood that sequences within any
new target RNA will make it incompatible with this plasmid based-structure cassette
system. We have subsequently cloned and tested multiple VA RNA; sequence variants
and a second noncoding viral RNA, Epstein—Barr EBER1, into this system using the

protocols described here.

First, this chapter describes approaches to cloning new RNA-encoding sequences into
this structure cassette plasmid system using either PCR (Cloning Method 1) or direct
ligation of pairs of complementary chemically synthesized DNA oligonucleotides
(Cloning Method 2). Once sequence-verified clones are obtained, plasmid DNA can be
purified and used in RNA in vitro transcription reactions using other established
protocols (10). Both the chemical purity and conformational homogeneity of the RNA-
structure cassette transcripts should be assessed before use in probing experiments, using
denaturing and native polyacrylamide gel electrophoresis, respectively. The key steps
involved are described in the final protocols of this chapter using both VA RNA;| and

EBER1 RNA as examples.

MATERIALS
Generating a structure cassette plasmid containing a target RNA sequence.
1. Plasmid containing the structure cassette with the appropriate internal restriction sites

(see Figure 1 and Note 1).



98

2. Competent cells of an Escherichia coli strain suitable for plasmid propagation, such
as DH5o.

3. 50 mg/ml Ampicillin solution in water. This is a 1000x stock for 50 mg/ml final
concentration.

4. LB-agar plates: 10 g peptone from casein, 5 g yeast extract, 10 g sodium chloride, and
12 g agar dissolved in water to a total volume of 1 L. Divide into media bottles and
autoclave. LB-agar can be stored after autoclaving; melt solid LB-agar in a
microwave on low power. After autoclaving or microwaving, allow to cool to <60 °C,
add 50 mg/ml ampicillin to a suitable final concentration (e.g., 50 or 100 mg/ml), and
pour into plates.

5. LB broth: 2.5 g peptone from casein, 1.25 g yeast extract, and 2.5 g sodium chloride
dissolved in water to a total volume of 250 mL. Autoclave immediately after
preparation.

6. Restriction enzymes and corresponding 10x buffer provided by the supplier. An
appropriate combination of Pstl or HindlIll and Sacll or Ncol is needed depending on
the plasmid being used. For the example protocol here, we use Pstl and HindIIl.

7. Calf intestinal alkaline phosphatase (CIAP).

8. Agarose gel DNA extraction kit.

9. DNA ligase with corresponding ligase buffer.

Cloning Method 1: PCR.
1. Forward and reverse DNA oligonucleotide PCR primers that contain a) regions

complementary to the target RNA-encoding sequence to be amplified and b) the
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desired restriction enzyme sites to be used for cloning into the structure cassette
plasmid (see Note 2).

Taq and Vent DNA polymerases: Mix at 60:1 unit ratio (see Note 3).

10 mM dNTPs (i.e., a mixture of 10 mM dATP, 10 mM dCTP, 10 mM dGTP, and 10
mM dTTP).

Optional: PCR cloning kit for use with Tag polymerase (see Note 4).

Optional: 20 mg/ml X-Gal for blue-white screening if using the cloning Kkit.

Cloning Method 2: Direct ligation of chemically synthesized DNA oligonucleotides.

1.

Two chemically synthesized DNA oligos of sequence corresponding to the coding
and complementary strands of the target RNA. The 5’ and 3’ ends of each DNA
strand are designed to match the sticky ends produced by restriction enzyme digest of
the desired target plasmid (see Figure 1 and Note 5).

T4 polynucleotide kinase (T4 PNK).

DNA ligase buffer (see Note 6).

Analysis of transcribed RNA.

1.

Purified product of in vitro transcription resuspended in TE buffer. For descriptions
of RNA in vitro transcription and purification see Chapters 4-6. Generally, one 50-
100 ml transcription reaction will yield sufficient RNA for approximately 50 structure
probing reactions.

Tris—Boric acid-EDTA Buffer (TBE, 10%): 1 M Tris, 1 M boric acid and 10 mM

EDTA.
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3. Denaturing polyacrylamide gel solution: Acrylamide/ N,N’-methylene-bis-acrylamide
(19:1 ratio) and 50% (w/v) urea dissolved in 1x TBE (see Note 7).

4. Native polyacrylamide gel solution: Acrylamide/ N,N’"-methylene-bis-acrylamide
(19:1 ratio) in 1x TBE.

5. 10% (w/v) Ammonium persulfate solution.

6. Tetramethylethylenediamine (TEMED).

7. Denaturing Gel Loading Dye (2x): 50% (w/v) urea, 0.25% (w/v) bromophenol blue,
and 0.25% (w/v) xylene cyanol dissolved in 1x TE Buffer (10 mM Tris pH 7.5 and 1
mM EDTA pH 8).

8. Native Gel Loading Dye: 40% (w/v) sucrose, 0.17% (w/v) xylene cyanol, and 0.17%

(w/v) bromophenol blue.

METHODS
Generating structure cassette plasmids with new target RNASs.
We have used two approaches to cloning target RNAs into the structure cassette plasmid:
DNA amplification via a standard PCR and chemical synthesis of paired DNA
oligonucleotides encoding the desired RNA target. PCR requires a DNA template
corresponding to the target RNA and primers containing appropriate flanking restriction
sites (e.g., Pstl and HindIll; see Figure 1). The resulting PCR product may either be
digested and ligated directly into the structure cassette vector or cloned via an
intermediate vector using a PCR cloning kit. The second method uses chemically
synthesized DNA oligonucleotides that are 5’-phosphorylated with T4 PNK, annealed,

and ligated directly into the structure cassette plasmid. This approach has proven to be
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especially useful for the introduction of mutations that were difficult to obtain using site-

directed mutagenesis and for creating templates for many RNA variants in parallel.

1. In atotal volume of 20 ml, digest 1 mg of the structure cassette plasmid with Ps¢I and
HindlIll restriction enzymes (see Note 8).

2. Add 1 unit of CIAP and incubate for an additional hour at 37 °C.

3. Dilute to 100 ml final volume with water and then purify the digested plasmid DNA
using an agarose gel DNA extraction kit following the manufacturer’s instructions
(see Note 9).

4. Measure the concentration of the plasmid at 260 nm using a Nanodrop or other
spectrophotometer (if necessary, use the conversion 1 OD,¢ = 50 mg/ml plasmid
DNA). Ideally, the concentration should be > 25 ng/ ml.

5. Prepare the insert DNA as described in section 3.1.1 or 3.1.2, below.

6. Calculate the amount of insert DNA required for ligation reactions containing 50 ng
of vector DNA and with a molar ratio of vector to insert of 1:1 and 1:3. For example,
for a 3,000 base pair plasmid and 150 base pair insert, 2.5 and 7.5 ng of insert is
required, respectively.

7. Perform ligation reactions with vector:insert molar ratios of 1:0 (background control),
1:1, and 1:3, using a standard ligation with T4 ligase enzyme or a rapid ligation kit,
according to the manufacturer’s instructions.

8. Use 1-3 ml of ligation reaction to transform 30-50 ml aliquots of competent E.coli
DH5a cells (see Note 10). Following incubation on ice for 30 minutes, heat shock at

42 °C for 90 s and then return to ice for 5-10 minutes. Add 500 ml of LB broth to
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each and incubate at 37 °C with gentle agitation for 45-60 minutes. Plate 100 ml of
each transformation onto an LB-agar plate containing 100 mg/ml ampicillin.

Assess the efficiency of ligation by comparing the number of colonies on each plate.
For a successful reaction expect to see at least twice as many colonies on one or both
of the plates containing insert DNA compared to the background control.

Miniprep plasmid DNA from 2-3 colonies grown overnight in LB medium with 100
mg/ml ampicillin and confirm the presence of the correct insert using an automated

DNA sequencing service.

Cloning Method 1: PCR.

1.

Perform a standard PCR reaction using the RNA-encoding template and primers
incorporating the PstI and HindlIll restriction sites (see Notes 8 and 11).

Run the PCR reaction on a 1% agarose gel, cut out the band (DNA insert) using a
clean blade, and recover the DNA using the agarose gel extraction Kkit.

Directly following purification of the DNA insert, double digest with Ps¢I and HindIIl
restriction enzymes (see Note 8).

Clean up the digested DNA using the agarose gel extraction kit (omitting the initial
steps required to melt the gel slice) or a PCR reaction purification kit. Alternatively,
heat deactivate the restriction enzymes following the enzyme supplier’s instructions
and use the digested DNA directly.

Determine the concentration of the insert using a Nanodrop spectrophotometer or by

comparison of the purified insert to standards of known mass on an agarose gel.
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VA RNA, EBER

Xhol EcoRV Xbal  Xhol EcoRV Xbal

Figure 2 Denaturing polyacrylamide gel analysis of target RNAs within the structure cassette.
Purified samples of VA RNA| and EBER1 within the structure cassette prepared by run-off
transcription from plasmid templates linearized with each of the three available restriction sites (XAol,
EcoRV, and Xbal). Note that transcription of EBER1 RNA from plasmid linearized with Xkol
produces two closely spaced bands indicating the presence of n+1 transcript; this is absent in the

equivalent VA RNA| sample and with the other linearization sites for EBER1 RNA.

Cloning Method 2: Direct ligation of chemically synthesized DNA oligonucleotides.

1. Using the estimate of DNA yield provided by the supplier, dissolve each DNA
oligonucleotide in sterile water to a final concentration of 1 mg/ul (see Note 12).

2. Individually phosphorylate 1 mg of each DNA using T4 PNK in a 20 ml reaction (see
Note 6).

3. Mix the phosphorylated DNA oligonucleotides, anneal by heating at 95 °C for 5
minutes, then turn off the heat block, and allow to cool to 30 °C.

4. Dilute the phosphorylated DNA oligos with 960 ml of water to make the final DNA

duplex concentration 1 ng/ml (see Note 13).
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Analysis and preparation of transcribed RNA for probing experiments.

After RNA has been transcribed and purified, it is important to verify that it is both

chemically pure and that it exists in a single conformation prior to carrying out structure

probing experiments. The purity and integrity of the RNA can be verified using
denaturing gel electrophoresis, and its conformational homogeneity prior to and after
annealing can be examined using native polyacrylamide gel electrophoresis.

1. Prepare a stock of the purified RNA at a concentration of 50 ng/ml.

2. Evaluate the purity of the isolated RNA by running 200 ng of each RNA on a 50%
urea denaturing polyacrylamide gel of appropriate percentage for the RNA size. Stain
the gel by adding 10 ml of 2 mg/ml of ethidium bromide to 20 ml of 1x TBE and
soaking for 10 min. Visualize the bands using a UV gel imaging system; a single
band corresponding to the full-length RNA within the structure cassette is expected
(see Note 14 and Figure 2).

3. Determine the optimal annealing temperature and conditions to ensure that the RNA
is folded and conformationally homogeneous. These must be experimentally
determined; a good starting point is to incubate 100 ng of RNA for 10 minutes at 25,
37, and 65 °C and allow the sample to cool slowly to room temperature on the bench
top for 10 minutes before placing on ice (see Note 15). Compare each sample of RNA
on a native polyacrylamide gel at 4 °C (see Note 16) and visualize by staining with

ethidium bromide as described in step 2.
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Many RNAs exist in multiple conformations, particularly after denaturing purification,
and will appear as multiple bands on a native polyacrylamide gel (Figure 3A and B, left

panels). However, typically some combination of annealing at an empirically determined

a EBER Xhol EcoRV Xbal
Xhol EcoRV  Xbal 25° 37° 65° 25° 37° 65° 25° 37° 65°

b VARNA, Xhol EcoRV Xbal
Xhol EcoRY Xbal 25° 37° 65° 25° 37° 65° 25° 37° 65°

Figure 3 Native polyacrylamide gel analysis of RNAs within the structure cassette. (a) EBERI

RNA within the structure cassette produced using each possible run-off site, immediately after
denaturing purification (left panel) and following annealing at the indicated temperatures (right panel).
(b) As panel (A) but for VA RNA,. (¢) Separation of the two differently migrating conformations of

VA RNA| within the structure cassette produced by run-off transcription at the XAol site.
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temperature in step 3 in the above protocol and solution conditions, e.g., varying
monovalent salt or Mg”" concentrations, will result in a homogeneous sample
demonstrated by a single band on a native gel (see Figure 3A and B, right panels).
Alternatively, if the different RNA conformers are sufficiently well resolved on the
native gel, they may be separately excised and recovered (they should then be rerun on a
native gel to ensure that they are conformationally unique and not two structures in
equilibrium). In the example shown in Figure 3C for VA RNA|, only the faster running
form gave significant RT products after probing experiments, suggesting a misfolding
that occluded the RT primer binding site. Once a homogeneous sample is obtained, it can
be used for SHAPE or other RNA structure probing using detailed protocols provided

elsewhere (6,9).

NOTES

1. Each SHAPE structure cassette plasmid contains a single internal restriction site on
each side of the target RNA for cloning. Each possible combination of two different
5’ and 3’ sites has been generated, Pstl or Sacll and Hindlll or Ncol respectively, to
produce a collection of four plasmids designed to accommodate a wide range of
target RNAs (see Figure 1). Plasmids are available from the authors upon request.

2. In the primer design, additional 5’-end nucleotides may be required for efficient
direct restriction enzyme digestion of the PCR product (check the supplier’s
recommendation for each enzyme).

3. A 60:1 mixture of Tag and a proofreading polymerase, such as Vent, ensures high
fidelity but still allows sufficient addition of 3’-end non-templated adenine onto the

PCR product by Tagq for initial cloning into a commercial ‘TA Cloning’ vector.
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. Although it adds an additional cloning step, using an intermediate commercial
cloning kit can greatly simplify the process of sequence verification and propagation
for purification of insert to transfer to the structure cassette plasmid.

It is also possible to exploit a unique internal restriction site within the RNA-
encoding sequence if one is present. This can be useful, for example, to clone RNAs
beyond the limit of economical DNA synthesis (>100 nts). In this case a set of four
DNA oligonucleotides corresponding to the coding and complementary strands of the
5’ and 3’ halves of the RNA should be individually phosphorylated, annealed in pairs,
and mixed together with vector in ligation reactions. Once the initial construct is
prepared the internal site can also be used to generate RNA sequence variants.

When using PNK to phosphorylate the oligonucleotides, it is important to use a buffer
containing 10 mM ATP. Supplied T4 PNK buffer typically does not contain ATP
whereas the similar T4 DNA ligase buffer does, making it a convenient substitute.

. Acrylamides can be purchased as powders or in a premixed solution. Acrylamide is a
neurotoxin that is easily absorbed through the skin and is more dangerous when
handled in powder form. For this reason, we use premixed solutions (30 or 40%).
Here, we used denaturing (50% urea) gels with 8% acrylamide in 1x TBE buffer; the
appropriate percent depends on the size of the RNA of interest.

. Pstl and Hind]IlI are used in this example protocol; when using structure cassette
plasmids with the alternate restriction sites, simply substitute the appropriate
restriction enzymes. Use an appropriate 10x buffer provided with the enzymes (at 1x
final concentration) and incubate at 37 °C for one hour, unless otherwise directed by

the enzyme supplier. During this incubation, preparation of the insert can be started in
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parallel (see section 3.1.1 or 3.1.2).

Running the plasmid over the column of a gel extraction kit will remove any CIAP
and restriction enzymes present in the digest. Because the digested plasmid has not
actually been cut from a gel, there is no need to heat the sample as one would for an
actual gel extraction. Simply add the required volume of buffer for a 100 mg gel slice
and then follow the manufacturer’s instructions.

As the resulting number of colonies on each plate will later be compared to gauge the
success of the ligation reaction, it is critical that all three transformations are prepared
and treated identically. Ideally, a single stock of competent cells is thawed on ice,
gently resuspend, and divided into equal volumes in three separate prechilled tubes.
Volumes of ligation reaction and cells used can be increased to obtain more colonies
but do not add ligation reaction volume corresponding to more than 10% of the
volume of competent cells used. If a low ligation efficiency is expected, it is also
possible, after plating 100 ml of each transformation, to microcentrifuge each aliquot
of transformed cells, leaving <200 ml of supernatant in which cells are gently

resuspended for plating on a second set of LB-agar plates.

