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ABSTRACT

Defining the RNA signatures detected by the innate immune sensor
2’-5’-oligoadenylate synthetase 1 (OAS1)

By Samantha Lynne Schwartz

The innate immune system is a broad set of critical intracellular and extracellular processes that
limit pathogen infectivity. To provide its essential first line of defenses, the innate immune
system must identify and respond to foreign molecules. The 2’-5’-oligoadenylate synthetase
(OAS) family of enzymes are important innate immune sensors of cytosolic double-stranded
RNA (dsRNA), a potent signal and hallmark of viral infection. Defective or misregulated innate
immune activity can cause increased persistence of and susceptibility to viral infection and
human diseases, such as interferonopathies. My dissertation research investigates how specific
molecular signatures within dSRNA molecules regulate OAS1 activity.

Structural studies previously revealed that dsRNA binding induces allosteric changes in
OASH1 that reorganize its catalytic site and drive synthesis of 2’-5’-oligoadenylates from ATP.
However, we still understand relatively little about how specific features of the dsRNA contribute
to the level of OAS1 activation. | used a “simple” 18 bp dsRNA containing two copies of a
previously identified OAS1 activation consensus sequence (WWNyWG, where W is A or U, and
N is any nucleotide) to identify and assess the contributions of specific dsRNA features required
for potent OAS1 activation. Biochemical studies coupled with cell-based assays and
computational modeling reveal that the 18 bp dsRNA contains two competing OAS1 binding
sites with remarkably different capacities to activate the protein in a context-dependent manner.
The dsRNA binding register was dictated by the position of the consensus sequence(s) and only
when optimally positioned was potency of other RNA activating motifs observed. A new role was
also identified for the non-conserved (Ny) nucleotides of the activation consensus in defining the
dsRNA shape and flexibility important for OAS1 binding and recognition. The results indicate
that OAS1 is unexpectedly sensitive to sequence, but also that the relative placement and
organization of activating motifs is as critical as the sequences themselves. These studies
define the molecular mechanism(s) that control OAS1 regulation by dsRNA and may reveal
insight into viral evasion of the OAS1/RNase L pathway or avenues to new effective therapeutic
strategies.
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CHAPTER ONE

Introduction



Innate immunity

Our cells must detect and respond to infection rapidly. Beyond initial physical barriers (such as
the skin), the innate immune system serves as a first line of cellular and molecular defense with
broad specificity. The innate immune system directly protects against pathogen replication, acts
to warn neighboring cells, and primes the adaptive immune system to respond to infection.
Innate immune system proteins take on a number of roles to prevent the spread of microbial
invaders. One example is the ability to both accurately identify molecular features of foreign
molecules, or pathogen-associated molecular patterns (PAMPSs), in order to respond to infection
while also avoiding inadvertent self-activation by endogenous molecules (1,2). The cellular
proteins responsible for detecting these PAMPs are often referred to as pattern recognition
receptors (PRRs). PRRs are found on the cell surface, membrane-bound in different cellular
compartments, or free within the cytosol. A subset of PRRs are responsible for inducing the
production of Type | Interferon (IFN), a family of cytokines responsible for triggering signaling
cascades to limit both viral replication and prime neighboring cells to establish an antiviral state.
Interferon also activates interferon-stimulated genes (ISGs) in a feedback loop that drives
subsequent expression of genes with diverse antiviral functions (Figure 1). Tight regulation of
these systems is required to achieve accurate detection of infecting pathogens while preventing

spurious activation by cellular factors that would be detrimental to the cell.

Viral nucleic acid sensing

Nucleic acid sensing is one essential strategy used by the innate immune system to detect and
clear viral infection. The sensitivity of these host antiviral sensors must be finely tuned in that
they need to detect a broad range of viral nucleic acids while avoiding aberrant activation by
host factors. Double-stranded RNA (dsRNA) is typically absent from uninfected cells and is
therefore often a hallmark of viral infection, either present in viral genomes or produced as a

consequence of viral gene expression or replication. Here, | will focus on a subset of nucleic



acid sensing PRRs responsible for detecting the presence of cytosolic dsRNA during viral
infection (Figure 1).

Retinoic acid inducible gene | (RIG-1) and melanoma differentiation associated gene 5
(MDADS) are two members of the RIG-I-like receptor family of RNA helicases that share a similar
domain architecture and signaling mechanism (3). RIG-I and MDAS form filamentous oligomers
(4,5) upon binding cytosolic dsRNA activating a signaling cascade that begins with the
activation of the mitochondrial antiviral signaling protein (MAVS) via their caspase activation and
recruitment domains (CARDs) (6). Activation of MAVS signals to transcription factors, IFN-
regulatory factor 3 and 7 (IRF3/7), to induce the expression of Type | IFN (6,7). Type | IFN is
secreted by the cell and binds to surface exposed IFN-alpha/beta receptor 1 and 2 (IFNAR1/2)
on the same (autocrine signaling) and neighboring (paracrine signaling) cells to activate the
expression of IFN-stimulated genes. Alternatively, MAVS can also trigger a pro-apoptotic cell
fate directly via caspase 8 or indirectly via IRF3/7 to BCL-2-associated X protein (BAX) (8,9).
RIG-1 and MDAS5 are expressed at low levels and latent in the uninfected cell, but activation of
their respective pathways during a viral infection produces a positive feedback loop leading to
increased protein expression (10,11). Despite their commonalities, RIG-I and MDA5 recognize
distinct groups of viral RNAs. For example, one discriminating factor for the two enzymes is the
size of dsRNA that each recognizes: RIG-I senses dsRNA <300 bp whereas MDA5 senses
dsRNA >300 bp (12). Additionally, RIG-I is sensitive to dsRNA structure, particularly blunt ends
with a 5’-triphosphate (13-16). Such a structure is indicative of RNAs produced outside of the
nucleus as cellular RNAs are often masked by RNA binding proteins and/or post-transcriptional
modifications (e.g. 7-methylguanosine cap, ribose 2’-O-methylation), thus protecting
endogenous RNA from recognition by RIG-I (17-19). RIG-I and MDA5 can also function as
effectors by displacing viral proteins bound to dsRNA that would otherwise be sequestered and

undetected by the innate immune system (20).
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Figure 1. Overview of the innate immune system: cytosolic dsRNA receptors. Pathogen-derived
nucleic acids are typically accompanied by defining features that can be recognized by cellular PRRs.
PRRs must be able to detect molecules associated with infecting pathogens while readily
distinguishing self from non-self. Because it is not normally present in the cytoplasm, dsRNA (blue) is
an important signal of infection. The proteins responsible for detecting cytoplasmic dsRNA during viral
infection are highlighted in green: RIG-I, MDAS5, OAS, PKR, and ADAR1. The helicases RIG-I and
MDAS detect dsRNA in the cytoplasm and signal through mitochondrial antiviral signaling protein
(MAVS, grey), which in turn can activate a pro-apoptotic pathway via caspase 8 (grey) or induce the
production of Type | Interferon (IFN a/B, yellow) via the transcription factors IFN-regulatory factor 3
and 7 (IRF3/7, grey). IFN is secreted from the cell and binds to IFN-alpha/beta receptor 1 and 2
(IFNAR, purple) on the cell surface acting in an autocrine (same cell) or paracrine (neighboring cell)
fashion. IFNAR activation signals for uninfected cells to also ramp up the expression of IFN-
stimulated genes (ISGs) encoding for important antiviral restriction factors (RIG-I, MDA5, OAS, PKR,
and ADAR1, green) in order to prime the cell in case of an impending infection. OAS, PKR, and
ADART1 restrict viral replication directly through distinct pathways that halt cellular translation (OAS,
PKR) or interfere with RNA stability via A-to-I editing (ADAR1).