. A suitable starting point for the PCR is 25 cycles of denaturing (95 °C, 45 s),

annealing (57 °C, 30 s), and extension (72 °C, 90 s). The annealing temperature and
magnesium concentration can be optimized to get a single intense band as the product
of the reaction.

It is advisable to confirm the DNA oligonucleotide concentration using a
spectrophotometer after redissolving in water.

Heat inactivation of the phosphorylation reaction is not necessary as the subsequent
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large dilution of the annealed oligos eliminates any effect the enzyme might have on
the ligation reaction.

Denaturing gels should be used to assess the products of initial transcription
experiments used to determine the optimal restriction site for run-off transcription,
each new RNA in vitro transcription reaction, and purified RNA after extended
storage. This analysis should be done prior to use in probing experiments to ensure
that degradation of the RNA sample has not occurred. Although of little consequence
to probing experiments, this type of gel can also show if there is any tendency for T7
RNA polymerase to add non-templated nucleotides to the end of the RNA (e.g., see
Figure 2, lane corresponding to EBER RNA prepared from X#ol linearized
template).

The annealing conditions suggested in the protocol are a convenient starting point;
however the annealing temperature, time of incubation, and method/ speed of cooling
can all be varied in addition to the buffer conditions to identify the optimal annealing
protocol for a new RNA. Higher temperatures are possible but we have found that
VA RNA| begins to degrade extensively at temperatures above 85 °C. Problems of
degradation at higher temperatures or extended incubation times will be exacerbated
if divalent ions such as Mg®" are required in the buffer. We have also found that the
protocol producing a single RNA species may depend on the restriction enzyme that
was used to linearize the plasmid for in vitro transcription (and thus the sequence of
the RNA at its 3’-end beyond the RT primer binding site). Because of this variability,
we recommend that for each new RNA, test transcriptions using each of the three

possible linearization enzymes are performed and the resulting RNA tested (as shown
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for VA RNA; and EBERI1 in Figure 3). It is worth noting that it is not always the run-
off site producing the greatest RNA yield in the transcription reaction that produces
the best RNA for structure probing.

16. For the best results, native gels should be run at 4 °C. Prechill the buffer, assembled

electrophoresis apparatus, and gel prior to running.
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CHAPTER 4:
Dissection of the adenoviral VA RNA, Central Domain

structure reveals minimal requirements for RNA-

mediated inhibition of PKR

The following Chapter has been published:

Linpinsel, J.L..*, Vachon, V.K.*, Sunita S., Schwartz, S., and Conn, G.L. (2014).
Dissection of the adenoviral VA RNA, Central Domain structure reveals minimal
requirements for RNA-mediated inhibition of PKR. J.Biol. Chem. 289: 23233-45. *co-

first authors

I am responsible for the SHAPE probing data presented in figures 2 and 5, and for a

substantial portion of the writing of this manuscript.
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ABSTRACT
Virus-associated RNA-I (VA RNA)) is a short (~160 nt) non-coding RNA transcript
employed by adenovirus to subvert the innate immune system protein double-stranded
RNA-activated protein kinase (PKR). The Central Domain of VA RNA| is proposed to
contain a complex tertiary structure that contributes to its optimal inhibitory activity
against PKR. Here, we use a combination of VA RNA| mutagenesis, structural analyses,
as well as PKR activity and binding assays to dissect this tertiary structure and assess its
functional role. Our results support the existence of a pH- and Mg” -dependent tertiary
structure involving pseudoknot formation within the Central Domain. Unexpectedly, this
structure appears to play no direct role in PKR inhibition. Deletion of Central Domain
sequences within a minimal, but fully active construct, lacking the tertiary structure
reveal a crucial role in PKR binding and inhibition for nucleotides in the 5'-half of the
Central Domain. Deletion of the Central Domain 3'-half also significantly impacts
activity, but appears to arise indirectly by reducing its capacity to assist in optimally
presenting the 5'-half sequence. Collectively, our results identify regions of VA RNA;
critical for PKR inhibition and reveal that the requirements for an effective RNA

inhibitor of PKR are simpler than previously appreciated.

INTRODUCTION
The double-stranded RNA-activated protein kinase (PKR) is a central component of
innate cellular immunity. Upon binding double-stranded RNA (dsRNA) produced as a
consequence of viral replication, PKR initiates the shut down of general translation,

blocking synthesis of viral proteins. As a countermeasure to this activity, adenoviruses
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produce copious quantities (~10® per cell) of a ~160 nucleotide non-coding transcript VA
RNA| that binds to PKR, and prevents it from exerting its antiviral effect (1,2).

In addition to its well-established role as a proviral, non-coding RNA, VA RNA; is a
substrate of Dicer, and therefore an effective inhibitor of the RNAi system as its high
cellular concentration results in saturation of the RISC complex (3,4). Specific regulation
of host genes by VA RNA|-derived microRNAs has been proposed (5,6), but a precise
functional role in adenoviral replication is not yet established (7). The remaining portion
of the Dicer-processed VA RNA is a truncated form of the transcript, lacking the viral
microRNA sequences at both the 5'- and 3'-end, that retains full activity against PKR (8).
Paradoxically, full length VA RNA; activates a second protein of the innate immune
response, 2'-5'-oligoadenylate synthetase 1 (OAS1), leading to downstream activation of
RNaseL and degradation of viral and cellular RNAs (9). Recently, however, Dicer-
processing was shown to largely reverse this stimulatory activity as the truncated form of
VA RNA; acts as a pseudoinhibitor of OAS1 (10). Thus, a single VA RNA; transcript
possesses multiple activities: it can inhibit two antiviral proteins (PKR and OAS1),
potentially regulate gene expression via the cellular RNAi system, and saturate the RNA

processing enzyme Dicer.

VA RNA; molecules from different adenovirus serotypes vary considerably at the
sequence level (11). While differences in the details of their secondary structures also
likely exist, all possess three major structural domains: Apical Stem, Central Domain,
and Terminal Stem (11,12). The Apical Stem serves as the primary binding site for the

two N-terminal dsSRNA binding domains of PKR, while the Central Domain is believed
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to be responsible for inhibition of the kinase (13-20). However, identification of specific
Central Domain sequence(s) or structure(s) that form the direct contacts with PKR
required to impart this activity has remained elusive. Despite this, the notion persists that
the Central Domain folds into a complex tertiary structure and its placement adjacent to
the primary PKR binding site in the Apical Stem confers upon VA RNA| its inhibitory

activity against PKR.

Based on a wealth of prior mutagenesis, RNA structure probing, and functional analyses,
a model for the Central Domain was proposed for adenovirus type 2 (Ad2) VA RNA| in
which the two loops within the Central Domain interact to form a pseudoknot structure
(Fig. 14, loops connected by a dashed line) (21). At the center of this pseudoknot
structure in the Central Domain’s helical junction are two highly conserved and base
paired tetranucleotide sequences that appear critical in both their sequence and
orientation for optimum VA RNA activity (Fig. 14, nts in outline font) (11,12,21). We
have shown that the stability of the Central Domain structure is also highly sensitive to
solution pH, suggesting the involvement of a protonated base-base tertiary interaction (8).
Finally, Mg®" and PKR were shown to induce similar structural rearrangements in the
Central Domain (14) and Mg>" appears to fine-tune the mode and affinity of the PKR-VA
RNA| interaction (22). Together, these features lend strong support to the presence of a

tertiary structure within the Central Domain.

Our initial objectives in the present study were to address two important remaining

questions regarding the VA RNA; Central Domain: what is the nature of its tertiary
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structure and what role does it play in PKR inhibition? The analyses presented here
reveal the defining features of the Central Domain tertiary structure, but demonstrate that
it is not required for activity against PKR. Instead, inhibition requires only a subset of the
Central Domain’s secondary structural elements. Thus, the requirements for optimal
inhibitory activity against PKR are far simpler than previously appreciated, offering a
satisfying explanation for the consistently observed inhibition of PKR by VA RNA;
molecules from different adenovirus serotypes despite their significant differences at the

sequence and secondary structural levels.

EXPERIMENTAL PROCEDURES
RNA in vitro transcription—The RNA construct used as the starting point for these
studies (Fig. 14) possesses both a deleted terminal stem, previously termed TSA21 RNA
(8), and a deletion in the Apical Stem (A2dl2) which removes conformational
heterogeneity in this region (23). This RNA and its derivatives generated in this study are
expected to form a 1:1 complex with PKR (8). All new RNAs prepared here contain the
A2dl2 mutation, but for brevity are named only for their terminal deletion or point

mutation(s) made within the TSA21-A2d12 context.

New templates were created by direct ligation of 5’-end phosphorylated double-stranded
DNA into a plasmid previously created for transcription of target RNAs with a 3’-end
fused hepatitis delta virus (3'-HDV) ribozyme (24,25). RNAs were produced by run-off
in vitro transcription using T7 RNA polymerase under optimal conditions for VA RNA;

(26), purified by preparative denaturing PAGE, and recovered as described previously
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(8,27). TSA21 RNA was also transcribed without the fused 3'-HDV ribozyme by
insertion of an additional guanosine immediately after the VA RNA; coding sequence,
creating a new Nael restriction enzyme site for plasmid linearization at the authentic 3'-
end of the TSA21 encoding sequence (GCC|GGC; inserted G is underlined). No
difference in gel mobility, melting profile, or PKR-inhibitory activity was observed for
RNA produced in this manner (data not shown). The A123U construct was made
exclusively with the Nael run-off site. RNAs for SHAPE and Tb*" probing were
generated by the same direct ligation approach, but using a modified plasmid pre-loaded

with 5'- and 3'-flanking sequences encoding a ‘structure cassette’ (25,28).

PKR expression and purification—PKR was expressed from plasmid pET-PKR/PPase
(29) as described previously (8). Protein was expressed in E. coli Rosetta 2 (DE3) and
purified sequentially using heparin affinity, poly(I)spoly(C) RNA affinity, and gel
filtration chromatographies on an AKTA Purifierl0 system (GE Healthcare). Protein
from the gel filtration column was obtained in 20 mM HEPES pH 7.5 buffer containing

150 mM NaCl, 0.1 mM EDTA, 10 mM B-mercaptoethanol, and 10% (v/v) glycerol.

RNA UV-melting analysis—UYV melting curves at 260 and 280 nm were collected on a
Cary 400 UV/ Vis spectrophotometer (Varian) with a six-cell multichanger and in-cell
temperature probe placed in a buffer-only sample. Samples contained 20-25 ug RNA in a
solution of 50 mM KCI and 10 mM MOPS buffer pH 7.5, or 10 mM MES buffer pH 5.5.
Experiments with Mg*" were performed in the pH 7.5 buffer solution with addition of

0.01-5.0 mM MgCl,. Experiments with PKR were performed using RNA in the pH 7.5
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buffer solution mixed with an equal volume of PKR in gel filtration buffer (to give 0.5, 1,
and 2 molar equivalents of protein). To facilitate comparison between different RNAs or
solution conditions, the UV melting data are presented as ‘melting profiles’

corresponding to the first derivative of the UV absorbance curve.

Selective 2'-hydroxyl acylation analyzed by primer extension (SHAPE) probing—RNA
was annealed in 0.5% Tris-EDTA (TE) buffer at 65 °C for 10 minutes, cooled to room
temperature over 10 minutes, and then placed on ice. Samples were examined by 50 %
(w/v) urea denaturing and native PAGE to evaluate their purity and conformational
homogeneity, respectively. SHAPE RNA probing with N-methylisatoic anhydride
(NMIA) was carried out as described previously (28), but with the following
modifications. Reactions were initiated by addition of 1 uL of 10x NMIA (100 mM in
DMSO) or 1 uL. of DMSO for controls without NMIA, and allowed to proceed for five
NMIA hydrolysis half lives, i.e. 0.5, 10, 30, and 240 minutes at 85, 50, 40, and 20 °C,
respectively (28). Reverse transcription was performed with Superscript III reverse
transcriptase (Invitrogen) using a 5’-end [y *P]-labeled DNA primer (0.12 pM final
concentration) corresponding to the sequence of the 3'-flanking region of the structure
cassette (25) in a total volume of 10 pL in 100 mM HEPES buffer pH 8.0 containing 100
mM NaCl. Reactions were stopped by addition of 35 puL of a 4:25 (v/v) mixture of 1 M
unbuffered Tris-HCI and gel loading solution (85% formamide, 0.5% TBE pH 8.0, and 50
mM EDTA with trace bromophenol blue and xylene cyanol dyes) and heating to 95 °C
for 5 minutes. A 3 pL aliquot of each RT reaction was resolved on an 8% acrylamide,

50% (w/v) urea, 1x TBE PAGE sequencing gel. Gels were imaged using a Typhoon Trio
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phosphorimager (GE Healthcare) and analyzed using ImageQuant software. Background
subtraction, band normalization, and generation of cut-off values for no (<5.5 %), low
(5.5-11 %), medium (11 — 22 %), and high (>22 %) reactivity were done as previously

described (30).

SHAPE probing reactions with PKR were performed in 30 pL total volume and
contained 1 pL protein in gel filtration column buffer (giving a final PKR:RNA molar
ratio of 2:1). Equivalent reactions without PKR were also performed in the same way, but
using 1 pL gel filtration column buffer with no protein. After initiation by addition of 3
uL 10x NMIA (or DMSO for controls) and incubation at 20 °C, reactions were diluted by
addition of 200 pL of 0.5x TE and extracted twice with two volumes of premixed
phenol:chloroform:isoamyl alcohol (25:24:1) and once with two volumes of chloroform.
The RNA was recovered by ethanol precipitation in the presence of glycogen (20 pg/mL)
at -80 °C for 30 minutes, resuspended in 10 pL of 0.5x TE, and subjected to RT analysis

as described above.

Th** RNA probing—Tb>" probing reactions were performed in a total volume of 10 pL in
solution containing 100 mM HEPES buffer pH 8.0 and 100 mM NaCl. TSA21 RNA (100
nM) was incubated with TbCl; (0-0.25 mM) at 37 °C for 15 minutes. RNA in each
probing reaction was ethanol precipitated, recovered, and analyzed by RT as described

for SHAPE probing.

PKR activity assays—Assays of PKR activation contained PKR (0.1 pg), alone or with
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elF2a (0.25 pg), in 50 mM Tris buffer pH 7.8 containing poly(I)*poly(C) dsRNA (0-100
pg/mL), 20 uM ATP, 10 uCi [y’°P]-ATP (10 mCi/mL, 6000 Ci/mmol), 50 mM KCI, 2
mM MgCl,, 2.5 mM DTT, and 10% glycerol in a total reaction volume of 10 pL.
Reactions were incubated at 25 °C for 10 minutes and then stopped by addition of gel
loading dye (for SDS-PAGE analysis) or 400 uL of ice-cold phosphate buffered saline
containing 200 uM ATP (for slot blot analysis). In the latter case, quenched samples were
promptly applied to a Bio-Dot SF (BioRad) microfiltration system and proteins were
bound to a nitrocellulose membrane under vacuum. The membrane was washed to
remove unreacted [y’ P]-ATP and then air-dried for 15 minutes. For both membranes and
dried SDS-PAGE gels, the extent of PKR and elF2a phosphorylation was determined by
exposure to a phosphor storage screen and analysis using a Typhoon FLA 7000

phosphorimager and ImageQuant software (GE Healthcare).

PKR inhibition assays were performed in a similar manner, but included a 10 minute
preincubation step at 25 °C with the VA RNA; variant (0-10 pM) and PKR (0.1 pg),
either alone or with elF2a (0.25 pg), in 50 mM Tris buffer pH 7.8 containing 50 mM
KCL, 2.5 mM DTT, and 10% glycerol. Reactions (10 pL final volume) were initiated by
addition of 0.04 pg/mL poly(I)*poly(C) dsRNA, 20 uM ATP, 10 uCi [y’°P]-ATP (10
mCi/mL, 6000 Ci/mmol), and 2 mM MgCl,. After a 10 minute incubation at 25°C, the
reactions were quenched and the products quantified as described above for the activation

assays.

Isothermal Titration Calorimetry (ITC)—Binding affinities for mutant VA RNA;-PKR
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interaction were measured using an Auto-iTC,y microcalorimeter (GE Healthcare).
Protein and RNA samples were individually dialyzed against 50 mM Tris buffer pH 7.5
containing 100 mM NaCl. PKR (60 puM, syringe) was titrated into RNA (6 uM, sample
cell) at 25 °C in 16 x 2.5 uL injections with 150 s spacing. Titration curves were fit by a
non-linear least-squares method in MicroCal Origin software using the single site binding

model.

RESULTS AND DISCUSSION
A putative pH-dependent VA RNA; Central Domain tertiary structure is stabilized by
Mg”" and PKR—A new VA RNA; variant was created (Fig. 14) that combines two
previously characterized mutations: a 21 base pair truncation of the Terminal Stem
(TSA21) which mirrors that produced by Dicer processing in vivo (8) and a six nucleotide
deletion in the Apical Stem (A2dI2) (31). These independent mutations are within
functionally separate domains and each retains the full inhibitory activity of wild-type
VA RNA; (8,18). The global folding of this new RNA was assessed by UV melting
analysis (Fig. 1B) and the melting profiles obtained were found to be entirely consistent
with previous studies of the individual deletions (8,23). First, the region of the melting
profile corresponding to the Central Domain is essentially identical to that observed for
VA RNA; with only the TSA21 deletion (8). Second, the A2d12 mutation stabilizes the
Apical Stem, significantly increasing its apparent Tm (to >90 °C) relative to the wild-type
sequence (apparent Tm ~86 °C). Third, the absence of any additional effects on other
regions of the profile resulting from the A2dI2 mutation corroborates our previous

finding that the Apical Stem and Central Domain structures and stabilities are completely
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independent (27). This new construct, henceforth termed TSA21 for brevity (see
Experimental Procedures), is ideal for detailed analysis of the Central Domain structure
as the stabilizing effect of the A2dI2 mutation fully resolves the apparent transitions

corresponding to the Central Domain and Apical Stem (Fig. 1B).

Our previous analysis (8) showed the TSA21 Central Domain unfolds in at least two
overlapping apparent transitions between 30 and 80 °C. Here, a low temperature starting
point of ~15 °C allowed us to identify an additional broad apparent unfolding transition
centered on ~30 °C that is present only at pH 7.5 (Fig. 1B). The dramatic stabilization of
the Central Domain structure at low pH (8) shifts this apparent transition to significantly
higher Tm at pH 5.5. We hypothesized that this newly identified apparent transition
corresponds to the unfolding of the putative Central Domain tertiary structure. The
dramatic rightward shift and coupling of this and the second apparent transition (centered
on ~45 °C at pH 7.5) into a single apparent transition (centered on ~57 °C at pH 5.5) is
consistent with a low-stability (apparent Tm ~30 °C) tertiary structure at pH 7.5 that is
stabilized via a protonated tertiary contact. Through the largely hierarchical nature of
RNA folding, this stabilized tertiary structure additionally stabilizes the Central Domain

secondary structure components from which it is formed.

Previous VA RNA structure probing studies in the presence of Mg®" or PKR have shown
that both induce similar structural changes in the Central Domain (14). More recently, the
interaction between PKR and VA RNA; was shown to be sensitive to the presence of

Mg*" (22). Having identified a new apparent transition that potentially corresponds to the
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RNA tertiary structure, we next examined the effect of Mg*" and PKR on the RNA
melting profile. As expected, addition of Mg”" stabilizes all elements of the VA RNA|
structure, corresponding to a rightward shift in all apparent transitions (Fig. 1C). The first
apparent transition is, however, especially sensitive to addition of Mg*" with a significant
shift in apparent Tm at only 10-25 uM and complete coupling of the first and second
apparent transitions at 0.1-0.2 mM and higher. Melting experiments with PKR are
complicated by precipitation of the protein at ~50 °C, but again indicate that the putative
tertiary structure, corresponding to the broad first apparent transition, is stabilized by

PKR (Fig. 1D).

The behavior of this newly identified, first low-temperature apparent transition in
the melting profile of TSA21 RNA at low pH and in the presence of Mg is consistent
with it representing the unfolding of an RNA tertiary structure. Thus, from these various
lines of evidence, we conclude that the Central Domain does, as previously proposed,
contain a set of tertiary interactions, including a protonated base, and that its stability is
influenced by specific binding of one or more Mg>" or PKR. This conclusion is further

corroborated by the results of SHAPE and mutagenesis experiments described below.

SHAPE analysis of the VA RNA; Central Domain tertiary structure—To identify the
regions of the Central Domain involved in forming its tertiary structure, we used SHAPE
to probe nucleotide flexibility in TSA21 RNA at two temperatures that define the lower
(20 °C) and upper (40°C) boundaries of the tertiary structure unfolding transition

identified in the melting experiments (indicated by the black arrowheads in Fig. 1B).
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Figure 1 The VA RNA; Central Domain contains putative tertiary interactions that are stabilized

by low pH, Mg** and PKR. 4, TSA21, the truncated form of Ad2 VA RNA,, used as the starting point

in this study. This RNA construct lacks all Terminal Stem nucleotides (TSA21) and has a six nucleotide

deletion in the Apical Stem (A2dI12). The proposed pseudoknot interaction between Loop II and Loop III

(dashed lines) and conserved complementary tetranucleotide sequences (outline font) are highlighted. B,

UV melting analysis of VA RNA| with combined TSA21 and A2dI2 deletions. Melting profiles depict

the first derivative of the UV melting curve (inset), at pH 5.5 (red) and 7.5 (black). Apparent transitions

(‘peaks’) in the melting profile correspond to unfolding of structures within the VA RNA; Apical Stem

(partly visible at>90 °C) and Central Domain (three at pH 7.5 and two at pH 5.5 over the range 20-80 °C)
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are indicated. Of the Central Domain transitions, the first is assigned to the putative RNA tertiary
structure, and is dramatically stabilized at low pH (rightward shift of profile in red dashed line). Black
arrowheads denote temperatures used for SHAPE probing of this RNA. The first apparent transition is
also stabilized by both C, Mg®"-ion and D, PKR. The concentration of divalent ion or molar equivalents

of PKR included in the experiment are indicated.

These conditions should thus reflect nucleotide flexibility in the presence and

absence of the folded tertiary structure, respectively.

At 20 °C, most nucleotides predicted to be base paired display low SHAPE reactivity as
expected (Fig. 24,B). The only exceptions are nucleotides bordering Loops I and III, and
those at the 3’ end (nts 129-131). Most notably, much lower reactivity than expected is
observed for the majority of nucleotides in Loops II and III (nts 104-107 and 123-127),
indicating lower nucleotide flexibility and therefore involvement in interactions beyond
those depicted in the secondary structure model. In contrast, nts 115-117 of the 3'-side of
Loop I display the high reactivity expected for non-base paired nucleotides. At 40 °C,
reactivity of these Loop II and III nucleotides increases substantially along with a general
increase in reactivity of paired and Loop I nucleotides in the 3'-half of the Central
Domain (nts 111-131; Fig. 2B insef). The low reactivity of the Loop II and III
nucleotides and their concomitant increase in reactivity at a temperature above the
identified tertiary structure unfolding event support the conclusion that these partially
complementary nucleotides directly base pair to form a pseudoknot structure within the

Central Domain.

Role of Mg™" and protonation in Central Domain tertiary structure formation—To
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further explore the role of Mg”" in the formation of the Central Domain tertiary structure,
we used Tb>" probing, a method previously applied to both the mapping of ion binding
sites and monitoring RNA folding (32). TSA21 RNA was incubated with a range of
TbCl; concentrations and the induced strand cleavages were examined using reverse
transcription. Two major sites of strand scission were identified, A123 and G97 (Fig.
2B,C). Each site was present at the lowest Tb>" concentration used and increased
consistently in intensity with increasing Tb>" concentration. These results point to the
presence of at least one Mg®" binding site in the proximity of Loop III and, unexpectedly,
a base paired nucleotide in the middle of the Central Domain stem-loop structure. A third
weaker strand scission is also noted at A103 within Loop II which may indicate the
presence of an additional Mg®" site or that this nucleotide is in proximity to the ion

located at G97/A123.

Next, we exploited the strong influence of solution pH on Central Domain stability to
further dissect the features critical for formation of its tertiary structure. We hypothesized
that pH dependence arises through specific protonation of at least one Central Domain
nucleotide involved in a direct tertiary contact. Further, mutation of this nucleotide
should result in loss of pH dependence, and therefore identical RNA melting profiles at
pH 5.5 and 7.5. The pK, of cytosine N3 is ~4.5 in the free nucleotide, making this site on
one or more of the Central Domain’s single stranded cytosine residues the most likely
candidate for the origin of its pH sensitivity. Each of these residues, C104, C105, C107,
and C116, was individually mutated to U and the effect on pH dependence in the RNA

melting profile assessed (Fig. 34,B). Notably, none of the individual mutations



127

B C oq MO8
- UG oo o
Z 0 ettt L
~3oe ©000005%% S L
m Lol |@ om a
-O@ ooooo
.. (] OO 90 - !.d
_0120 .................................. i -
: _.OO O SHAPE No change
b [ . _( ©SHAPE Enhanced -
— - —0@0 | |=| ©Tb™Reactivity - < GO7
- -0 100k 1 00
. oo
97 - 780 =386 é?o????%y .
- © —— — . : % . e
- - — Loop —ng@ogvooo @g : w|<1A10
e I E _@ @ )
ol - e ]
- ‘@@O 55-11%>
- 0
- _ : _@.130 1-22%>
— -; - - Loop _ L i >2%=— |
- - e 1(3) =\ o U —— E—
- - Soe,
e E —cee ooooooo 20
e} loa
e e —Oomooooo
e 4 Loop \12.00. o -4 A12
e 8 o ~o5
- o @ <55% O
-4 g -00°0 55-11% @
130 -
— - -@ 11-22% @ -
e - — @130 >22% @ 130
-Q® —_— ——

Figure 2 Identification of tertiary interactions and Mg** binding sites within the VA RNA, Central
Domain. 4, Representative gel showing SHAPE probing of TSA21 RNA below (20 °C) and above (40
°C) the apparent transition corresponding to the Central Domain tertiary structure unfolding (marked
with black arrowheads in Figure 1B). Lanes with (+) and without (-) SHAPE reagent (NMIA) and RT
reactions with dideoxynucleotides (U, A, C, G) for RNA sequencing are indicated. VA RNA| nucleotide
numbering is shown on the /eft, and bands corresponding to Central Domain Loops I-III, the Apical
Stem (AS) loop, and full-length product (FL) are indicated on the right. B, Quantification of SHAPE
reactivity at 20 (zop) and 40 °C (bottom), and changes between these temperatures (center). Normalized
band intensities were averaged from three sets of reactions and categorized according to the reactivity
keys shown. C, Tb** probing of the VA RNA| Central Domain with sites of RNA cleavage enhanced by
increasing concentrations of Tb>* (0 to 0.25 mM) indicated (right), and shown on the secondary
structure map in panel B (center). Sequencing lanes (Seq) contain the complementary

dideoxynucleotide. FL *, full-length product with contrast reduced 5 x.
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eliminated the strong stabilization of the tertiary structure in the pH 5.5 melting profile,
indicating that none of these residues harbors the putative site of protonation. However,
the role of Loop II nucleotides in forming the Central Domain tertiary structure is further
corroborated by these mutations. First, the broad low temperature apparent transition
corresponding to the tertiary structure at pH 7.5 is absent in C104U, C105U, and C107U
RNAs (compare black and blue solid line between 20-40 °C in Fig. 3B). Second, while
folding of the Central Domain in each of these RNAs is driven by protonation at pH 5.5
(rightward shift of the first apparent transition), the melting profiles show some change in
apparent Tm, transition shape, and/ or hypochromicity, indicative of additional subtle
structural alterations. The C116U mutant is distinct in that it appears to retain the tertiary
fold, but a component of the secondary structure is destabilized at pH 7.5. In contrast, at
lower pH where Central Domain folding is driven by the base protonation, this mutant’s

melting profile is identical to that of the parent TSA21 construct.

Nucleotide A123 was implicated by our Tb’" probing experiments in Mg”" binding and,
like the adjacent nucleotides involved in the Central Domain pseudoknot structure,
displays lower than expected SHAPE reactivity. We therefore mutated A123 to U
(A123U RNA) to determine if it harbors the protonation site (adenine N1, pKa ~3.8). The
melting profile for A123U RNA at pH 7.5 lacks the broad, low-temperature apparent
transition corresponding to the tertiary structure (Fig. 3C), but was otherwise unchanged
aside from a small increase in hypochromicity in the highest Tm (~65 °C) apparent
transition. At pH 5.5, the profile was nearly identical to that observed at pH 7.5, with

only small changes in hypochromicity of each apparent transition and a small decrease in
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apparent Tm for the highest Tm (~65 °C) apparent transition (Fig. 3C). Critically, neither
pH-dependent stabilization nor the reappearance of an apparent transition corresponding
to the tertiary unfolding was observed. We conclude that A123 is the protonated base

within the Central Domain critical for the formation of its tertiary structure.

Though none of the individual mutations in Loop II (C104U, C105U, and C107U)
resulted in melting profiles indicative of the loss of tertiary structure, a result similar to
that observed for A123U was obtained when all three cytosines of Loop II were mutated
to uridines (3U RNA, Fig. 3C). We interpret this as being a more significant disruption
of the Loop II-Loop III pseudoknot tertiary interaction, such that A123 protonation-
driven tertiary folding cannot compensate as it does for an individual C to U mutation at

each location.

Protonated adenine bases have been observed in non-Watson-Crick base pairs with either
guanine or cytidine partners in RNA crystal structures. For the VA RNA; Central
Domain, the latter possibility is largely eliminated, as we have demonstrated the
existence of a pseudoknot structure in which C104 and C105 are base paired with G124
and G125, and the mutation of each single-stranded C residue does not affect the
structural pH dependence. Formation of the pseudoknot structure between Loops I and
IIT potentially creates a GI /A pair between G106 and A123. However, while the G106A
mutation resulted in an expected loss of the broad tertiary structure unfolding at pH 7.5, it
did not eliminate the Central Domain folding dependence upon pH (data not shown). This

result does not exclude an interaction between G106 and A123 as part of the pseudoknot,



130

but shows that it is not dependent upon pH. Although G97 is base paired with C111 in the
secondary model, our Tb®" probing data implicate this guanine residue, together with
A123, in coordinating a Mg>" within the Central Domain. Of the known base pairings in
RNA, we speculate that a parallel strand orientation, cis Watson-Crick/ Hoogsteen
A123711G97 base pair (family 3 (33); Fig. 3D) would meet the requirement for a
protonated A123 interaction within the Central Domain structure without the need for
strand reversal. This pairing would also leave open the Watson-Crick face of G97 for
base pairing with C111, and the Hoogsteen face of A123 for (non-protonated) interaction
with G106 as part of the Loop II-Loop III pseudoknot. While a high-resolution structure
will be required to fully resolve the interactions of A123 in VA RNA,, such A"[JG base
pairs are found within several RNA structures in the PDB (34), including both eukaryotic
and prokaryotic ribosomal subunits (35,36) where they are engaged in complex tertiary

structures stabilized by Mg,

Minimum sequence requirements for Central Domain tertiary structure formation—
Having defined several critical features of the VA RNA; Central Domain structure,
including the formation of a pseudoknot interaction, we sought to determine the minimal
sequence required to form the tertiary structure using additional deletion mutants. The
first, TSA25 RNA, lacks nucleotides at both the 5'- and 3'-ends (nts 32-36, and 123-131,
respectively) compared to the original TSA21 construct, corresponding to Loop III and
the terminal base paired nucleotides (Fig. 4). As might be expected, this substantial
deletion destabilizes the Central Domain folding, resulting in a profile for TSA25 RNA

with significantly lowered hypochromicity and broad, flat features in which only the
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Figure 3 A123 is the protonated nucleotide within the VA RNA, Central Domain. 4, Central
Domain secondary structure highlighting the four individual single-stranded C to U mutants (blue
circles), mutation of all three Loop II C nucleotides to U (3U RNA; green), and the A123 to U point
mutant (red circle). B,C, UV melting profiles of C104U, C105U, C107U, C116U (blue), A123U (red),
and 3U RNA (green). The melting profile for each RNA is shown at pH 7.5 (solid line) and pH 5.5
(dashed line) and compared to those of TSA21 RNA (black). The region corresponding to unfolding of
the TSA21 RNA pH-dependent tertiary structure at pH 7.5 is marked with a horizontal bar. D, The cis
Watson-Crick/ Hoogsteen A" *W base pair proposed for A123"¢G97, highlighting the available base

edges for potential additional interactions as discussed in the main text.

highest Tm apparent transition (~65 °C) of the Central Domain appears largely unaffected
(Fig. 4, top panel). Critically, the TSA25 RNA melting profiles at pH 7.5 and 5.5 are
identical, demonstrating that the Central Domain folding in this RNA is pH-independent
and, therefore, that the tertiary structure interactions are absent. This was expected

because the TSA25 mutation removes the protonated base A123 and all Loop III
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nucleotides involved in forming the pseudoknot structure.