The 2’-5’-oligoadenylate synthetase (OAS) family of interferon-inducible nucleotidyl
transferases are responsible for synthesizing 2’-5’ phosphodiester-linked oligoadenylates (2-5A)
upon binding to a dsRNA substrate (21-23). When comprised of three or more adenylates,
these 2-5A activate their only known target, the latent cellular endoribonuclease L (RNase L)
(24-26). RNase L establishes an antiviral state in several ways: direct cleavage of viral RNAs;
degradation of cellular rRNA and tRNA halting general translation while still allowing for

expression of innate immune system proteins (27-29); and tuning of the cellular transcriptome



through cleavage of specific mMRNAs required for cell growth, proliferation, and differentiation
(30-34). RNase L preferentially cleaves at single-stranded UA and UU sequences (35)
generating RNA fragments with PAMPs that are able to enhance the immune response (36,37).
Chapter 2 provides a detailed overview of individual OAS family members and their specific
RNA requirements for activation.

The dsRNA-activated protein kinase (PKR) is a member of the elF2a kinase family
responsible for initiating the shutdown of general translation, effectively blocking protein
synthesis and inhibiting viral replication, cell cycle progression, and cell growth (38). PKR is
activated upon binding a dsRNA molecule long enough (>30 bp) to recruit a second PKR
monomer in close proximity to allow for dimerization and autophosphorylation of the kinase
domains (39). Activated PKR in turn phosphorylates the alpha subunit of the eukaryotic initiation
factor 2 (elF2) (40,41), increasing affinity for its guanine nucleotide exchange factor (elF2B) and
thereby preventing elF2B from releasing GDP efficiently to make way for GTP binding (42-44).
elF2 is responsible for delivering the initiator tRNA to the small ribosomal subunit and is
essential for cap-dependent translation. PKR recognizes dsRNA in a sequence-independent
manner by interacting directly with the phosphate and ribose backbones of two adjacent minor
grooves (45,46) and is tolerant of structural elements like bulges and mismatches (47). Also,
independent of RIG-I, PKR can be activated by single-stranded RNAs with limited secondary
structure (e.g. short stem loops) if they contain a 5-triphosphate (48). RIG-I and MDA5 are
considered the major pathway for Type | IFN expression, but PKR has also been implicated in
promoting Type | IFN production by stabilizing IFN-alpha/beta mRNA transcripts (49).

The adenosine deaminase acting on RNA (ADAR) class of enzymes are responsible for
catalyzing the deamination reaction of adenosine (A) in dsRNAs resulting in A-to-1 edits (50,51).
These post-transcriptional modifications disrupt canonical Watson-Crick base pairing altering
decoding during translation and overall stability of the dsRNA molecule. Consequently, inosine

(I) modifications are typically read as guanosine (G) by reverse transcriptase and ribosomes,
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Figure 2. A-to-l editing by ADAR1 is proposed to reduce self-activation of innate immune
response pathways. We still do not fully understand the molecular or cellular mechanisms that allow
OAST1 to discriminate between viral and cellular RNAs. Top, However, A-to-l editing is proposed to be
one way inadvertent activation by cellular RNAs is avoided: editing destabilizes dsRNA regions
resulting in weaker or no OAS activation (54). Center, ADAR1 KO (deletion of ADART) eliminates this
regulation resulting in activation of the OAS/RNase L pathway in the absence of infection causing
diseases such as Aicardi-Goutiéres syndrome. Bottom, RNase L KO (deletion of RNASEL) rescues

the ADAR1 KO phenotype by eliminating activation of RNase L restoring normal cell function.

potentially altering the copying of genetic information or leading to the translation of potentially
non-functional protein products if edits occur in coding regions (52). RNA editing introduces
mismatches and can disrupt secondary structure in dsRNA, which may no longer be sensed by
other PRRs, thus impairing detection and providing a potential mode of viral escape (53).
ADAR1 has also been implicated in preventing self-activation by endogenous dsRNAs in the
absence of viral infection (Figure 2). Deletion of ADAR1 in human lung carcinoma A549 cells
produced a lethal phenotype that could be rescued by the subsequent deletion of RNASEL (54).
These data suggest that loss of ADAR1 results in an accumulation of cellular dsRNAs that are
capable of activating the OAS/RNase L pathway, thus indicating that ADAR1 is required to

destabilize endogenous dsRNA to prevent aberrant activation of the innate immune system.



Viral evasion strategies for the OAS/RNase L pathway

Viruses depend on the host cell to complete their life cycle but at the same time must also avoid
detection by innate antiviral factors that can potently restrict viral replication. These host-virus
interactions are in a constant evolutionary arms race where the host must establish new ways to
detect and limit viral infection while the virus must enter the cell and replicate all while
navigating under the radar. A disparate pool of both DNA and RNA viruses have thus developed
unigue mechanisms to counter cellular antiviral defenses, including at each step in the
OAS/RNase L pathway (Figure 3).

Inhibiting OAS activation is perhaps the most “direct” method for blocking the
OAS/RNase L pathway. Hepatitis C virus encodes a non-structural protein, NS5A that binds
directly to OAS to compete with dsRNA for binding (55). Many viruses also block dsRNA binding
by encoding proteins utilized to protect viral RNA from detection and degradation by nucleic acid
sensors. Some examples of this evasion strategy include Ebola virus VP35 (56,57), herpes
simplex virus US11 (58), human immunodeficiency virus Tat (59), influenza A virus NS1 (60),
reovirus outer capsid protein 03 (61-63), and vaccinia virus E3L (64). Another related, but
distinct, mechanism of evasion includes the targeted degradation of potential dsRNA activators.
Herpes simplex virus encodes a virion-host shutoff (vhs) protein which functions as a viral
RNase that preferentially degrades host and viral mRNAs (65), and vaccinia virus limits the
formation of dsRNA via two virus-encoded decapping enzymes, D9 and D10, that are
responsible for removing methylated mRNA cap structures leaving viral mMRNAs susceptible to
degradation by the cellular exonuclease Xrn1 (66,67). These viral countermeasures halt the
OAS/RNase L pathway at its earliest stages by preventing the first key player, OAS, from ever
becoming activated.