A second mutant, TSA25+L RNA, was created which also lacks the terminal base paired
nucleotides deleted in TSA25 RNA, but retains the five residues of Loop III (nts 123-127)
as a 3'-end single-stranded extension (Fig. 4). The melting profile of TSA25+L RNA is
similarly altered with broad, flat features. However, in sharp contrast to TSA25, it retains
a clear additional broad apparent transition centered on ~35 °C at pH 7.5. Further,
TSA25+L RNA also retains a strong dependence upon pH, with a profile at pH 5.5
identical to that of TSA21 RNA, but with a lowered hypochromicity that correlates with

its reduction in length and secondary structural content.

To verify that this apparent restoration of tertiary structure and its associated pH
dependence is due to specific interaction between nucleotides of Loop II and III, we
created a final mutant, TSA25xL RNA. This RNA possesses an identical secondary
structure to that of TSA25+L, but with mutation of the 3'-single stranded nucleotides
corresponding to Loop III to the sequence UUGCG. The melting profile of this RNA was
identical to that observed for TSA25 (data not shown), indicating that no interaction
occurs between the Loop II and the mutated Loop III nucleotides. These results show that
the terminal base paired nucleotides absent in TSA25 RNA play no role in tertiary
structure formation and that the specific sequence of Loop III is necessary and sufficient

to form the Central Domain pseudoknot tertiary interaction.



133

0.015[
TSA25 ) .
0.010} G — C120
1 G-=C
0.005} G=—=C
k5' 3' y
o R ——.

TSA25+L . (] e 2

0.010

Derivative (dA,gy/ dT)

0.005

" . . . . . . .
20 30 40 50 60 70 80 90
Temperature (°C)

Figure 4 Loop III nucleotides 123-127 are sufficient to form the Central Domain pseudoknot
structure. Melting profiles of TSA25+L (purple) and TSA2S5 (grey) RNAs shown at pH 7.5 (solid line)
and pH 5.5 (dashed line) and compared to those of TSA21 RNA (black). The region corresponding to
unfolding of the pH-dependent tertiary structure present in TSA25+L RNA, but absent in TSA25 RNA is
marked with a horizontal bar. Arrowheads on each profile denote temperatures used for SHAPE probing

of the corresponding RNA. Loop III nucleotides are shown in outline font in the structure of TSA25+L

RNA(boxed, right).

Conformational heterogeneity within the mutant VA RNA; Central Domain—The
substantial changes in melting profile between TSA21 and the TSA25/ TSA25+L
constructs prompted us to explore the Central Domain secondary structures of these new

RNAs using SHAPE. As before, each RNA structure was probed at pH 7.5 at



134

temperatures corresponding to boundaries of apparent transitions for Central Domain
unfolding (marked with arrowheads in Fig. 4). Reactions were performed at 20 and 50 °C
to identify changes corresponding to the broad lower temperature apparent transition, and
at 85 °C to identify additional changes that occur upon complete Central Domain
unfolding (Fig. 5). Each RNA was also probed at 40 °C, to allow direct comparison to the

equivalent experiments with TSA21 RNA (probed at 20 and 40 °C; Fig. 2).

The temperature-dependent SHAPE reactivities of nucleotides in Loop II (nts 105-107)
and the 3'-side of Loop III (nts 124-128) in TSA25+L RNA are very similar to those
observed for TSA21 RNA. These two regions show lower than expected reactivity with
NMIA at 20°C, and a concomitant increase in reactivity at 50 °C where the tertiary, but
not secondary structures, are unfolded (Fig. 54,B). This suggests that these nucleotides
maintain tertiary pairing interactions that, in conjunction with a protonated A123,
participate in the formation of the Central Domain tertiary structure of TSA25+L RNA.
In further support of this, in TSA25 RNA where the 3'-end nucleotides of Loop III are
deleted, the reactivity of Loop II nucleotides is high even at 20 °C (Fig. 5D,E). While the
Loop II-Loop III pseudoknot interaction appears to be maintained in TSA25+L RNA,
other substantial changes in nucleotide flexibility are observed. Both RNAs lack the
exceptionally strong reactivity of Loop I (nts 115-117) in TSA21 RNA. Additionally,
much higher than expected SHAPE reactivity is observed for the 3’-half of the Central
Domain stem loop (nts 108-114) even at the lowest temperature. This implies that in both
TSA25 and TSA25+L RNAs these nucleotides are not base paired with nts 94-99,

suggesting that the changes in secondary structure of these RNAs are more complex than
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Figure 5 SHAPE analysis of TSA25+L and TSA25 RNAs. 4, Representative gel showing SHAPE
probing of TSA25+L RNA at temperatures below (20 °C), between (40 and 50 °C), and above (85 °C) the
apparent transitions corresponding to the unfolding of the Central Domain structure. Lanes with (+) and
without (-) SHAPE reagent (NMIA) and RT reactions with dideoxynucleotides (U, A, C, G) for RNA
sequencing are indicated. VA RNA| nucleotide numbering is shown on the /eft, and bands corresponding
to Central Domain Loops I-1II, the Apical Stem (AS) loop, and full-length product (FL) are indicated on
the right. B, Quantification of SHAPE reactivity from low to high temperature (fop to bottom), with
relative changes shown between each pair of temperatures (dashed boxes). Normalized band intensities
were averaged from three sets of reactions and categorized according to the reactivity key shown. C,
Nucleotide flexibility at 20 “C mapped on the nucleotide sequence of TSA25+L RNA in the currently
established Central Domain secondary structure (top) and redrawn based on observed SHAPE

reactivities. D, E, and F, As panels A-C for TSA25 RNA.

a simple erasure of nucleotides from the model of TSA21 (Fig. 5C,F, top). We therefore
revised the secondary structure models of these RNAs to reflect our experimentally

determined nucleotide flexibilities (Fig. SC,F, bottom).

As TSA25+L RNA appears to retain only some elements of the Central Domain structure,
we next asked whether PKR could directly influence its structure. We hypothesized that
PKR binding to TSA25+L RNA might result in reorganization of the Central Domain to
resemble that of TSA21 RNA such that both RNAs ultimately use the same structure to
inhibit PKR. This, however, was not the case, as we found the structure of TSA25+L
RNA determined by SHAPE to be identical in the absence or presence of PKR (data not
shown). We conclude that TSA25+L and TSA25 RNAs adopt a Central Domain

secondary structure, distinct from TSA21 RNA, that is maintained when bound by PKR,
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Figure 6 The intact VA RNA| Central Domain tertiary structure is not required for PKR
inhibition or binding. 4, Comparison of representative assays of phosphorylation activation by
poly(I)*poly(C) dsRNA in the presence of [y**P]-ATP with PKR/ eIF2a (top) and PKR alone (middle)
using SDS-PAGE, and with PKR alone (bottom) using the newly established slot blot method (SB). B,
As panel A, but for inhibition of phosphorylation by TSA21 RNA. C, D, Quantification of replicate
experiments shown in panels A and B, respectively, demonstrating the reproducibility of the approach
and correlation between PKR autophosphorylation (blue, SDS-PAGE; black, slot blot) and
phosphorylation of the substrate e[F2a (green). The black arrowhead in panel C indicates the
concentration of PKR used in all subsequent kinase inhibition assays. E, Quantification of [y**P]-ATP
slot blot PKR autophosphorylation inhibition assays using the VA RNA| variants: TSA21, TSA25,

TSA25+L, and A123U RNAs s at a fixed concentration of poly(I)*poly(C) dsRNA activator. F,

The VA RNA; Central Domain tertiary structure is not required for PKR inhibition—

TSA21 RNA is an effective inhibitor of PKR despite lacking the entire terminal stem of
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wild-type VA RNA; (8). Additionally, recent evidence demonstrates that the Central
Domain acts in concert with the Apical Stem to initiate Mg®"-dependent, high-affinity
PKR binding (37), in addition to its established role in inhibition. Having established the
minimal context in which the VA RNA| Central Domain adopts a pH-dependent tertiary
structure (TSA25+L RNA) and a small deletion that eliminates it (TSA25 RNA), we next
used these RNAs to directly test the role of the Central Domain tertiary structure in PKR
inhibition. To assess the activity of each RNA, we developed a PKR inhibition assay
using a slot blot apparatus analogous to the established SDS-PAGE analysis, but allowing
for higher throughput (see Experimental Procedures). This new assay was first validated
by comparative analysis of PKR activation (autophosphorylation) by poly(I)*poly(C)
dsRNA and inhibition by TSA21 RNA between SDS-PAGE and the slot blot apparatus
(Fig. 64,B). For both activation and inhibition, results obtained by each method were
essentially identical (Fig. 6C,D). Additionally, we confirmed that inhibition of elF2a
substrate phosphorylation by TSA21 RNA correlates well with PKR inhibition (Fig. 64-
D), solidifying our ability to link in vitro PKR activation to elF2a modification and shut-
down of general translation. As expected, with its intact pH-dependent tertiary structure,
TSA25+L RNA inhibited PKR almost as well as TSA21 (Fig. 6F). Surprisingly,
however, TSA25 RNA, which lacks the pH-dependent tertiary structure, also inhibited
PKR equally well. To test the possibility that the altered secondary structure of these two
RNAs might be responsible for this unexpected activity, we tested the A123U mutant,
which lacks the pH-dependent Central Domain tertiary structure within the TSA21
context. We found that A123U RNA also retains full inhibitory activity against PKR,

comparable to TSA21 (Fig. 6E). This result excludes the Central Domain structural
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rearrangements as the origin of the activity of these RNAs in the absence of tertiary
structure. Correlating with the comparable activity of these RNAs against PKR, we found
that PKR binding affinity was not significantly altered by the presence or absence of the

tertiary structure (K4 28-41 nM; Fig. 6F).

From these data, we conclude that the Central Domain tertiary structure does not
contribute to PKR binding and is not required for full inhibition of PKR. Taken together,
SHAPE probing and these functional analyses suggest that substantially different
secondary structures can be appended to the VA RNA; Apical Stem to produce potent
PKR inhibitors. This observation is significant as it explains how activity against PKR is
maintained despite extensive variation in the VA RNA; Central Domain sequence and

secondary structure among different adenovirus serotypes (11).

PKR inhibition requires only the VA RNA; Apical Stem and three-helix junction—
Collectively, the results presented above demonstrate that while the VA RNA; Central
Domain possesses a complex tertiary structure, it is not required for PKR inhibition.
Given the Central Domain’s well-established role in PKR inhibition, the critical question
remains: what are the features of the VA RNA| Central Domain that truly define it as an
inhibitor and therefore an effective mechanism for circumventing innate cellular
immunity? We made six further mutations in the TSA25 RNA context to dissect the
contributions made to PKR inhibition by the pair of conserved tetranucleotide sequences
within the Central Domain (21), as well as the structures within its 5’- and 3'-halves (Fig.

7A4). 5'-mut and 5'/3'-bp RNAs contain mutations in the 5’-conserved tetranucleotide
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Figure 7 Role of the Central Domain 5'-strand nucleotides and three-helix junction in optimal
PKR inhibition. 4, VA RNA| Central Domain mutants made in the TSA25 context: two terminus
sequence variants, 5'-mut and 5'/3"-bp RNAs, and four deletion mutants, A5'(minor), A5’'(major),
A3'(minor), and A3'(major) RNAs. B, Quantification of slot blot PKR autophosphorylation inhibition
assays for the 5’-mut (dashed purple line) and 5'/3'-bp (solid purple line) sequence variants in the
presence of [y**P]-ATP and poly(I)poly(C) dsRNA activator. TSA21 (black) and TSA25 (gray) are
shown for comparison. C, As panel B, but for the deletion mutants A5’(minor) RNA (cyan), A5'(major)
RNA (green), A3'(minor) RNA (orange), and A3'(major) RNA (red). D, UV melting profiles of each
deletion mutant (colored as in panels A and C). The melting profile for each RNA is shown at pH 7.5
(solid line) and pH 5.5 (dashed line) and compared to those of TSA21 RNA (black). The region
corresponding to unfolding of the TSA21 RNA pH-dependent tertiary structure at pH 7.5 is marked with

a horizontal bar. E, Representative SDS-PAGE analysis (fop) and quantification of replicate (bottom)
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PKR (solid line) and elF2a (dashed line) phosphorylation inhibition experiments with A5'(major) RNA
(green) in the presence of poly(I)*poly(C) dsRNA activator and [y’*P]-ATP. Equivalent TSA21 RNA
data shown for comparison are the same as shown in Figure 6 (panel D). F, Representative ITC

experiments for titration of PKR into A5'(major) (/eft) and A3'(major) (right) RNAs.

sequence, without and with compensatory changes on the 3'-side, respectively. Deletion
mutants A5'(minor), A5'(major), A3'(minor), and A3'(major) RNAs lack part or all of one
half of the Central Domain. We first assessed the ability of each RNA to inhibit PKR
autophosphorylation using the slot blot apparatus as described above. Alteration of the 5'-
half of the conserved tetranucleotide sequence with or without compensatory changes in
the 3'-half, in 5'/3'-bp and 5’-mut RNAs respectively, had no effect on inhibitory activity
compared to TSA25 RNA (Fig. 7B). This result was unexpected given the previous
demonstration that in the context of the full-length RNA, mutation of these nucleotides
caused loss of activity in a cell-based translational rescue assay that could be partially
restored by compensatory mutations (21). Additionally, in this previous study these same
mutations were found to cause major changes in the nuclease sensitivity of Loops II and
IIT consistent with their role in tertiary structure formation. Despite this discrepancy, the
activity of our mutated RNAs in the TSA25 RNA context is consistent with our finding
that the tertiary structure plays no role in PKR inhibition and collectively these
observations point to additional roles for the Central Domain tertiary structure in a

cellular context.

In contrast, each of the Central Domain deletion mutants impacted PKR inhibitory

capacity, ranging from a very modest effect with the smaller 5'-end deletion, A5'(minor),
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to the greatest decrease in activity with the larger 5'-end deletion in A5'(major) (Fig. 7C).
Both 3'-end deletions had an essentially identical intermediate impact on PKR inhibition.
This latter observation suggests that the 3'-half of the Central Domain may contribute to
inhibitory activity through its interaction with the critical region located at the base of the

Apical Stem on its 5'-side.

Because short hairpin RNAs with single-stranded 5'- and 3'-extensions (ss-ds-RNAs) are
dependent upon a 5'-end triphosphate for potent PKR activation (38), we considered the
possibility that our A5’ and A3’ variants might resemble such RNAs and activate poorly
because their terminal extensions are suboptimal for activation (absent, too short, or base
paired). We reasoned that this might result in pseudo-inhibition as the poorer VA RNA;
mutant activator out competes the more potent poly(I)spoly(C) dsRNA at higher
concentrations. However, other than a modest change in the activity of A3'(minor) RNA,
no differences were observed between equivalent RNAs with a 5'-triphosphate or 5'-

hydroxyl (generated by CIAP treatment; data not shown).