Next, to prevent dimerization and subsequent activation of RNase L, some viruses
contain 2’-5’-phosphodiesterases (68) that are responsible for degrading 2-5A synthesized by

OAS, namely coronavirus ns2 (69) and rotavirus VP3 (70,71). Additionally, herpes simplex virus
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Figure 3. Viral evasion strategies to circumvent the OAS/RNase L pathway. 2’-5’-oligoadenylate

synthetase (OAS, grey) expression is upregulated by Type | Interferon, a signaling molecule used to
heighten the cell’s antiviral defenses. OAS (green) is activated by double-stranded RNA (dsRNA)
which allosterically induces structural rearrangements necessary to synthesize 2’-5-linked
oligoadenylates (2-5A, orange) from ATP. These 2-5A molecules are responsible for tethering inactive
monomers of the latent cellular endoribonuclease L (RNase L, purple) to form a functionally active
dimer. RNase L activation limits viral replication by degrading both viral and cellular RNA thus halting
global translation, and depending on the severity of the infection, may result in apoptosis. Both DNA
and RNA viruses have developed unique strategies to combat activation at each stage in the
OAS/RNase L pathway highlighted in red and described in detail in the section “Viral evasion
strategies for the OAS/RNase L pathway.”
(72) and vaccinia virus (73,74) are proposed to hijack OAS in order to promote the synthesis of
2-5A analogs that are inactive or inhibitory against RNase L. These 2-5A analogs contain a
complex mixture of phosphorylated and non-phosphorylated 2-5A species as well as additional
derivative compounds (74), but their identity and mechanism of action still remain to be
determined. The cellular RNase L inhibitor (RLI) is also responsible for inhibiting 2-5A binding to
RNase L and may play a larger role in the absence of infection, as its expression is not
regulated by interferon (75). However, observations of increased RLI expression and

concomitant inhibition of RNase L have been noted during encephalomyocarditis virus (76) and

human immunodeficiency virus (77) infection, although the latter is complicated by the role of



RLI in HIV capsid assembly. Some viruses can evade the OAS/RNase L pathway altogether by
acquiring resistance to RNase L cleavage. For example, RNase L activity during hepatitis C
virus infections results in the selection of viral strains with fewer RNase L target sequences,
specifically UU and UA dinucleotides (78-80), and poliovirus contains a highly structured hairpin
in the 3C protease (3C™™) open reading frame which acts as a cleavage-resistant substrate and
thus a competitive inhibitor of RNase L (81).

In summary, numerous viral strategies for escape have been uncovered and these can
occur at each stage of OAS/RNase L pathway activation, including inhibiting OAS, sequestering
dsRNA, degrading 2-5A via viral-encoded phosphodiesterases, producing 2-5A analogs,
inhibiting RNase L, or providing selective pressure to remove RNase L target sites within viral
RNAs (summarized in Figure 3). The diverse strategies many different viruses have developed
to evade detection clearly underscore the critical role the OAS/RNase L pathway plays in

limiting viral infection.

Roles for the OAS/RNase L pathway in normal cell function

Another growing area of study is to understand the role of OAS and the OAS/RNase L pathway
in normal cell function in the absence of viral infection. From an evolutionary perspective, OAS
can be traced back to organisms lacking an interferon-regulated immune system (e.g. marine
sponges), giving us some indication that the OAS family of proteins may have additional
functions beyond those needed for antiviral defense. A recent study used whole-exome
sequencing to identify three different human heterozygous missense mutations in OAS1 (A76V,
C109Y, and L198V) implicated in infantile-onset pulmonary alveolar proteinosis, a disease
characterized by dysfunction in lung surfactant homeostasis (82). A separate, but
complementary, body of work in which our lab was involved, identified a fourth OAS1 mutation
(V121G) and discovered that these four OAS1 mutations exhibit a gain-of-function phenotype

contributing to dsRNA-independent OAS1 activation (Magg et al., submitted). These studies led
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to the identification of a novel interferonopathy, termed OAS1-associated polymorphic
autoinflammatory immunodeficiency disorder (OPAID). In addition to increased susceptibility to
viral infections (83,84), OAS1 single nucleotide polymorphisms (SNPs) have been linked to
diabetes (85), multiple sclerosis (86,87), prostate cancer (88), and Sjogren’s syndrome (89,90),
as well as susceptibility to tuberculosis infection (91), suggesting that OAS1 has an important
role in cellular processes that impact these human diseases.

The OAS/RNase L pathway is also gaining increasing appreciation for its anti-
proliferative role. Specifically, RNase L has been implicated in tuning the human transcriptome
by selectively destabilizing mRNAs responsible for suppressing cellular proliferation and
adhesion (33,34). Controlled inhibition of cell growth and migration is important to limit the
spread of infection, but is also required to monitor proper cell regulation to prevent cancer
development and metastasis. OAS1 has also been shown to modify the DNA repair signal,
poly(ADP-ribose) (PAR), by adding AMP residues in 2’-5'-linkages to attenuate PAR synthesis,
thus improving cell viability following treatments with DNA damaging agents (92). The
OAS/RNase L pathway has also been recently implicated in mediating the cytotoxicity of 5-
azacytidine (AZA), a DNA methyltransferase inhibitor widely used in cancer treatment, further
alluding to additional roles for the pathway, and OAS1 in particular, beyond innate immunity
(93). Taken together, these observations suggest important roles for OAS1 in normal cellular
processes that we have yet to fully elucidate. A critical element of determining such roles for
OAS1 will be to fully define how OAS1 is regulated by dsRNA, including the contributions made
by particular sequences and other molecular signatures that may be present in cellular or

foreign dsRNAs.

OAS1 consensus sequences and activating motifs
OAS1 recognizes short dsRNAs (>18 bp) long enough to traverse its RNA-binding surface.

Unlike other nucleic acid sensors, OAS1 does not possess a canonical RNA-binding motif or
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Figure 4. dsRNA binding induces conformational changes required for 2-5A synthesis by
OAS1. A, OAS1 surface representation with electrostatic potential map showing the positive (blue)
charge of the dsRNA binding surface. B, Overlay of free porcine OAS1 (PDB code 1PX5, blue) and
dsRNA-bound human OAS1 (PDB code 41G8, green). Binding dsRNA exchanges K66 and R195
(right) redirecting R195 from the protein core to the dsRNA binding surface which is coupled with the
formation of a new alpha-helical structure (solid box). K66 replaces R195 in an electrostatic
interaction with E233 (right) bringing residues D75, D77, and D148 into proximity promoting the

formation of the catalytic triad and the coordination of two Mg®" ions (dashed box).

domain (94); instead, OAS1 binds dsRNA via a relatively flat protein surface enriched with basic
residues that contact the sugar-phosphate backbone at each end of the RNA helix (95) (Figure
4A). Upon dsRNA binding, OAS1 undergoes structural reorganization to narrow the ATP-
binding cleft and reposition the catalytic residues to form the active site for 2-5A synthesis.
Briefly, two basic residues (K66 and R195) swap positions to maintain an electrostatic
interaction with E233, and these rearrangements direct R195 to the dsRNA binding surface
driving formation of a new alpha helix thus organizing the OAS1 catalytic triad (D75, D77, and
D148) and ATP donor/acceptor sites (Figure 4B). dsRNA binding is therefore required to
allosterically induce the formation of the OAS1 active site containing the catalytic triad, two
magnesium ions, and ATP (95,96) (see Chapter 2 for more details). Because OAS1-dsRNA
binding is predominantly driven by sequence-independent interactions (via phosphate and
ribose groups), it was surprising when several studies identified consensus sequences and
other activating motifs capable of potentiating OAS1 activation in vitro and in human cells, thus

expanding OAS1 specificity beyond simple length requirements (97-100).
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The first OAS1 activating consensus sequence was identified using systematic evolution
of ligands by exponential enrichment (SELEX) to identify RNA aptamers able to bind OAS1 (97).
Single-strand RNA aptamers, and in some cases corresponding dsRNAs, were tested for their
ability to activate OAS1 in vitro. Sequence alignment was then used to reveal commonalities
among the most potent activators. These OAS1 activators were found to have an overall high
cytosine and low guanine content and contained the sequences APyAPy(N)nCC and
UU(N)nACCC (where Py is C or U) within different regions of the RNA molecule (97). Although
the resulting activating sequences are quite degenerate, these experiments were the first to
lend insight into the possibility that OAS1 has some degree of sequence specificity. However,
understanding the contribution of specific sequences was further complicated by the likelihood
that single-stranded RNAs could form secondary structures or by the propensity of OAS1 to be
activated by the flanking adapter sequences.

Another study tested a randomized panel of short (19 bp) dsRNAs with distinct
sequences to probe for differences in their ability to activate OAS1 in vitro and in human A549
cells (98). Sequence alignment of the dsRNAs that most strongly promoted OAS1 activity
identified a second, distinct activating consensus sequence, WWNyWG (where W is A or U, and
N is any nucleotide), which was then confirmed using a larger panel of dsRNA sequences.
When mapped onto a dsRNA helix, the WW and WG consensus dinucleotide sequences were
positioned in the two minor grooves spaced by the nine intervening base pairs and presented on
the same face of the A-form helix for recognition by OAS1, as later confirmed in the OAS1-
dsRNA crystal structure (95). Further, the G nucleotide of the WWNyWG sequence makes one
of the only base-specific interactions with OAS1, revealing part of the basis for the specificity of
this novel activating consensus sequence.

Our lab’s more recent findings using adenovirus VA RNA, with altered 5’- and 3’-end
sequences revealed that optimal OAS1 activation by this non-coding RNA required a 3’-end

single-stranded pyrimidine-rich (C or U) sequence (99). In contrast, 3’-end single-stranded
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purine-rich (G or A) sequences promoted a lower level of activation, while extension of the VA
RNA, terminal stem with an equivalent length of base paired nucleotides failed to enhance
OAS1 activation. Deletion of the equivalent 3’-end sequences from two other RNA polymerase
[ll non-coding transcripts, Epstein-Barr virus EBER-1 RNA and human cellular nc886 RNA, also
exhibited reduced OAS1 activation. These observations thus led to the discovery of a novel
RNA signature for OAS1 activation, the 3’-end single-stranded pyrimidine (3’-ssPy) motif (99).
While the detailed mechanism of 3’-ssPy motif action remains to be determined, these studies
identified one amino acid (Gly157) whose substitution with a bulkier residue did not impact
overall OAS1 activity but fully eliminated sensitivity to the 3’-ssPy motif. Gly157 resides in a loop
adjacent to the dsRNA binding surface suggesting that allosteric regulation of OAS1 by RNA
may be more complex than previously determined.

Our group also discovered an activating structural element in the human cellular nc886
RNA with the ability to potentiate OAS1 activation. nc886 is a ubiquitously expressed cytosolic
noncoding RNA that adopts two distinct structures which differ in their migration on native
polyacrylamide gels: the slower migrating form (“Conformer 1”) and the faster migrating form
(“Conformer 2”). Studies of OAS1 activation by nc886 in vitro and in A549 cells revealed that
most activity is conferred by a unique tertiary structural motif present only in the apical stem
loop of nc886 Conformer 1 (100). Interestingly, this same Conformer 1 structural feature is
critical for PKR inhibition by nc886 (101), suggesting the potential for cellular RNA-mediated
communication between these two innate immune sensors. Analysis of nc886 with truncated
terminal and central stem structures showed that the apical stem loop alone is not sufficient to
activate OAS1. Rather, a predominantly base-paired region of the central stem, approximately
18 bp in length, is also required for OAS1 activation (100). These data suggest that the dsRNA
region of the central stem is required for OAS1 binding and optimal positioning of the apical

stem loop motif for OAS1 activation.
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Structural studies have provided a clear rationale for the dsRNA length requirements
needed for OAS1 (and other OAS family members) binding and catalysis. Despite these
important advances, we still understand little about how other dsRNA features contribute to the
extent of OAS1 activation. To date, four OAS1 activating motifs have been identified, but
mechanistic insights on how these molecular signatures regulate OAS1 activity still remain
unclear. However, one important consideration that has surfaced from this work is the idea that
simply the presence or absence of a motif is not sufficient, but “accurate” placement within a
dsRNA molecule can determine how much or how little a feature contributes to total activation.
Thus, the context of these activating motifs is an additional variable to consider, which may
become exceedingly more complicated in larger dsRNAs with the propensity to contain multiple

and/or overlapping binding sites.

Research goals

The OAS/RNase L pathway is gaining new appreciation not just for its role in innate immunity
but also for its growing prominence in regulating normal cell function. Although several crystal
structures have been solved of OAS1 in complex with dsRNA, ATP analogs (dATP, ApCpp), or
both (95,96), we still do not fully understand how dsRNA regulates the level of OAS activation or
the mechanism(s) OAS1 employs to discriminate between viral and cellular RNA targets.
Initially, the requirements for a good RNA activator were thought to include two main features:
(i) a perfectly double-stranded RNA which also (ii) meets the specific length requirements (e.g.
ranging from 18 bp for OAS1 to >50 bp for OAS3) to flank the dsRNA binding surface and
activate the catalytic domain (95,102). However, recent work has revealed specific molecular
signatures (e.g. nucleotide sequences and structural elements) able to enhance OAS1
activation in vitro and in human cells. These novel insights have allowed us to begin expanding
our current understanding of dsRNA-mediated regulation of OAS1 to include additional

considerations, such as the strong dependence on sequence for activation. Further research
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Figure 5. Overview of research objectives. OAS1 (grey) activation is regulated by dsRNA (white)
and can be enhanced by the presence of unique molecular signatures, such as the 3’-ssPy motif
(orange box) or WWNWG activation consensus sequence (purple and black boxes). These works

are described in further detail in Research goals as well as their respective chapters.

needs to be done to identify and characterize additional sequence-specific determinants as well
as identify the precise mechanism(s) that these dsRNA features exploit to enhance OAS1
activation.

Sequences have been identified that more strongly activate OAS1 (e.g. WWNWG
consensus and 3’-ssPy motif), but none of these studies addressed the nature of these
sequence preferences, the mechanisms that control OAS1 regulation by dsRNA containing
these sequences, and how they affect the level of OAS1 activation in vitro or in human cells. We
approached this work with the goal of elucidating the molecular signatures that define a
sequence as activating or non-activating and the mechanism(s) OAS1 employs to discriminate
between dsRNA molecules (or binding sites within a larger dsRNA) (Figure 5).