Each of the four deletions represents a substantial truncation of the Central Domain
structure. To assess the global folding of each RNA for any unexpected effects on its
structure, we examined the UV melting profile of each RNA (Fig. 7D). However, as
expected, all four RNAs lack the first (pH-dependent) and second apparent transitions (as
for TSA25 RNA; Fig. 4) with further loss of hypochromicity in each of the larger
deletions, corresponding to the greater reduction in structural content. With its almost

complete deletion of the Central Domain, other than the short single-stranded 5’-end
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sequence, A3'(major) RNA has essentially no hypochromicity in the regions of the profile

corresponding to Central Domain unfolding (Fig. 7D, rightmost panel).

Finally, we assessed the functional impacts of the largest Central Domain deletion
mutants. As expected, the ability of A5'(major) to inhibit downstream phosphorylation of
elF2a by PKR was markedly decreased, directly correlating with its substantially reduced
inhibition of PKR autophosphorylation (Fig. 7E). We also measured the binding affinity
of A5'(major) and A3'(major) RNAs for PKR using ITC. Despite its substantial impact on
PKR inhibition, deletion of the entire 3'-half of the Central Domain resulted in only a ~2-
fold reduction in affinity while deletion of the 5'-end resulted in a more dramatic decrease

in K4 (Fig. 7F).

These results, together with the kinase assays, indicate that the 5'-half of the Central
Domain is most critical for mediating high affinity PKR binding and conferring full
inhibitory activity. While the conserved 5'-side tetranucleotide sequence (nts 37-40) does
not appear critical as we had anticipated, the larger deletion in A5'(major) RNA partially
overlaps with an unusually thermodynamically stable region at the base of the Apical
Stem that is resistant to denaturation and results in aberrant migration of VA RNA; in
denaturing polyacrylamide gels (27). Whether this structure contributes to binding and/ or
inhibition will require additional detailed structural characterization of the PKR-VA
RNA|; complex. The observation that disconnecting the 5’- and 3'-termini in A3'(minor)
RNA results in as great a reduction in activity as deletion of the entire 3’-half of the

Central Domain suggests that the three-helix junction is required for full inhibitory
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activity. Whether this is due to direct interactions at the junction or indirectly via optimal

positioning of the 5'-strand of the Central Domain also remains to be determined.

Conclusions— The results presented here provide strong evidence for the formation of a
pH- and Mg”*-dependent tertiary structure within the adenovirus type 2 VA RNA;
Central Domain. In sharp contrast to our expectation, however, this structure is entirely
dispensable for inhibition of PKR. Instead, the Central Domain’s overall organization as
a three-helix junction, in concert with the 5'-strand at the base of the Apical Stem, is
critical for activity. During preparation of this manuscript, two reports were published
describing PKR interactions with VA RNA| using analytical ultracentrifugation and small
angle X-ray scattering with molecular modeling (37,39). The observation that the Central
Domain contributes to high-affinity PKR binding (37), potentially through placement of
dsRBM2 at the helical junction (39), is entirely compatible with our finding of the direct

and critical role for the 5’-half of this domain.

Collectively, our results reveal that requirements for RNA-mediated inhibition of PKR
are substantially simpler than previously appreciated and highlight the need for an
expanded view of RNA features required for PKR inhibition. Our findings offer a
satisfying explanation for the ability of VA RNA; from different serotypes with varying
sequences and structures to effectively inhibit PKR and thereby ensure successful viral
replication (11). Relaxed criteria in this sense reconcile the inclusion of seemingly
disparate non-coding RNAs, such as the Epstein-Barr virus RNA EBER-1 (40) and the

cellular RNA nc886 (41), with VA RNA| in a collection of non-coding RNAs that exert
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an inhibitory effect against PKR. In light of our finding that the highly conserved Central
Domain structure previously reported as necessary for optimal VA RNA;-mediated
translational rescue (21) has a minimal impact on PKR inhibition, speculation on
alternative roles for the VA RNA; Central Domain raises several intriguing possibilities.
For example, the Central Domain tertiary structure might protect the critical region of the
helical junction from degradation, could influence Dicer processing of the Terminal Stem
(3,4), or may mask structures or sequences that might cause unwanted regulation of other

dsRNA binding proteins.

Proteins of the innate immune system must maintain features that render them
sufficiently promiscuous for detection of a range of invading viruses, and yet not so much
so that they elicit an autoimmune response. That an even wider range of structures than
anticipated can fulfill an inhibitory role is in agreement with multiple lines of evidence
pointing to the functional flexibility of PKR in its interactions with activating and

inhibitory RNAs.
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ABSTRACT
Human 2°-5’ oligoadenylate synthetase-1 (OAS1) is central in innate immune system
detection of cytoplasmic double-stranded RNA (dsRNA) and promotion of host antiviral
responses. However, the molecular signatures that promote OAS1 activation are currently
poorly defined. We show that the 3’-end polyuridine sequence of viral and cellular RNA
polymerase III non-coding transcripts is critical for their optimal activation of OASI.
Potentiation of OASI activity was also observed with a model dsSRNA duplex containing
an OAS1 activation consensus sequence. We determined that the effect is attributable to a
single appended 3’-end residue, is dependent upon its single-stranded nature with strong
preference for pyrimidine residues, and is mediated by a highly conserved OASI residue
adjacent to the dSRNA binding surface. These findings represent discovery of a novel
signature for OAS1 activation, the 3’-single-stranded pyrimidine (3’-ssPy) motif, with
potential functional implications for OASI activity in its antiviral and other anti-

proliferative roles.

INTRODUCTION
The cellular innate immune system is the first line of defense against invading pathogens.
Innate immunity proteins must detect pathogen-associated molecular patterns (PAMPS)
indicative of infection, while still maintaining the stringency required to avoid
inadvertent self activation. One potent PAMP is cytosolic double-stranded RNA
(dsRNA), produced as a consequence of viral replication (1). This foreign nucleic acid is
detected by cellular dsSRNA sensors, such as the 2°-5’ oligoadenylate synthetase (OAS)

family of enzymes, each with distinct but overlapping specificities, which elicit host
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antiviral responses (2-6). Activated OAS1 synthesizes 2’-5’-linked oligoadenylate (A(2’-
5’A),) second messengers which then activate their only known target, the latent cellular
ribonuclease RNase L, to shut down synthesis of host and viral proteins, thereby

preventing viral replication.

The molecular evolution of this host system for efficient detection of viruses is countered
by co-evolution of viral strategies to thwart the effects of these antiviral proteins. In the
case of OAS, these viral strategies include direct inhibition, sequestration of dsSRNA, 2’-
5’ phosphodiesterases, and production of 2°-5” analogs (7-10). This variety and
abundance of viral countermeasures highlights the central importance of the OAS/ RNase
L antiviral pathway. Indeed, viral mRNA susceptibility to RNase L cleavage is correlated
with virus fitness (11), and susceptibility to viruses such as West Nile Virus and Dengue
Virus can be mapped to polymorphisms in OAS isoform 1 (OAS1) (12,13). In spite of
this growing body of evidence that viral evasion of OAS is important for effective
replication of a range of viruses, many details of molecular control of this enzyme family

remain unknown.

OASI is activated by cytosolic dSRNA with a minimum length of 17 base pairs (bp) and
is strongly dependent on direct interaction with a single guanosine residue near the 3’-end
of a previously reported activation consensus motif (WWNoWG; where W is A or U)
(14,15). The recent X-ray crystal structure of human OAS1 bound to a model 18 bp
dsRNA duplex revealed that dSRNA binding allosterically drives a functionally essential

structural reorganization within OASI1 that narrows the ATP-binding cleft and repositions
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a catalytic residue to complete its active site (14). Although this structure allowed for
some rationalization of RNA features currently known to activate OASI (15,16), the
range of RNA structural and sequence motifs that drive OAS1 activation and the contexts

in which such sequences function are not well defined.

The non-coding adenoviral associated RNA-I (VA RNA;) accumulates to high levels in
late stages of infection, and is critical for efficient adenoviral replication (17). In contrast
to its established potent inhibition of double-stranded RNA-activated kinase (PKR)
(18),VA RNA activates OAS1 but may be transformed into a pseudoinhibitor by the
action of the cellular RNase Dicer (19-21). We therefore selected VA RNA; as a model
system to expand our understanding of the RNA sequences and disparate structural
features that regulate OASI1 activity. Our initial analyses of VA RNA—-mediated
activation of OAS1 uncovered an unexpected RNA molecular signature for OAS1
activation, which we term "3’-ssPy." Here, we describe the discovery and mechanistic
characterization of this novel potential PAMP recognized by OAS1. Our findings suggest
a potential mechanism for innate immune signal amplification by RNase L products, and
offer new insight into host-pathogen interaction and the emerging anti-proliferative

cellular roles of the OAS/ RNase L pathway.

MATERIAL AND METHODS
RNA in vitro transcription
VA RNA;, EBER-1 RNA and nc886 RNA were in vitro transcribed from linearized

plasmid DNA templates using T7 RNA polymerase as described previously (22-24). All
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in vitro transcribed RNAs, except nc886 RNA, were purified by denaturing PAGE, and
recovered as previously described (25). nc886 RNA was annealed in 0.5xTBE buffer
containing 10 mM KCI and purified by preparative native PAGE. nc886 bands were
identified by UV shadowing, excised from the gel, eluted by ‘crush and soak’ and

recovered by ethanol precipitation.

To generate 18 bp dsRNA duplexes, unmodified reverse strand and each forward strand
were synthesized using established procedures. Unmodified reverse strand and each
forward strand with 0, 1, 2, 4, or 8§ uridines at the 3’-end were chemically synthesized
(Integrated DNA Technologies) and used without further purification. Forward strands
with modified 3’-end uridine residues were chemically synthesized and High
Performance Liquid Chromatography (HPLC) purified (Dharmacon). Reverse strand with
5’-triphosphate was in vitro transcribed using chemically synthesized DNA template and
primer under conditions optimized for short transcripts (26), and purified by denaturing
PAGE. To generate duplexes, individual strands were mixed in equimolar concentration

and annealed by heating to 85 °C and slowly cooling to 20 °C.

OASI1 expression and purification

Human OAS1 (p41/ E16 isoform) was expressed in E. coli BL21(DE3) as a SUMO-
OASI1 fusion protein from vector pE-SUMOpro (LifeSensors). Cells for OASI1
expression were grown in Lysogeny Broth (LB) medium at 37 °C to an ODgg of 0.4,
protein expression induced with 0.1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG)

and growth continued overnight at 20 °C. Cells were lysed by sonication in 50 mM Tris-
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HCI buffer (pH 8.0) containing 150 mM NaCl, 10 mM imidazole, 1 mM DTT and 10%
(v/v) glycerol. Fusion protein was purified by sequential Ni**-affinity and heparin-
affinity chromatographies on an AKTA Purifierl0 system (GE Healthcare). The fusion
protein was then dialyzed overnight against SUMO cleavage buffer and cleaved with
SUMO protease according to the manufacturer’s instructions. Cleavage with SUMO
protease leaves a native N-terminus, an important feature of the system as amino acid

additions to the N-terminus of OAS1 have been reported to interfere with activity (27).

OAST1 activity assay using radiolabeled ATP

Polymerization of ATP was observed using o-""P-ATP and resolution of 2°,5°-
oligoadenylate products by denaturing PAGE. Reactions (10 pL) contained 1 pL of 10
pug/mL OAST1 in 100 mM Tris-HCI, pH7.0, 200 mM NacCl, and 10% glycerol; 5 pL of 2 %
reaction buffer (40 mM Tris-HCI, pH 7.4, 40 mM magnesium acetate, and 5 mM DTT); 1
uL of 100 uM ATP (unless otherwise noted); 0.5 pCi of a->*P-ATP (800 Ci/mmol); and
either 18 bp dsRNA at final concentrations of 2, 5, or 10 uM, or 50 pg/uL poly(I):poly(C)
as activating RNA. Reactions were incubated at 30 °C for 3 hours then stopped by
addition of 3.5 volumes of a 4:25 (v/v) mixture of 1 M Tris-HCI and gel loading solution
(85% formamide, 0.5xTBE pH 8.0 and 50 mM EDTA) and heating to 95 °C for 5
minutes. Reaction products were resolved on a 20% polyacrylamide, 50% (w/v) urea, 1x
TBE PAGE sequencing gel run at 55 W for 1.5 hours. Gels were soaked (water; 10
minutes), fixed (40:10:10% methanol:acetic acid:glycerol; 15 minutes), dried, and then
imaged using a Typhoon Trio phosphorimager (GE Healthcare). Band intensities were

quantified using ImageQuant software, normalized to the 2°-5° oligoadenylate product of



158

highest intensity on the gel, and measured values plotted for comparison using Prism 6

(GraphPad).

Chromogenic assay of OASI1 activity

PPi produced as a result of 2°,5’-oligoadenylate synthesis was monitored in triplicate
using a chromogenic assay adapted from previously established methods for
measurement of OASI activity (28). OAS1 (300 nM) was incubated with 20 pg/mL
poly(I):poly(C), 300 nM non-coding RNA (VA RNA;, EBER-1, or nc886 RNA), or 1 uM
18 bp dsRNA (unless otherwise stated). These established optimal conditions for OAS1
allowed direct comparisons of activity for RNA and protein sequence variants. Detailed
kinetic experiments (measurement of Ve and RNA K,,p) were performed similarly but

using RNA in the range 0.1-3 uM, and OAS1 at 300 nM.

OASI1 (300 nM) was incubated with RNA in the presence of 20 mM Tris-HCI, 7 mM
MgCl,, 1 mM DTT, and 1.5 mM ATP in 150 pL total volume at 37 °C. Aliquots (10 pL)
were removed and immediately quenched by adding to 250 mM EDTA (2.5 pL), pre-
loaded into the wells of a 96-well plate. At completion of the time course, molybdate
reagent (10 puL, 2.5% ammonium molybdate in 2.5 M H,SO,), B-mercaptoethanol (10 pL,
0.5 M) and Eikonogen reagent (4 uL, 13 mM 1-amino-2-napthol-4-sulfonic acid, 25 mM
sodium sulfite, and 963 mM sodium meta-bisulfite dissolved in hot water and filter
sterilized) were added to each well and the final volume brought to 100 pL with water.
Absorbance at 580 nm was measured using a Synergy4 plate reader (BioTek) and

readings converted to PPi produced determined by comparison with PPi standards (28).
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While our OAS1 protein showed minimal prep-to-prep variability (Supplementary Fig.
S1B), we did observe a time-dependent decrease in activity after purification. Because
this time-dependent decrease in activity resulted in a proportional change in OASI1
activity for all test RNAs and poly(I):(C), comparisons between experimental sets were
made after normalizing to the activity of OASI in response to an appropriate control
RNA used in each set of experiments. Where data are presented as nmols PPi produced,

these data were collected in triplicate using a single OASI prep.

For kinetic analyses of OASI1 activation, measurements were made at 5, 10 and 20
minute time points as described above, and linear regression analysis used to obtain the
nmols PPi produced/ minute for each RNA concentration. Values were plotted using
Prism 6 (GraphPad), and curves fit using non-linear regression to obtain Vmax and Kapp
values using the Michaelis-Menten model equation Y = (VmaxX)/(Kaepp = X). For data
comparing the effect of the 3’-ssPy motif on wild-type versus mutant OAS1 proteins,
statistical analysis was by one-way ANOVA with significance assessed by Sidak’s

multiple comparisons test in Prism 6 (GraphPad).

RESULTS
OASI1 activation is strongly potentiated by the single-stranded 3’-end of VA RNA;
We created a bacterial expression system to produce recombinant human OAS1 as an N-
terminal SUMO protein fusion. Cleavage of the fusion protein with SUMO protease

yielded the authentic OAS1 N-terminus and protein which displayed robust activation by
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poly(I).poly(C) dsRNA in two complementary assays with low prep-to-prep variability
(Supplementary Fig. S1). In contrast, our initial experiments failed to recapitulate
previous observations of OAS]1 activation by VA RNA; (19,21). Our VA RNA| in vitro
transcript differed from those used previously only by the absence of a single-stranded
four nucleotide sequence appended to the 3’-end of VA RNA; (denoted CUUU-3’; Fig.
14 and Supplementary Fig. S24) as a consequence of RNA Polymerase III (RNA Pol
III) transcription termination in vivo (29). This 3’-end single-stranded sequence has no
effect on PKR inhibition by VA RNA| and was removed in our construct as we found this
simplified purification of the in vitro-transcribed RNA (25 ,30). Remarkably, restoration
of the complete wild-type sequence to include the CUUU-3’ sequence dramatically

enhanced OAS] activation (Fig. 1B and Supplementary Fig. S1).

To understand the unexpected contribution of this sequence to OASI activation, we first
asked whether the sequence of the single-stranded 3’-end is critical. Three VA RNA;
variants were generated in which the single-stranded CUUU-3’ sequence was mutated to
alternative pyrimidine-rich (UCCC-3’) or purine-rich sequences (GAAA-3’ or AGGG-
3’). VA RNA; containing the alternative pyrimidine-rich sequence (UCCC-3") activated
OASI as effectively as wild-type (Fig. 1C). In contrast, each of the two purine-rich 3’-
end sequences enhanced activation of OAS1 equally, but not to the same extent as either

pyrimidine-rich sequence.

To confirm that the stimulatory effect of the 3’-end sequence is dependent upon it being

single stranded, we created a further variant of the UCCC-3’ construct with a fully
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complementary sequence also appended to the 5° end (5’-GGGA; Fig. 1C). The UCCC-
3’ sequence was selected, rather than the wild-type 3’-end, as its complement retains the
necessary 5’-end nucleotides for initiation of T7 RNA polymerase in vitro transcription.
The ability of this extended base paired VA RNA; (5’-GGGA/UCCC-3’) to activate
OASI was attenuated to the same extent as when the 3’-single stranded sequence was
absent (Fig. 1C). Thus, the stimulatory effect of the additional 3’-end sequence does not
simply arise through extension of the dsRNA length. Collectively, these results
demonstrate that maximal activation of OAS1 by VA RNA| is dependent upon its 3’-end
being both pyrimidine-rich and single-stranded in nature. This is particularly striking
given that OAS] is a tightly controlled enzyme activated exclusively by dsSRNA. We term
this novel potentiator of OAS1 activation the 3’-single-stranded pyrimidine (3’-ssPy)

motif.

The 3’-ssPy motif enhances OASI1 activation by other structured non-coding RNAs
and a short dsRNA duplex

To determine whether the enhancement of OAS1 activation by the 3’-ssPy motif is a
general phenomenon, we examined the requirement for similar sequences in two other
structured RNA Pol III transcripts: the non-coding Epstein-Barr Virus encoded RNA 1
(EBER-1) and the cellular non-coding RNA 886 (nc886) (Supplementary Fig. S2B and
S2C). Like VA RNA|, EBER-1 inhibits PKR but activates OAS1 (31). We found that full
length EBER-1 activated OAS1 to the same degree as VA RNA,, and deletion of its

single-stranded 3’-end RNA Pol III termination signal (UUUU-3") also dampened its
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Figure 1 Activation of OAS1 by adenovirus VA RNA|requires its single-stranded pyrimidine-
rich 3’-end. (4) VA RNA| secondary structure and domain organization. The Terminal Stem 3’-end
contains a single-stranded sequence (CUUU-3’; dashed box and shown as sequence in subsequent
panels). (B) Chromogenic assay of OAS1 activity shows that deletion of the wild-type 3’-end single-
stranded sequence (A3’; dashed line) dramatically reduces OAS activation by full-length VA RNA;
(CUUU-3’; solid line). (C) Alternate pyrimidine-rich (UCCC-3") or purine-rich (AGGG-3" or GAAA-
3’) single-stranded 3’-ends promote full and partial activation of OAS1, respectively. Addition of a
complementary 5’-end extension to fully base pair the UCCC-3’ sequence (5’-AGGG/UCCC-3")
attenuates OASI activation to the same extent as when the 3’-end single-stranded sequence is absent.

The data in panels B and C are normalized to wild-type VA RNA; (CUUU-3").
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activity (Supplementary Fig. S34). The cellular transcript nc886 is another potent
inhibitor of PKR (32), but its activity against OAS1 was not previously tested. We found
that nc886 demonstrates a remarkable ability to activate OASI that is again attenuated
upon deletion of its UUUU-3’ sequence (Supplementary Fig. S3B). Together, these
results demonstrate that the effect of the 3’-ssPy motif in potentiating OAS]1 activity is

general among these structurally complex non-coding RNAs.

We next asked whether the 3’-ssPy motif could potentiate OAS1 activation by a simple
dsRNA using the model 18 bp duplex cocrystallized with OAS1 (14). In this context,
addition of a single-stranded UUUU-3" sequence enhanced OAS1 activation (Fig. 2).
This pronounced potentiation of OAST1 activity is particularly surprising as the model
dsRNA contains a potent activation consensus sequence (15). Thus, the 3’-ssPy motif is
effective in potentiating the activity of both non-coding RNAs with complex secondary

structures and simple dsRNAs.

Having established that the 3’-ssPy motif is effective in the 18 bp dsRNA duplex, we
used this model system to determine the length requirement of the 3’-end single-stranded
region for optimal OASI activation. We tested activity of the 18 bp dsRNA duplex with
1, 2, 4, or 8 single-stranded uridine residues (Fig. 2B) and found that a single uridine
residue appended to the 3’ end of the dSRNA was sufficient to confer the maximum
potentiation of OASI1 activity. No further enhancement of OAS1 activation was observed
upon extension of the 3’-end single-stranded sequence. Further, the 3’-ssPy motif cannot

exert an effect unless it is appended to a double-stranded helical structure, as neither
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individual strand of the 18 bp duplex RNA, with or without an additional UUUU-3’

sequence, is able to activate OAS1 (Supplementary Fig. S4).
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Figure 2 The 3’-ssPy motif potentiates OAS1 activation by a simple dsSRNA duplex containing an
OASI1 consensus sequence. (4) Sequence of the 18 bp dsRNA duplex highlighting the location of the
known OAS1 consensus sequence (gray) and additional 3’-end single-stranded uridine residues (3°-ssPy
motif; dashed box). (B) Analysis of OAS]1 activation by 18 bp dsRNA duplexes with 0, 1,2, 4 or 8
single-stranded 3’-end uridine residues using the chromogenic assay. In both panels data are normalized

to the 18 bp dsRNA with four 3’-end single-stranded U residues.
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Figure 3 Kinetic analysis of OAS1 activation by RNAs with and without a 3’-ssPy motif. OAS1
activity over a range of VA RNA; and 18 bp dsRNA duplex concentrations both with (solid lines) and
without (dashed lines) the 3’-ssPy motif (3’-CUUU and 3°-U, respectively). Data were fit using non-

linear regression to obtain the kinetic parameters (V max and K,p,) shown in Table 1.

TABLE 1. Influence of 3’-ssPy on OASI1 activity

Vimax Kapp (RNA)
RNA
(nmol PPi/min) pM
18 bp dsRNA 1.0£0.2 1.8+0.5
18 bp dsRNA(3’-U) 30+0.3 13+0.3
VA RNA; (ACUUU) 0.48 %+ 0.05 1.1+0.2

VA RNA, 40+ 1.7 13.1£ 6.6
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The 3’-ssPy motif increases OAS1 activity but does not specifically alter A(2’-5’A),
product lengths

To determine the effect of the 3’-ssPy motif on catalysis of A(2’-5’A), synthesis, we
performed enzyme kinetic analyses of OAS1 activity with respect to activator RNA
concentration. This analysis was performed for both the 18 bp dsRNA duplex and VA
RNA; with and without a 3’-ssPy motif (U-3 and CUUU-3’, respectively; Fig. 3 and
Table 1). For the 18 bp dsRNA duplex, the presence of the 3’-ssPy motif increased
OAS1 Vpax by 3-fold but had no apparent effect on RNA affinity (K,pp). For VA RNA,,
both Vima and Ky, are increased by the presence of the CUUU-3 sequence by
approximately 8- and 12-fold, respectively. The 3’-ssPy-mediated increase in OAS1 Vax
with both RNAs suggests that the effect of 3’-ssPy is similar in each context and arises, at
least in part, by promoting OAS1 catalytic activity. However, the context specific
influence of the 3’-ssPy motif on OASI-RNA interaction (K,pp) reflects an apparent
decrease in RNA affinity that may be due to the fact that the dSRNA duplex has a single
optimal binding orientation whereas VA RNA; contains multiple potential binding sites of

differing affinity and capacity to activate OAS1 (see Discussion).

Relative abundance of A(2°-5’A), product length can have significant functional
consequences. For example, A(2’-5’A) dimers promote RNase L-mediated ribosomal
stop codon readthrough, whereas A(2’-5’A),> oligomers induce its ribonuclease activity
(33). The chromogenic assay effectively measures differences in overall OAS1 activity
but cannot distinguish inorganic pyrophosphate (PP;) produced through synthesis of

oligoadenylates of specific lengths. Therefore, to determine whether 3’-ssPy influences
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specific product lengths. (4) Phosphorimager analysis of denaturing PAGE showing OAS1 synthesis of

2'-5" oligoadenylates in the presence of 18 bp dsRNA activator with and without the 3’-ssPy motif at

three different concentrations (10, 5 and 2.5 pM). OAS1 activation at a single concentration of the known

activator poly(I).poly(C) RNA is shown for comparison. (B-D) Quantification of 2'-5" oligoadenylate

product band intensities in the presence of (B) 10 uM, (C) 5 uM and (D) 2.5 pM 18 bp dsRNA activator

with (solid bars) or without (open bars) the 3’-ssPy motif. All bands were normalized to the most intense

product band produced (i.e, n=4 oligoadenylate in the lane third from left, corresponding to 10 uM

dsRNA with a 3’-ssPy). Remaining a->"P-ATP is shown on the far-left of the x-axis.
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the distribution of oligoadenylate products, we used denaturing polyacrylamide
electrophoresis (PAGE) to separate the products of OAS1 incubated with three different
concentrations of 18 bp dsRNA duplex both with and without a 3’-ssPy motif (Fig. 4).
We found that the stimulatory effect of the 3’-ssPy motif did not result in accumulation
of products of specific length. Instead, similar to the general stimulatory effect of
increasing the dsRNA activator concentration, at each individual dsSRNA concentration
the 3’-ssPy motif resulted in higher overall activity and thus production of more
oligoadenylate of greater length. Thus, from the two complementary assays of OASI
activity, the difference between RNAs with and without 3’-ssPy appears to arise through

an overall increase in OAS] activity.

Modifications of the 3’-ssPy ribose distinguish chemical features responsible for
mediating OAS1 interactions

Innate immune proteins that sense dsSRNA often depend on interactions with the ribose
2’-OH within the structurally open dsRNA minor groove. For example, 2’-OH mediated
binding is the primary determinant of dsRNA specificity for PKR (34) and introduction
of 2°-O-methyl groups into the 18 bp dsRNA duplex attenuate OAS1 activation (15). To
determine whether the 3’-ssPy motif 2°-OH or other feature of ribose is critical for its
activity, we prepared 18 bp dsRNA duplexes with one of three chemical modifications in
a single 3’-end single-stranded uridine residue: 2°-O-methyl, 2’-deoxyribose, and 3’-
phosphate. We compared the ability of the unmodified and modified dsRNAs to activate
OASI and found that the effect of the 3’-ssPy motif was increased to a small degree by

the 2’-O-methyl group, and only minimally attenuated by 2’-deoxyribose (Fig. 5A).
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However, none of the modifications reduced activity to the level of the duplex lacking the

3’-ssPy.

The presence of a 5’-triphosphate group may also enhance OASI1 activation in some
contexts (21). Therefore, each dsRNA duplex was additionally tested with a 5’-end
triphosphate group on the complementary strand. The 5’-triphosphate group had no effect
on OASI activation by the 18 bp dsRNA duplex with or without a 3’-ssPy motif and also
did not alter the relative effects of the 3’-ssPy modifications (Fig. 5B and
Supplementary Fig. S5). However, the modest enhancement of OASI activation

mediated by the 2’-O-methyl modified 3’-ssPy motif was more pronounced in the
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Figure 5 3’-end modifications have minor effects on 3’-ssPy activity, and are relatively unaltered by
5’-ppp on the reverse strand of 18 bp RNA. (4) Assays of OAS1 activation by dsRNA duplexes with
chemical modifications to the 3’-ssPy motif ribose group: 2’-O-methyl, 2’-deoxyribose, and 3’-phosphate.
dsRNA with unmodified 3’-ssPy (one single-stranded 3’-end uridine) and without a 3’-ssPy motif are
shown for comparison. None of the modifications reduced activity to the level of the dSRNA lacking a 3°-
ssPy motif but subtle changes in activation suggest an influence of the ribose sugar pucker on 3’-ssPy
motif activity. (B) As panel A but for dSRNA duplexes with a 5’-triphosphate group on the complementary
strand. The 5’-triphosphate group did not alter relative effects of the modifications on 3’-ssPy motif
potency but does appear to modestly enhance activation by the 3’-ssPy motif with 2°-O-methyl ribose

modification. In all panels data are normalized to the 18 bp dsSRNA with the unmodified 3’-ssPy motif.
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presence of a 5’-triphosphate on the complementary strand. Collectively, these results
suggest that 3’-ssPy action is not mediated by direct interaction of OAS1 with its ribose
2’-OH group nor is the 3’-phosphate group required. Instead, 3’-ssPy action appears to be
more subtly influenced by the ribose conformation as modifications likely to promote A-
form (C3’-endo; 2’-methyl) or B-form (C2’-endo; 2’-deoxy) ribose sugar pucker
modestly enhance or attenuate 3’-ssPy motif potency, respectively. Additionally, these
results indicate that while viral RNAs are not known to be extensively 2’-O-methylated,
such modification of viral or cellular RNAs would not impact activation of OAS1 by the

3’-ssPy motif.

Mutagenesis of OAS1 identifies a critical residue that mediates the effect of the
3’ssPy motif.

Our results show that enhancement of OASI activation by the 3’-ssPy motif has
preference for a C3’-endo sugar pucker and a pyrimidine base but is insensitive to the
specific base identity, indicating that the Watson-Crick base edge is not a key
determinant of recognition by OAS1. These observations suggested to us that strong
shape complementarity between the 3’-ssPy motif and the adjacent OAS1 surface might
be most critical, with recognition driven primarily by base stacking and/ or packing of the
ribose against the protein surface. We therefore sought to identify OASI residues to
target for mutagenesis with the goal of revealing protein surface changes that render

OASI insensitive to the 3’-ssPy motif, while maintaining its response to dsRNA.
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To identify candidate residues for mutational analysis, we used Consurf (35) to examine
amino acid conservation among the 30 closest homologs of human OAS1. Two highly
conserved regions on opposite sides of OAS1 were identified that correspond to the
functionally critical dSRNA-binding surface and OASI catalytic center (Supplementary
Fig. S6). We modeled the likely location of the 3’-ssPy motif by manually appending an
additional 3’-end uridine residue and thus identified two smaller conserved patches,
residues C54 and D154/G157, in close proximity (Fig. 64 and 6B). Each of these
residues was individually mutated to specifically alter the protein surface, and thus
potential shape complementarity with the 3’-ssPy motif, by incorporating bulkier (C54Q,

D154Q, or G157Q) and smaller side chains (C54A or D154A) at these locations.