Chapter 3 describes a study that aimed to address whether OAS1 has a preference for
binding directionality in solution as observed in a previously solved OAS1-dsRNA crystal

structure (95) by using the 3’-ssPy motif as a tool for measuring dsRNA orientation. This study
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not only demonstrated that OAS1 has preference for binding directionality within a simple 18 bp
dsRNA in solution, but that features previously reported for an OAS1 consensus sequence
needed to be followed up and possibly entirely redefined. Unexpectedly, the 3’-ssPy motif only
potentiated activation of OAS1 when appended to the “top” strand of the 18 bp dsRNA.
Additional mutations and modeling suggested that the 3’-ssPy cannot induce stronger OAS1
activation when appended on the “bottom” strand due to its inability to interact with the loop
containing Gly157. This difference is the result of the additional nucleotide spacing in this
orientation between the consensus guanine (WWNgWG) and the end of the dsRNA duplex
where the 3’-ssPy is located. A series of “scramble” constructs were designed to test the
influence of overall dsRNA sequence, which identified unexpected contributions originating from
the non-conserved (Ny) residues of the OAS1 activation consensus sequence. These data
suggest that sequence in this intervening region may play an important role in OAS1 activation
by defining the dsRNA shape and flexibility upon protein binding and could potentially dictate
how the conserved (WW/WG) nucleotides are sensed. These findings will allow us to begin
redefining the criteria previously thought to be important for OAS1 regulation by dsRNA.
Chapter 4 further defines how the non-conserved (Ng) residues of the OAS1 activation
consensus sequence dictate the extent of OAS1 activation. A-to-1 editing is proposed to be one
way the cell avoids inadvertent activation by cellular RNAs (54), so we hypothesized that
inosine substitutions within the Ng sequence of the 18 bp dsRNA would destabilize double-
stranded regions resulting in weaker or no OAS1 activation. However, we find that inosine-
containing dsRNAs in both a destabilized (I-U) and restored Watson-Crick (I-C) base pairings
both resulted in enhanced OAS1 activation. Computational modeling using molecular dynamics
(MD) simulations demonstrated that destabilization of the dsRNA with I1*U and a second highly
destabilizing mismatch base pair (A*C) increases global dynamics and helical bending.
Surprisingly, restoration or increase in helical stability of the dsRNA with I-C and G-C base pairs

also enhances OAS1 activation. Here, computational analyses suggest these changes promote
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specific local helical features that may predispose these dsRNAs as better OAS1 activators.
Together, these results led to the identification of a new role for the non-conserved (Ng)
sequence defining dsRNA shape and flexibility important for OAS1 binding and recognition.
More broadly, these findings show that OAS1 is able to tolerate mismatched base pairs, greatly
expanding the number of potential OAS1 activating sequences in viral and cellular RNAs.

Chapter 5 sheds light on the role of the conserved (WW/WG) dinucleotides in the OAS1
activation consensus sequence. For this study, we used the same 18 bp model dsRNA
containing two, antiparallel copies of the WWNyWG consensus sequence. Mutating guanine (G)
to adenine (A) in each of the two consensus sequences led to opposing activation profiles: one
no longer activated OAS1 (“non-activating”) while the other dramatically increased OAS1
activation (“hyper-activating”). Our model thus far is that, in the absence of mutations, OAS1
can sample both available binding sites for activation; however, mutation of the conserved
guanine nucleotide(s) drives competition for binding between the productive and non-productive
site. Here, we show another example of orientation-specific activation (see Chapter 3) in a
dsRNA containing two “equivalent” consensus sequences.

Collectively, these studies shape our current understanding of how specific sequences in
dsRNA, and their context, control regulation of OAS1. We have identified that the context in
which the molecular signatures, WWNgWG consensus and 3’-ssPy motif, are presented are just
as important (if not more so) than the sequences themselves. Additionally, these data have
allowed us to begin redefining the OAS1 activating consensus sequence as it appears more
complicated than previously determined (e.g. WW/WG positioned into the two minor grooves of
dsRNA). By determining the RNA features that create a preferred OAS1 binding site (activating
or non-activating) and elucidating the mechanisms used to confer these activities greatly
enhances our current understanding of host-pathogen interactions, such as how viruses could

mask otherwise activating motifs to evade detection by the innate immune system.
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ABSTRACT

The innate immune system is a broad collection of critical intra- and extracellular processes that
limit the infectivity of diverse pathogens. The 2’-5-oligoadenylate synthetase (OAS) family of
enzymes are important sensors of cytosolic double-stranded RNA (dsRNA) that play a critical
role in limiting viral infection by activating the latent ribonuclease L (RNase L) to halt viral
replication and establish an antiviral state. Attesting to the importance of the OAS/RNase L
pathway, diverse viruses have developed numerous distinct strategies to evade the effects of
OAS activation. How OAS proteins are regulated by viral or cellular RNAs is not fully understood
but several recent studies have provided important new insights into the molecular mechanisms
of OAS activation by dsRNA. Other studies have revealed unanticipated features of RNA
sequence and structure that strongly enhance activation of at least one OAS family member.
While these discoveries represent important advances, they also underscore the fact that much
remains to be learned about RNA-mediated regulation of the OAS/RNase L pathway. In
particular, defining the full complement of RNA molecular signatures that activate OAS is
essential to our understanding of how these proteins maximize their protective role against
pathogens while still accurately discriminating host molecules to avoid inadvertent activation by
cellular RNAs. A more complete knowledge of OAS regulation may also serve as a foundation
for the development of novel antiviral therapeutic strategies and lead the way to a deeper
understanding of currently unappreciated cellular functions of the OAS/RNase L pathway in the

absence of infection.



28

Graphical/Visual Abstract and Caption

RNase L

Caption: The 2’-5-oligoadenylate synthetase/ ribonuclease L (OAS/RNase L) pathway is a critical
component of human innate immunity: double-stranded RNA (dsRNA) binding to OAS drives

activation of 2’-5’-oligoadenylate (2-5A) synthesis to trigger the antiviral properties of RNase L.

INTRODUCTION

The human innate immune system comprises a large collection of cellular and molecular
defenses that provide a critical front line of protection against microbial infection (see Sidebar:
The innate immune system). Molecular innate immune sensors, such as the 2’-5’-oligoadenylate
synthetase (OAS) family of enzymes, may be present at basal levels in some cells and their
expression is strongly upregulated by interferon. As such, they are referred to as interferon-
stimulated genes (ISGs) (1). OAS enzymes are sensors of cytosolic double-stranded RNA
(dsRNA), a potent indicator of viral infection (2,3). dsRNA binding to OAS promotes synthesis of
unique 2’-5'-linked oligoadenylate (2-5A) molecules that act as a secondary messenger to
activate their only known downstream target: the latent ribonuclease (RNase L) (4). RNase L is
ubiquitously expressed and present in an inactive monomeric form in the cytoplasm; binding of
2-5A (23 nucleotides in length) drives RNase L dimerization and thus activation of its

ribonuclease activity (Figure 1A) (5-7). RNA degradation by RNase L establishes an antiviral
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state in several ways including direct cleavage of viral protein-encoding RNAs, degradation of
cellular rRNA and tRNA which halts general translation while allowing expression of innate
immune system proteins, and destabilization of the cellular transcriptome through cleavage of
several specific mMRNAs to suppress proliferation and adhesion (8-13). The OAS/RNase L

pathway thus effectively halts viral replication and prevents viral spread to neighboring cells.