We tested the ability of the 18 bp dsRNA duplex with and without the 3’ssPy motif to
activate each mutant protein using the chromogenic assay, and compared the initial rate
of reaction under the conditions used (Fig. 6C and 6D). Unexpectedly, we found that
both mutations at residue C54 enhanced overall OAS1 activity, whereas mutations at
D154 had no measureable effect. Critically, however, in each case no effect on the
enhancement of OAS1 activation by the 3’-ssPy motif was observed (Fig. 6D, compare
solid and striped bars for each mutant). In contrast, G157Q reduced overall activation and
in addition completely abrogated potentiation of OASI1 activation by the 3’-ssPy motif
(Fig. 6C and 6D). We conclude that G157 is critical and that the 3’-ssPy motif may exert
its effect via direct contact with the protein surface containing this residue. That the effect

of the 3’-ssPy motif may be governed by specific interaction with a short loop containing
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Figure 6 OAS1 G157 is a critical mediator of 3’-ssPy motif action. (4) Consurf analysis of OASI
run using the X-ray crystal structure of the human protein (PDB ID: 41G8) determined in complex with
the 18 bp dsRNA duplex. Two highly conserved patches (dashed circles) are located adjacent to the
approximate position of the modeled 3’-ssPy motif. (B) Two orthogonal views of the OAS1-dsRNA
structure with mutated protein residues and modeled 3’-ssPy motif highlighted. (C) Chromogenic assay
showing the effect of the 3’-ssPy on wild-type and G157Q mutant OAS1 activity. (D) Comparison of
initial rate of reaction for wild-type and mutant OAS1 proteins activated by the 18 bp dsRNA duplex
with (solid bar) or without (striped bar) an additional 3’-end single-stranded uridine residue (3’-ssPy
motif). One-way ANOVA: p <0.0001 (*¥***), p between 0.0001 and 0.001 (***), and not significant
(ns; p = 0.05). In panels C-D, data are normalized to wild-type OAS1 activation by 18 bp dsRNA with

the 3’-ssPy motif.

a single, highly conserved residue reveals a potentially powerful target for manipulation

of OASI activity.

DISCUSSION
Detection of the molecular hallmarks of invading pathogens and potent activation of the
innate immune system are critical for survival of infection. The present work has revealed
a novel molecular signature, the 3°-ssPy motif, required for optimal activation of OASI
by both simple duplex RNAs and highly structured viral or cellular non-coding RNAs.
Our results demonstrate that optimal activation of OAS1 by dsRNAs with a 3’-ssPy motif
is critically dependent on the single-stranded nature of the motif with strong preference
for pyrimidine base. While further studies are necessary to define the impact of the novel
3’-ssPy motif in a cellular context, our findings suggest a previously unappreciated
mechanism by which the sensitivity of the OAS1/ RNase L pathway is fine-tuned. Once

activated by the products of OAS1, RNase L degrades single-stranded RNAs and single-
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stranded regions present within loops or bulges in structured RNAs, preferentially
following UA or UU dinucleotide sequences (36). RNase L action thus increases the pool
of dsRNA with a 3’-ssPy motif and may sensitize the cell to viral invaders through rapid
amplification of OASI activity and RNase L-mediated RNA degradation. 3’-ssPy motif
action may also underpin the RNase L-dependent amplification observed by others (37).
Thus, the present work provides a valuable starting point for future cell-based

experiments to define the role of the 3’-ssPy motif in infection.

Our analysis of OASI1 activity promoted by the simple 18 bp dsRNA or the structured
non-coding adenoviral transcript VA RNA; revealed a significant difference in the effect
of the 3’-ssPy motif on apparent OAS1-RNA affinity (Kgp,). The 18 bp dsRNA duplex is

optimal in length to span the dsSRNA binding surface of OASI and also contains an

Figure 7 Model for 3’-ssPy motif action. Surface representations of the OAS1-dsRNA complex with

modeled 3’°-ssPy motif (3’-U). The OAS1 loop comprising residues 154 to 165 and the mutated residue
which ablates dependence on the 3’-ssPy motif (Gly157) are highlighted. The three views are related by
the rotations shown and the /eft image corresponds to the orientation shown in Figure 6. A potential
‘closure’ of the 154-165 loop mediated by 3’-ssPy interaction at the surface comprising G157 is denoted

with an arrow (center image).
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activation consensus sequence which likely directs the specific orientation adopted by
this RNA (14). Our results show that, in this minimal context, the 3’-ssPy motif does not
alter affinity but nonetheless directly promotes enzyme turnover (increased Vmay). Such
enhancement could arise through a number of mechanisms but we hypothesize that the
3’-ssPy motif enhances promotion of the necessary dsRNA-driven conformational
change for catalysis by OASI1 or directly stabilizes the reorganized active structure. This
scenario would further fine tune this system, making OAS1 a powerful sensor of the
continued presence of cytoplasmic dsSRNA. In contrast to the simple dsSRNA duplex, for
VA RNA; the 3’-ssPy motif significantly decreased RNA affinity (K,pp) While increasing
OASI1 enzyme activity. RNA binding affinity and potency of OASI activation do not
necessarily correlate (16). Thus, our observation of the effect of 3’-ssPy on OASI1
activation by VA RNA; may reflect the fact that larger structured RNAs may possess
multiple, potentially overlapping OASI sites, each with a distinct capacity to activate
OASI1. The presence of the 3’-ssPy motif may direct OAS1 to the double-stranded
terminal region of VA RNA; over otherwise preferred binding sites with a lower potential
for OASI activation. Further studies of OAS1-RNA interaction are needed to complete
our understanding of OAS1 binding and activation by dsRNA. Such studies of structured
RNAs may also be a useful tool in the search for additional RNA sequences or structures

that can potently activate or inhibit OASI.

Mutagenesis of OAS]1 identified a single residue change, G157Q), that specifically ablated
the effect of the 3’-ssPy motif. G157 is located in a short loop structure adjacent to the

dsRNA binding surface which makes limited contact with the surrounding protein surface
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(14) (Fig. 7). We suggest that the 3’-ssPy motif promotes interaction of this surface loop
with other structural elements of OAS1 to promote the active state and that this loop may
represent a potential novel target for therapeutic manipulation of OAS1 activity. OAS1
serum levels have been correlated with positive responses of HCV patients to interferon
treatment (38), suggesting that further augmenting the OAS1 response may be beneficial.
Additionally, activation of innate immune proteins such as OASI1 concomitant with

chemotherapy could bolster patient response and increase survival rates (39).

Discovery of this novel signature for OAS1 activation presents the question of when,
other than through viral replication or RNase L action, might dsSRNA with the 3’-ssPy
motif be present and accessible to OAS1? We found that the cellular nc886 RNA is a
remarkably potent activator of OAS1. nc886 is proposed to prevent inadvertent PKR
activation but to be displaced from PKR by viral RNA in the infected cell (32). Thus free
nc886 may serve to sensitize the antiviral response through potent activation of OASI.
Further, the comparative potency of nc886 may reflect a role in OAS1/ RNase L-
mediated cell death in situations when infection has passed the “point of no return.”
Additionally, aberrant accumulation in the cytoplasm of unprocessed RNA Pol III
transcripts, Dicer products with 3’-overhangs or of miRNAs tagged for degradation by
3’-polyuridylation (40,41) could promote OAS1-mediated translational regulation and
represent other contexts in which the 3°-ssPy might be important outside of infection.
Thus, OASI activation may serve as a measure of a cell’s suitability for active translation
of proteins. In support of this concept is a recent and growing appreciation for OAS1-

mediated translational control in cell cycle control, adipocyte differentiation and the role
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of RNase L in certain types of cancers (42-44). These diverse roles for OAS further
highlight the importance of understanding the specific sequences or structural hallmarks

that define an activating RNA as such.
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Supplementary Figure S1. Human OAS1 produced by cleavage of the SUMO-OASI1 fusion is active
and shows only minimal prep-to-prep variation. (4) Phosphorimager analysis of denaturing PAGE
demonstrating that OAS1 produced using the SUMO fusion system responds as expected to the known
activator poly(I):poly(C) in the presence a-""P-ATP. (B) As panel A but using chromogenic detection of PP;
produced as a by-product of oligoadenylate synthesis by OAS1 in response to poly(I):poly(C) RNA or full-
length VA RNA|. OAS]1 prep-to-prep variability is minimal (compare red, blue and black lines for each

RNA) and relative activation by each RNA for a given prep is maintained (compare solid and dashed lines).
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Supplementary Figure S2. Secondary and domain structures of the non-coding RNAs used in this
study. (4) Adenovirus VA RNA;. (B) Epstein-Barr virus EBER-1 RNA. (C) Human cellular nc886 RNA.
The short 3’-end single-stranded polyuridine sequence incorporated during RNA Pol III transcription

termination highlighted (red outline font).
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Supplementary Figure S3. Full activation of OAS1 by structured viral and cellular non-coding RNAs
requires their 3’-end single-stranded pyrimidine-rich sequence (3’-ssPy motif). (4) Chromogenic
assays showing optimal activation of OAS1 by EBER-1 RNA is dependent upon the presence of its 3’-end
single stranded sequence. OASI activity is shown in the presence of wild-type EBER-1 (solid blue line),
EBER-1 lacking the UUUU-3’ sequence (A3’-UUUU; dashed blue line) and wild-type VA RNA| (black).
(B) As panel A for the cellular nc886 RNA with and without the UUUU-3’ sequence (green solid and
dashed lines, respectively). Poly(I):poly(C) activator RNA (black) is shown for comparison as nc886 is an

unusually potent activator of OASI.
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Supplementary Figure S4. ssSRNA sequences corresponding to the 18 bp dsRNA do not activate
OAS1. Chromogenic assays are shown of OASI activation by each forward and reverse ssSRNA (0.3 pM;
red and purple, respectively) or dsSRNA duplex (0.3 puM) with and without the 3’-ssPy motif (black solid
and dashed lines, respectively). OASI1 activity is tightly controlled with no activity observed in the
presence of ssSRNAs. Activation by the equivalent dSRNA sequences is optimal with the additional 3’-end
single-stranded sequence. These data demonstrate that the 3’-ssPy motif must be part of a dsSRNA in order

to exert its effect.
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Supplementary Figure S5. A 5’-triphosphate group on the reverse strand of the model 18 bp dsRNA
has little effect on 3’-ssPy motif activity. (4) Chromogenic assays of OAS1 activation by the 18 bp
dsRNA without (purple) and with (black) a 3’-ssPy motif, in the absence (solid lines) or presence (dashed
lines) of a 5’-end triphosphate (5’-PPP) on the complementary strand. Data in this and other panels are
normalized to the final PPi produced in the presence of the 18 bp dsRNA with a 3’-ssPy motif but without a
5’-triphosphate on the complementary strand (solid black line). (B-D) The effect of the complementary
strand 5’-triphosphate group on dsRNA duplexes with chemical modifications to the 3’-ssPy motif ribose
group: (B) 2°-O-methyl (blue), (C) 3’-phosphate (green), and (D) 2’-deoxyribose (magenta). Reaction
curves for the 18 bp dsRNA with an unmodified 3’-ssPy, with and without a 5’-triphosphate on the
complementary strand (dashed and solid black lines, respectively), shown for comparison in each panel are
the same as in panel A. The ability of the 3’-ssPy motif with chemical modifications to activate OAS1 was
unaltered in the presence of a 5’-triphosphate group on the complementary strand, except for the 2’-O-
methyl ribose modification for the initial rate of PPi production was modestly enhanced (compare dashed
and solid blue lines in panel B). The data presented in this figure are the same as those shown with a

different organization in Figure 5 in the main text.
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Supplementary Figure S6. Consurf analysis of OAS1. Consurf analysis (35) mapped onto the X-ray
crystal structure of human OAS1 (PDB ID: 41G8) determined in complex with the 18 bp dsRNA duplex
(shown as transparent orange strands, leff) highlighting the highly conserved dsRNA binding region (/ef?)
and ATP binding pocket (right, dashed circle). Regions predicted to interact with 3’-ssPy are located
adjacent to the dsRNA binding surface (the plane and black arrow depict the orientation shown in Figure

6).
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The preceding works have deepened our understanding of VA RNA| interactions with
innate immune proteins PKR and OAS1, and now serve as a platform for the formation of
novel hypotheses for the mechanisms that control these proteins’ activity (Figure 1). In
the case of OASI in particular, many of the open questions call for validation in cells and
exploration of the impacts of activation by specific RNAs on downstream innate immune
proteins, specifically RNase L. In the following sections, the most immediate open
questions are outlined, followed by more general discussion of the remaining gaps in our

knowledge.

VA RNA, INHIBITION OF PKR: OPEN QUESTIONS

Is VA RNAY/’s inhibition of PKR defined by the three-helix junction?

Based upon the findings presented in Chapter 4, the primary requirement for VA RNA;
inhibition of PKR is a three-helix junction, an RNA feature far simpler than those
previously hypothesized to govern VA RNA’s ability to inhibit PKR (1-3). In addition to
explaining how VA RNA;s from a range of AdV serotypes are capable of inhibiting PKR,
this finding also explains prior observations that large scale deletions and substitutions
within VA RNA| are tolerated by the virus (4): As long as the junction within VA RNA;
is maintained, PKR can still be effectively inhibited. In direct opposition to this
observation of flexibility, however, are point mutations that are reported to significantly
hamper VA RNA inhibition of PKR in vitro (5). It is difficult to reconcile the significant

effects of single point mutations within the Central Domain with the more basic
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Figure 1. Updated model of interactions of viral non-coding VA RNA,; and EBER-1 with dsRNA-
activated innate immune proteins PKR (green) and OAS1 (orange). Remaining open questions
arising form this work are highlighted: 1. While the TSA21 fragment of VA RNA| retains its activity
against PKR and posseses pseudoinhibitory activity against OAS]1, this truncation is not identical to the
Dicer-processed RNA. The question remains, are the activities of the authentic product of Dicer
processing in vivo identical to those of the model RNA TSA21? 2. Does amplification of the innate
immune signal by RNase L degradation extend beyond host mRNA degradation and include viral
mRNAs? Further, the 3’-ssPy motif may be an important part of this signal amplification. 3. Does VA
RNAescape the consequences of OAS1 activation through direct inhibition of RNase L? 4. EBER-1 is
processed by Dicer in vitro, but do the activities of the truncated fragment mirror that of VA RNA,? 5.
Are Dicer-processed EBER-1 fragments incorporated into the RISC complex, and if so do they have

specific targets?
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requirements we have observed. One potential explanation is that the structure and
stability of the Central Domain, and therefore the three-helix junction, is particularly
sensitive to mutation. This explanation is supported by the fact that the point mutations
that most impair VA RNA; activity are clustered around the junction itself, and disrupt
base-pair interactions likely to impact the overall structure of the RNA. In addition, the
importance of the orientation of the conserved tetranucleotide sequence (GGGU/ACCC)
is not in total agreement with our observations (1,2,6), e.g. mutating one of the G-C pairs
to a C-G pair significantly attenuates VA RNA; activity. This observation was the
foundation of the hypothesis that the Central Domain harbors tertiary interactions
important for inhibition, and can be viewed as inconsistent with the idea that the junction
is indeed the minimal requirement. While this is an important consideration, it is possible
that the identity of the bases themselves are important for base-stacking interactions
required for optimal stability of the junction and its inhibitory action in cooperation with
the Apical Stem, which is the main PKR binding site. In order to fully reconcile these
bodies of work, high-resolution crystallographic data that allow for direct visualization of

VA RNA; bound to full-length PKR would be invaluable.

In broader terms, the discovery that a three-helix junction is the minimal requirement for
PKR inhibition by VA RNA| raises the question of whether this is the same minimal
requirement for other efficient RNA inhibitors of PKR such as EBER-1. For PKR
inhibiting RNAs which lack a three-helix junction, such as the cellular nc886 RNA, what
are the structural features that enable inhibition? More generally, will any three-helix

junction-containing RNA capable of binding PKR inhibit the enzyme? These types of
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questions are important for defining the general requirement for PKR inhibition. Is the
three-helix junction sufficient: Can its presence turn an activator of PKR into an
inhibitor? Beyond these questions, we can ask if the three-helix junction can serve as a
predictor of RNA structures that will inhibit PKR, and if so, does selectively disrupting
these junctions with small molecules hold promise for modulating the activities of these

RNAs during infection?

Are a defined set of interdomain contacts required for PKR inhibition?