Sidebar: THE INNATE IMMUNE SYSTEM

The cells in our body must identify foreign (non-self) molecules to detect and respond to infection. Beyond
initial physical barriers, a front line of cellular and molecular defenses with broad specificity is provided by
the innate immune system. This system directly protects against microbial replication, acts to warn
neighboring cells, and primes the other (adaptive) arm of the immune system to respond to infection. A
critical feature of innate immune proteins is that they must accurately identify molecular features of
foreign molecules — referred to as pathogen-associated molecular patterns (PAMPs) — in order to rapidly
respond to the threat of infection while avoiding unwanted self-activation (14,15). The cellular proteins
responsible for detecting PAMPs are known as pattern recognition receptors (PRRs). Double-stranded
ribonucleic acid (dsRNA) is not normally present in uninfected cells but is present in some viral genomes
or produced as a consequence of viral gene expression or replication. dsRNA is therefore an important
and potent PAMP, detected by multiple cellular PRRs, and a strong signal for activation of the innate
immune system (16). In addition to the OAS proteins, other RNA sensing PRRs limit infection by
amplifying signaling cascades for interferon expression or by serving as direct effectors in their respective
viral defense pathways (17-19). Additionally, cellular processes are in place to avoid aberrant activation of
PRRs by host RNAs (e.g. via RNA modification or editing). A recent study, for example, provided
evidence that activation of the OAS/RNase L pathway by host dsRNA is controlled by the action of
double-stranded RNA-specific adenosine deaminase 1 (ADAR1) (20). As a result of these host defense
systems, viruses have evolved diverse countermeasures to either mask their RNAs or to limit (or exploit)

the effectiveness of specific PRRs and thus evade detection.

The OAS proteins are members of an ancient class of template-independent RNA
polymerases that also includes 3’-end specific polyadenosine polymerase (PAP) and tRNA CCA
adding enzyme (CCA). OASs are thought to have diverged from these other RNA polymerases
early in metazoan evolution (21). All three RNA polymerases are also members of the wider

nucleotidyl transferase superfamily which includes another innate immune sensor (of cytosolic
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Figure 1. Overview of the OAS/RNase L pathway. A. dsRNA binding to OAS (here shown as OAS1)
promotes synthesis of 2’-5'-linked oligoadenylates (2-5A) which in turn induce dimerization and
activation of the latent ribonuclease (RNase L). RNase L degrades viral and cellular RNA targets to
promote antiviral responses. B. Summary of domain organization and activities of the four human
OAS proteins: OAS1, OAS2, OAS3, and OASL. For the active OAS proteins (OAS1, OAS2, and
OAS3), the domain responsible for 2-5A catalysis is shown in green; other OAS domains (grey)
contribute to dsRNA binding. Splicing isoforms are indicated for OAS1 and OAS2 (OAS3 is expressed
as a single isoform); these proteins differ in their C-terminus (green/ white striped region). Human
OASL contains a single non-catalytically active OAS domain appended with tandem ubiquitin-like

domains (U1/U2; blue) and functions in antiviral innate immunity independent of RNase L.

DNA), cyclic GMP-AMP synthase (cGAS) (22,23). However, OAS is distinct from these
structurally related proteins in several important ways. First, unlike PAP and CCA, OAS proteins
do not require an RNA primer to initiate synthesis of polynucleotide chains from ATP. Second,
OAS produces linear chains of unique 2’-5’-linked oligoadenylates, compared to the canonical
3’-5’ linkages synthesized by PAP and CCA, and the combination of 2’-5’ and 3’-5’ linkages that
form the cyclic dinucleotide product of cGAS. Third, the OAS proteins are distinct from PAP and
CCA in their absolute requirement for dsRNA as an allosteric activator of their activity. As
described further below, dsRNA binding to OAS results in unique structural rearrangements
necessary to form the enzyme active site and promote synthesis of 2-5A (24). This requirement

appears to be a relatively recent evolutionary adaptation driven specifically by OAS’s role as an
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innate immune sensor in higher organisms (25-27). In terms of its properties as an RNA-binding
protein, OAS also appears quite distinct: it does not contain a canonical dsRNA-binding domain
or other RNA recognition motif but instead recognizes dsRNA through a patch of positively
charged amino acids located on the protein’s surface. Notably, this dsRNA binding surface is
absent in OAS proteins in lower organisms that lack interferon signaling (26,27). This mode of
dsRNA recognition by OAS is also distinct from other well-studied innate immune sensors of
dsRNA, like retinoic acid-inducible gene | (RIG-I) or dsRNA-activated protein kinase (PKR) (28-
32), and suggests that OAS proteins might have only very weak discriminatory ability between
different dsRNA sequences. This raises important questions about how OAS proteins
specifically respond to viral RNAs and whether RNA sequence or structural motifs have any role
to play in regulating OAS activity.

Recent evolutionary changes in OAS gene families add significant complexity in terms of
the number of genes present, as well as their expression, cellular localization, and catalytic
activity of their products, in a given organism. The human genome contains four distinct genes
that encode a family of three catalytically active OAS enzymes (OAS1, OAS2, and OAS3) and
one catalytically inactive member (OASL). All OAS proteins contain at least one copy of the
globular OAS protein fold: OAS1, OAS2, and OAS3, contain one, two, and three OAS units,
respectively, while OASL contains a single OAS unit embellished by two C-terminal copies of a
ubiquitin-like domain (Figure 1B). Diversity of OAS expression is further increased by
alternative splicing that result in at least ten different human protein isoforms (see Sidebar:
Alternative splicing expands human OAS protein diversity). Comparisons between species adds
yet further complexity. The murine genome, in particular, is notable for its extensive recent OAS
gene duplication events (33). Further, while human OASL lacks enzymatic activity, mouse
OASL2 and chicken OASL have retained their ability to produce 2-5A (34). Human OASL is
nonetheless an important part of innate immunity and is thought to have evolved to exert its

antiviral effect by binding RIG-I and enhancing its signaling (35,36). Loss-of-function mutations
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in primate OAS1 have also been identified that substantially impair 2-5A synthesis or completely
eliminate enzymatic activity altogether (37). Such species-specific differences in the OAS family
presumably have their origins, at least in part, in the distinct viral challenges experienced by
each species as well as the associated evolutionary “arms race” between host immune defense

and viral countermeasure.

Sidebar: ALTERNATIVE SPLICING EXPANDS HUMAN OAS PROTEIN DIVERSITY

Alternative (or differential) splicing is a process that allows a single gene to code for multiple final protein
products, greatly increasing the protein diversity encoded by the genome. During the process of mRNA
transcription and maturation, specific exon(s) of a given gene can be included or excluded thereby
increasing the pool of distinct mMRNAs from a given gene to be directed for translation by the ribosome. All
four human OAS genes are co-located in a single cluster on chromosome 12 and alternative splicing can
generate a total of ten distinct mMRNA products encoding OAS1 isoforms p42, p44, p46, p48 and p52,
OAS2 isoforms p69 and p71, and OASL isoforms p39 and p59 (38). OAS3 is expressed as a single
isoform (p100) (39). For both OAS1 and OAS2, alternative splicing involves the final gene exon and thus
changes the sequence present at the C-terminus of each protein (Figure 1B) (40). While such changes in
sequence have potential to alter protein function, a clear understanding of the impacts of alternative
splicing of OAS genes are not currently available. OAS proteins are differentially induced by interferon
and may localize to different subcellular fractions varying by cell type (41-43). Such observations suggest
that regulation at the level of gene expression may have important consequences for OAS protein
function both as a sensor of viral infection as well as in potential, currently unappreciated roles in the

absence of infection.

Numerous studies of OAS proteins and the OAS/RNase L pathway over the last several
decades have focused on their antiviral activity. Although the first X-ray crystal structure of an
OAS protein was determined more than 15 years ago, relatively little was known regarding the
molecular details of OAS regulation beyond the absolute requirement for a dsRNA activator and
a rudimentary understanding of relative sensitivities of each OAS protein to dsRNA length,
which increases from OAS1 (>17 bp) to OAS3 (>50 bp). However, as described in the sections
that follow, recent structures of OAS1 and OAS3 domains bound to dsRNAs, combined with

detailed biochemical analyses, have provided critical new molecular and functional insights into
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the mechanism of OAS regulation by dsRNA. Further, evidence has also begun to emerge that
specific RNA sequences and structural motifs, which may be present in cellular or viral RNAs,
have the potential to profoundly impact the extent of OAS activation. Defining the rules
governing RNA regulation of OAS proteins represents a critical but largely unexplored frontier in
our understanding of this important protein family and the full complement of strategies used by

viruses to evade detection by the innate immune system.

MOLECULAR BASIS OF OAS 1-3 REGULATION BY dsRNA

OAS1 regulation by short dsRNAs

The first high-resolution structure of an OAS family member, that of porcine OAS1, was
determined in 2003 and revealed the overall architecture of the OAS protein domain (44). OAS1
adopts a bilobed structure with the N-terminal (“N-lobe”) and C-terminal (“C-lobe”) regions
forming the two major domains of the protein; these lobes are connected by a central linker and
their interaction is further stabilized by an N-terminal extension that wraps around the C-lobe
(Figure 2A). Despite the absence of either dsRNA activator or ATP substrate, structural
comparisons and mutagenesis studies confirmed the expected similarity of OAS to other
members of the nucleotidyl transferase superfamily as well as potentially conserved features of
the catalytic activities of these enzymes. Further, though OAS1 was found to lack a previously
characterized RNA binding domain or motif, residues critical for dSRNA binding were identified
across an extended, positively charged surface between the N- and C-lobes on the opposite
side of the protein from the ATP-binding cleft and catalytic center (Figure 2B) (44). The authors
further speculated that the role of dsRNA binding might be to widen the catalytic center to
facilitate ATP substrate binding for 2-5A synthesis. However, the molecular mechanism
underpinning the absolute requirement for dsRNA activation of 2-5A synthesis by OAS1 still

remained unclear.



34

N-terminal
extension

c dsRNA-bound
Free

Figure 2. Conformational changes induced by dsRNA binding promote synthesis of 2-5A by
OAS1. A. Cartoon of the OAS1 structure in its dsRNA-bound state (PDB code 41G8). ATP binding
sites and other structural features described in the main text are indicated. B. Electrostatic surface
potential representation of OAS1 showing the positive (blue) charge of the dsRNA binding surface. C.
Superposition of free porcine OAS1 (PDB code 1PX5; blue) and dsRNA-bound human OAS1 (green)
with a zoomed view showing a secondary structure change induced by dsRNA binding. D.
Reorganization of key residues upon dsRNA binding: a functionally critical positional switch in which
K66 replaces R195 in an electrostatic interaction with E233 (right), helps promote reorganization of the
OASH1 catalytic triad (D75, D77, and D148; dashed box, left).

An initial answer to this question came a decade later with the crystal structure of human
OAS1 bound to a short (18 bp) dsRNA duplex in the presence of the substrate analog, dATP
(24). This first structure of an OAS1-dsRNA complex beautifully revealed the molecular basis for

dsRNA recognition and the fundamental mechanism of OAS1 activation by dsRNA: dsRNA

binding drives an essential structural reorganization within OAS1 that narrows, rather than
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widens, the ATP-binding cleft and repositions the catalytic residues to complete its active site.
Subsequent structures of porcine OAS1-dsRNA complexes in the absence and presence of one
or two molecules of AMPCPP (an ATP analog with a carbon atom linking the a and 8 phosphate
groups) later revealed further important insights into the key drivers of dsRNA-induced
conformational changes, the role of Mg?* ions bound in the catalytic center, and the molecular
basis for the specificity of 2’-5-linkage formation by OAS1 (45).

As noted above, OAS1 lacks a canonical RNA-binding motif or domain and instead
dsRNA interacts with a relatively flat surface of the protein on the opposite face from its catalytic
site as previously predicted (Figure 2B). The OAS1-dsRNA complex structure revealed that this
surface of OAS1 is distinct from that used by the structurally related but constitutively active
CCA adding enzyme for tRNA binding (46,47). The 18 bp dsRNA used in the co-crystal
structure spans the full length of its OAS1 binding surface and is recognized in two consecutive
minor grooves, separated by approximately 30 A, by two clusters of predominantly positively
charged residues (one in each of the two OAS1 lobes). This mode of recognition defines the
minimum length of dsRNA needed to bind and activate OAS1 at ~17 bp. The majority of
interactions are made to phosphate groups and to the ribose 2’-OH in the minor groove, in
common with many other dsRNA binding proteins (48,49). The importance of these interactions
is supported by prior mutagenesis studies showing loss of activity upon substitution of these
OAS1 residues (21,44,50), and the more general observations that dsRNA 2’-O-methylation
significantly reduces OAS/RNase L pathway and recombinant OAS1 activation by dsRNA in
cells and in vitro, respectively (51,52). Further, the finding that dsRNA binding is predominantly
driven by non-sequence specific interactions to phosphate and ribose groups is also consistent
with the ability of OAS1 to bind and become activated by a diverse range of RNA sequences.
However, the OAS1-dsRNA complex structure also provides some mechanistic explanation for
the emerging idea that some specific RNA sequences are capable of more potently activating

OAS1 (discussed further below). In contrast, the largely sequence non-specific nature of OAS1-
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dsRNA interaction less readily explains the finding that RNA modification via replacement of
uridine with pseudouridine significantly reduces OAS1 activation by a given dsRNA (53). Rather,
the origin for this phenomenon might reside in the rigidifying effect of this base modification on
the dsRNA helical structure: in the co-crystal structure, the dsRNA is significantly distorted from
ideal A-form helical geometry which would be less readily accomplished with a pseudouridine-
containing dsRNA.