Though our work demonstrating the necessity of the three-helix junction of VA RNA;
clearly illustrates the aspects of the VA RNA; structure important for inhibition, it does
not provide a picture of the RNA-protein contacts required for inhibition, or how they
may be different from those required for activation. The most current model of PKR
activity dictates that VA RNA| inhibition occurs exclusively from VA RNA| prevention
of PKR dimerization and autophosphorylation (7). Unpublished data from the lab
however, indicate that both the RNA-binding and kinase domains of PKR are involved in
mediating inhibition, and that the interdomain contacts required for VA RNA-mediated
inhibition are not the same as those which occur during activation. This finding indicates
that simply blocking dimerization is not the complete mechanism of VA RNA; inhibition
of PKR, but that inhibition requires some form of communication between the two
protien domains distinct from that which occurs during activation. The nature of this
communication remains to be elucidated. Additionally, the evidence from RNA structure
probing and SAXS experiments that PKR alters the conformation of VA RNA; upon

binding minimally, if at all (2,8,9), may reflect the fact that VA RNA| functions by
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trapping PKR in state most closely resembling its free and inactive conformation. In
contrast, perhaps, activating dsSRNA may induce some larger, or at least distinct,
conformational changes in PKR. High-resolution structural studies of VA RNA; and PKR
alone and in complex are needed to reveal interdomain contacts unique to inhibition,
providing another avenue through which PKR activity may be modulated and allow for

new insights into the defining features of an RNA inhibitor of PKR.

DICER PROCESSING OF VA RNA,

Dicer processing of VA RNA| produces a fragment that is not identical to TSA21
The TSA21 construct is a small active construct ideal for biochemical characterization
and, potentially, structural studies of PKR (2,3). Though TSA21 is similar in size to the
Dicer-processed form of VA RNA; (Figure 2), it is not identical (3,10). Dicer- processed
VA RNA; also closely resembles the VA RNA; TSA1S5 truncation mutant, which has
significantly diminished inhibitory activity against PKR (3). Discovery that dsSRNAs
appended with single-stranded sequences can differently modulate both PKR and OASI
activity (11,12) warrants a more careful examination of the activity of the Dicer-
processed form of VA RNA|. The presence of these single-stranded regions in the Dicer-
processed fragment may confer a different activity against OASI than that observed for
TSA21 (Figure 1). The discovery of the 3’-ssPy motif further highlights the potential
importance of these subtle differences and raises the distinct possibility that OAS1 may
not be inhibited to the same degree by the actual product of Dicer processing as it is by

TSA21 (11). One reason to suspect that this may be the case is that Dicer processing
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produces an RNA with five 3’-end single-stranded nucleotides, the first of which is a
pyrimidine, while the TSA21 construct terminates with a base paired G. Additionally,
only one OAS1 activation consensus sequence is retained in TSA21, while both are

retained in the Dicer-processed VA RNA| fragment.

TSA21 Dicer Processed TSA1_5 N
PKR: Potent inhibitor PKR: Unknown PKR: Weak inhibitor
OAS1: Pseudoinhibitor OAS1: Unkinown OAS1: Unknown

A=U A=U A-U
C-G C-G C—=G
G-C G-C G—-C
G-C R Cc-aG RcCc-a
AAUU —A AAUU —A

3 c A G

G U G U

Gug ¢ Guge—o

A ogU = A

G-C

G.U

G-C

Figure 2. The Dicer-processed VA RNA, is not identical to TSA21. Comparison of the sequences and
structures present at the termini of the TSA21 deletion, the Dicer-processed fragment (mivaRNA138), and

the TSA15 deletion mutant. Known activities of each variant are listed.

These open questions may be easily addressed by testing an in vitro transcribed RNA
designed to exactly mimic the VA RNA; product of Dicer processing using the kinase
and chromogenic assays described in this work. Such studies are important for continuing
to connect in vitro findings to cellular processes. In addition to resolving this

discrepancy, the function of the Dicer-processed VA RNA| fragment must include an
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evaluation of the stability of the fragment in vivo. While a great deal of effort has been
focused upon identifying the targets of the mivaRNAs derived from the Terminal Stem,
little has been done to show that the remaining Apical Stem-Central Domain fragment is
stable or if it is bound by cellular proteins. While one group has reported that the
fragment is indeed unstable (13), and not present in cellular extracts of AdV-infected
cells, this was not the focus of their investigation, and the specific data is not presented.
Additionally, to detect this fragment, this group used a labeled probe to the Apical Stem
of the RNA, which is incredibly stable (14). It is possible that the extreme denaturation
required to unfold the Apical Stem and allow hybridization was not applied. To best
move forward with investigations of the Dicer-processed fragment, its presence in the
cell must be assessed and the RNAs utilized in in vitro experiments must better reflect the

actual Dicer-cleavage product and its activities against PKR and OAS in the cell.

FUNCTIONAL IMPLICATIONS OF THE 3’-ssPy MOTIF

What is the mechanism of potentiation of OAS1 by the 3’-ssPy motif?

Further investigation of how the 3’-ssPy motif modulates OAS1 activity is required to
build an understanding of its mechanism. In addition to being both simple and potent, the
model duplex system used in studies in Chapter 5 presents a unique opportunity to
investigate how the 3’-ssPy motif exerts its effect. The 18 bp dsNA possesses two
overlapping consensus sequences, one on each strand running in antiparallel orientation
(Figure 3A). Previous work from another lab shows that OAS1 does not tolerate
mutations in the final G of the consensus sequence (15), providing an avenue through

which we can independently assess contributions of each consensus sequence and the
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effect of the 3’-ssPy motif on OASI activation. Assuming that these consensus sequences
are equivalent, we will be able to determine if the 3’-ssPy motif is driving OAS1 to bind
to one activation sequence at the expense of the other. For example, a consensus
sequence inactivated by a G to U mutation appended with a 3’-ssPy will display activity
lower than the dsRNA without the 3’-ssPy motif. Further, moving the 3’-ssPy motif to
the reverse strand containing an intact activation sequence should restore activity.
Alternatively, a 3’-ssPy may augment OASI activation through an alternative unknown
mechanism, presenting the possibility that appending a 3’-ssPy to both ends of the model
RNA may increase activity beyond that observed with a single 3’-ssPy. RNAs designed
to test the relative contributions of the consensus sequences and the effects of appending

the 3°-ssPy motif to each are shown in Figure 3B, (group 1).

While the above experiments make the assumption that the sequences are equivalent,
there is some evidence in the literature which suggest that the activation potential of these
consensus sequences are context dependent (16), and there are some differences which
may make them functionally non-equivalent. First, the consensus sequence on the
forward strand is located only one nucleotide before the 3’-terminus of the RNA, while
on the reverse strand there are two nucleotides following the final consensus sequence G
(Figure 3A). Not only does this difference change the distance of the consensus sequence
from the end of the RNA, but it changes the number of nucleotides between the

consensus sequence and an appended 3’-ssPy.
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Figure 3. OASI1 binding orientation and potency is derived from the context-specific effects of the
activation consensus sequence and the 3’-ssPy motif. (a) The 18 bp model duplex RNA with the
consensus sequence highlighted in each strand (shaded blue or green boxes) with sites of mutations and
3’-ssPy motif indicated. (b) Design of constructs to test 1. The context in which the consensus sequences
and the 3’°-ssPy motif exert an effect on OAS1 activity, 2. Placement of the consensus sequences in

respect to the dSRNA ends by insertion (left) or deletion (right), and 3. The effect of sequence context.

To address these potential disparities, we have designed dsRNA variants to evaluate
potential contributions of these differences to non-equivalence of OAS1 binding and
orientations (Figure 3B, group 2). Second, the nine nucleotides between the defining
components of the consensus sequence are different. While work form other labs
indicates that these sequences are unlikely to exert an effect, they should be considered if
the consensus sequences are found to behave dissimilarly. Finally, while both the forward
and reverse strand possess an activation consensus sequence (WWNoWG) (17), the

sequence in the forward strand is UU(Ng)UG, while the reverse is UA(Ng)AG. The
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difference in the identity of these bases may also contribute to any differences in the
ability of the forward- and reverse-strand sequences to activate OAS1 (Figure 3B, group
3). Because dsRNA binding and activation are non-equivalent for OAS1 activation (16),
non-equivalence of the two consensus sequences may provide a simple model system in
which to assess the relationship between binding and activation within the same
molecule. To assess the equivalence of the activation sequences, the G shown to be
important in OAS]1 activation in each strand may be mutated to evaluate the contribution

of each to the ability of the 18 bp dsSRNA model duplex to activate OASI.

Upon discerning the ‘rules’ that govern OASI activation by the 18 bp dsRNA, their
application to a more highly structured RNA such as VA RNA| may allow for dissection
of how an additional layer of structural complexity can further modulate OASI

regulation. Alternatively, the rules may be in part or entirely different, in which case the
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Figure 4. A 40 nt hairpin RNA construct containing the 18 bp model duplex RNA for cell-based
studies. The new RNA (top) was cloned, transcribed, and found to both strongly activate OAS|1 relative to
the equivalent dsSRNA (compare purple and black lines) and to retain dependence of the 3’-ssPy motif for

optimal activation (compare purple solid and dashed lines.
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changes in how OAS is activated introduced by RNA structure must be evaluated.

What are the functional implications of the 3’-ssPy motif in vivo?

While the 3’-ssPy motif consistently potentiates OAS1 activation by both duplex and
highly structured RNAs in vitro (11), its functional consequences in vivo have not been
explored. To facilitate these types of experiments, we have cloned and transcribed a 40 nt
hairpin which contains the 18 bp consensus activation sequence, which is both capable of
activating OAS in vitro, and also sensitive to the 3’-ssPy motif (Figure 4). Experiments
which monitor the activity of OASI in cells transfected with a 40 nt duplex hairpin which
contains the 18 bp duplex sequences, with and without the 3’-ssPy motif, will be an
important first step for understanding how the 3’-ssPy motif ties into the cell’s anti-viral
response. We hypothesize that cells transfected with 40 nt hairpin RNA with the 3’-ssPy
motif will show higher RNase L-mediated degradation of rRNA, an established read out
for cellular OAS activity, than cells transfected with 40 nt hairpin lacking the 3’-ssPy
motif. This effect would correlate with in vitro activity of OASI to alterations in

OAS1/RNase L pathway activity.

RNase L amplifies the innate immune signals by generating RIG-I-activating fragments
by cleaving self mRNA (18). Because RNase L cleaves primarily after single-stranded
UU and UA dinucleotides within otherwise highly structured RNA (19,20), it likely
produces dsRNAs with the 3’-ssPy motif. These RNase L-derived dsSRNAs may therefore
further increase activation of OASI in a positive feedback loop, directly amplifying

innate immune signaling through the OAS1/RNase L pathway in addition to the effects of
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RNase L products on RIG-I (Figure 1). In support of this hypothesis, unpublished
observations indicate that the effect of the 3’-ssPy motif may be concentration dependent,
raising the possibility that the 3’-ssPy motif is especially important for detection of

limited viral dsRNA early in infection.

Does VA RNA| activate OAS1 in vivo?

To date, work describing VA RNA; activation of OAS] is limited to in vitro experiments.
VA RNA; is a comparatively weak activator of OAS1: dsRNA of the same length is over
ten times as active (21). Whether the degree to which OASI is activated by VA RNA; is
sufficient to elicit an anti-viral response is unknown. Furthermore, while experiments
which address the basic ability of VA RNA; to activate OAS1 in vivo are certainly
needed, a recent study showing that OASI1 antiviral activity is strongly correlated with
the level of OAST mRNA (22), introduces a complicating factor. This study showed that
OAS1 mRNA levels are highest in the cells which give rise to nervous tissues, and that
knocking down OASI in myocytes has a far greater effect on the outcome of virus
infection than in other cell types. This finding supports the idea that OAS]1 ability to limit
virus replication is linked to its expression level. Further, that myocytes are the cells in
which OAS1 is most highly expressed makes sense, as nearly all of the viruses for which
OASI1 polymorphisms are detrimental to the host are neurotropic (23-25). Thus, in
addition to determining whether VA RNA; is capable of activating OASI1 in vivo,
experiments addressing the likely impact of this ability on the outcome of infection

within different cell types are important.
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Is VA RNA| activation of OAS1 beneficial to the virus?

While much remains unknown about the degree to which VA RNA; activates OAS1 in
vivo it is possible that low-level activation of OASI is beneficial to the virus. Much of the
work on OASI monitors the effect on the cell of large amounts of pppA(2’-5’A),,
overexpression of RNase L, or the effect of poly(I).(C) RNA, an extraordinarily potent
activator of OAS1. Though high-level activation of the OAS1/ RNase L pathway leads to
degradation of rRNA and cell death (26), the effects of intermediate or low-level
activation of the pathway are underexplored. RNase L is known to behave in a dose-
dependent manner (27), and to degrade different types of RNA: host mRNA, rRNA, and
virus genome and mRNA (28-30). It stands to reason that the targets of RNase L are
context dependent, and that low-level activation of RNase L may lead to more specific
target degradation. Therefore, what at first appears to be a counterproductive activity,
may in fact be a way for the virus to control gene expression. For example, low-level
activation of RNase L might permit rapid degradation of early viral gene mRNA in favor
of late gene mRNA. Accumulation of VA RNA; at later stages in infection might
coincide with a need to rapidly shift gene expression. The secondary structures of target
mRNAs in which UU and UA dinucleotides are exposed or occluded may also serve as

another level of control over RNase L-mediated mRNA degradation.

ADDITIONAL POTENTIAL PROVIRAL ROLES FOR VA RNA,

Is VA RNA; an inhibitor of RNase L.?
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The only known target of the pppA(2°-5’A), oligos synthesized by OAS1 upon binding
to dsRNA is RNase L. Though the true targets of RNase L during virus infection are
unknown, the net effect is cessation of protein synthesis (31). In addition to halting
translation directly, through degradation of RNA, RNase L activity has a secondary
function: amplifying the innate immune response through generation of host mRNA
fragments shown to be capable of activating RIG-I and MDAS (18,20). We hypothesize
that AdV is able to overcome its low-level activation of OAS1, and the potentially
disastrous amplification of innate immune signals, through direct inhibition of RNAse L.
Further, we hypothesize that VA RNA; itself may be a competitive inhibitor of RNase L
(Figure 1). While viruses have evolved a number of mechanisms to inhibit RNase L,
there is only one example of a competitive RNA inhibitor, a structured RNA located
within the poliovirus protein-coding region (32). Should our hypothesis regarding the
inhibitory effect of VA RNA; on RNase L prove to be correct, VA RNA;| will possess yet
another pro-viral function in addition to its inhibition of both PKR and the RNAi

machinery.

THE FUNCTIONS OF EBV EBER-1 REMAIN UNCLEAR

In spite of the structural similarities between VA RNA; and EBER-1 and their shared
ability to inhibit PKR (33-35), the functions of EBER-1 are less defined. EBER-1’s
localization has been reported to be both nuclear and cytoplasmic, and is likely dependent
upon cellular contexts such as cell cycle stage (36-39). During the course of this work,
the similarities between VA RNA; and EBER-1 were expanded to show that they activate

OASI1 to the same level (11). In addition, preliminary experiments demonstrated that
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EBER-1 is indeed processed by Dicer in vitro. While it is clear that VA RNA; and
EBER-1 do not serve identical roles (40), their functions may overlap in previously
unappreciated ways. Further research is needed to confirm Dicer processing of EBER-1
in vivo, and to evaluate the roles of any fragments produced (Figure 1). Importantly,
evaluating the activities of EBER-1 against these cytoplasmic innate immune proteins
must be coupled with studies of when EBER-1 is localized to the cytoplasm and available
to regulate their activities.
CONCLUSION

Further expanding our understanding of the activation and inhibition requirements for
both PKR and OAS1 will allow for development of a clear picture of how these two
innate immune systems overlap, and how the interplay between the two systems effects
host-pathogen interaction. A complete understanding of the RNA features required for
activation or inhibition of these enzymes is critical for the development of general
antiviral therapies that selectively potentiate the activities of these protiens. General
therapies unreliant on the adaptive immune response are especially important for treating
viral infections in the elderly, infants, and immunocompromised people, as well as for

treating viral infections for which there are no vaccines of effective treatments.
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