Crystal structures of OAS1-dsRNA complexes also revealed how binding of dsRNA
drives functionally critical conformational changes in OAS1 necessary for activation of 2-5A
synthesis. When bound by dsRNA, large conformational changes occur in the N-lobe, including
large movements (>10 A) of some secondary structure elements, while maintaining the two
OAS1 lobes in their same relative positions as in the free protein. Overall, these changes in the
N-lobe narrow the ATP binding cleft on the opposite side of the protein with rearrangements in
OAS1 propagating from the dsRNA binding surface through the protein core to its catalytic
center. Most critically, two basic residues (K66 and R195) exchange their positions to maintain
an electrostatic interaction with the functionally critical E233; this switch directs R195 to the
dsRNA binding surface, drives formation of a new a-helical structure and organizes the OAS1
catalytic triad (D75, D77, and D148) and ATP donor and acceptor sites (Figure 2C,D). Thus,
dsRNA binding allosterically induces the formation of the catalytically competent OAS1 active
site with correctly positioned catalytic triad, bound Mg2+ ions, and ATP substrates (24,45). It is
noteworthy that the other structurally related nucleotidyl transferase enzymes PAP and CCA
lack the potential for this charge switch and structural reorganization, and are locked in an “on”
state, consistent with their constitutive (but primer-dependent) activity. Thus, dsRNA activation
of OAS1’s polymerase activity is a unique adaptation necessitated by its role as a cytosolic

dsRNA sensor within the innate immune system.
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Basis of long dsRNA sensing by OAS3

OAS3 is the largest OAS variant and is composed of three OAS domains (DI, DIl, and DIII;
Figure 1B). Initial sequence-based analyses suggested DIl is the sole catalytically active
domain while DI and DIl are both “pseudoenzymes” that have lost the ability to synthesize 2-5A
due to mutations of their catalytic aspartic acid residues (39). The first functional studies on
OAS3 suggested that it preferentially synthesizes 2-5A dimers, a species that would be unable
to activate RNase L, leading to speculation that OAS3 could have roles independent of RNase L
activation (54). However, more recent analyses have shown that OAS3 is activated at a lower
concentration of dsRNA, compared to OAS1, and is in fact capable of synthesizing 2-5A long
enough to activate RNase L (55). The same study used mutational analysis to confirm the
exclusive role of the OAS3 DIl domain in catalysis, as predicted given the lack of a complete
catalytic center in the two other domains (DI and DIl). However, the functionally critical changes
in DI and DIl apparently extend beyond the catalytic center as restoration of altered catalytic
residues by mutagenesis failed to restore enzymatic activity (56).

These findings raise an important question: in the absence of catalytic activity, what
functional role, if any, do DI and DIl play? To address this question, Donovan et al. (2015)
purified each OAS3 domain separately and tested their individual abilities to interact with dsRNA
and produce 2-5A as compared to OAS1. While all three isolated domains retained their ability
to bind dsRNA, none could synthesize 2-5A under previously determined conditions for OAS
activity. Interestingly, however, isolated DIll was found to have some activity in the presence of
Mn?" as the divalent cation but the basis and potential relevance of this phenomenon is unclear.
OAS3 DI was found to bind dsRNA ~14-fold more tightly than OAS1 which, together with the
crystal structure determined of this domain bound to a 19 bp dsRNA, suggests that DI plays an
essential role in RNA recognition (56). The higher dsRNA affinity of OAS3 DI can likely be
explained by the fact that while OAS1 possesses the enzyme’s catalytic activity and must

therefore retain the ability to bind and release dsRNA for multiple rounds of catalysis, OAS3 DI
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is a pseudoenzyme that serves exclusively as a dsRNA binding platform for presentation of the
activator to the catalytic DIlIl domain. A second study used small angle X-ray scattering (SAXS)
to show that the individual domains of OAS3 form a linear arrangement which would allow them
to work in concert to specifically sense long RNAs (55). Consistent with this idea, OAS3 DI and
DIll appear to be most critical for RNA binding and catalysis, while DIl binds dsRNA more
weakly and may act as a spacer allowing OAS3 to expand the RNA length requirement beyond
that of OAS1 and OAS2 (56). This domain organization allows OAS3 to bind the largest dsRNA
molecules (minimum RNA length requirement of ~50 bp), while short dsRNAs cannot
simultaneously bind to each of the domains and thus induce the conformational changes in the

catalytic DIl required for 2-5A production.

OAS2 is activated by dsRNA of intermediate length
Studies of OAS2 activity and structure have significantly lagged behind those of OAS1 and
OASa3. In vitro studies in particular have been hindered by the need to express OAS2 using
insect (52) or mammalian (57,58) expression systems in order to obtain catalytically active
recombinant protein. The lack of activity in bacterially expressed OAS2 has been attributed to a
requirement for post-translational modifications that are apparently unique to OAS2 among the
active OAS proteins. OAS2 has four potential sites of glycosylation and a role for one or more of
these was strongly suggested by the finding that inhibiting glycosylation in insect cells also
leads to the production of inactive protein (52).

OAS2 functions as a homodimer and each protomer is comprised of two OAS domains:
a catalytically inactive N-terminal domain (DI) and a catalytically active C-terminal domain (DII)
(Figure 1B). Like OAS3, the individually expressed and purified OAS2 domains cannot produce
2-5A in isolation or when reconstituted (57,58). Isolated OAS2 DI has reduced affinity for dsSRNA
while DIl can bind dsRNA with similar affinity to the full-length protein (57). These findings

reveal that both OAS domains are required for OAS2 activity and suggest that the domains
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must work cooperatively, possibly to form OAS2 dimers or to induce the structural
rearrangements necessary in DIl for catalysis. Therefore, OAS2 gains a level of specificity as it
can only be activated by RNAs long enough to bind and span both domains, in a similar
structural arrangement as observed for OAS3.

Early studies suggested that OAS2 is activated by dsRNAs of an intermediate size
between those of OAS1 and OAS3, with a minimum length requirement of 25 bp (52). More
recently, OAS2 activation was assessed in vitro using a series of dsRNAs ranging from 19 to
123 bp in length and found to increase consistently with increasing dsRNA length above a
slightly longer minimum of 35-40 bp (58). Consistent with these analyses, the authors also
found that a range of structured viral RNAs lacking helical regions >35 bp all failed to activate
OAS2. If OAS2 requires a minor groove interaction site for each lobe (like the interactions made
by OAS1 and DI of OAS3) within each of its two OAS domains, then OAS2 would require four
consecutive minor grooves for interaction, consistent with the experimentally determined 35-40
bp minimum dsRNA length requirement. Several fundamental questions still remain regarding
OAS2 regulation by dsRNA. For example, since OAS2 appears to be a homodimer, is
dimerization necessary and, if so, must dsRNA bind to both OAS2 proteins within the dimer for
activation or do the two active domains function independently of each other? Defining the
OAS2 dimer and domain organization is also a critical next step that will address whether each
OAS2 protomer can bind a separate dsRNA molecule or if a single dsRNA binds simultaneously
to both. With tools in place to produce active OAS2 in sufficient quantities (58) for detailed
biochemical and biophysical studies, we can anticipate answers to such questions arriving in the

near future.

ROLE OF RNA SEQUENCE AND STRUCTURE IN OAS ACTIVATION
The recent structural and functional studies discussed so far have provided a new rational basis

for the observed sensitivities of each OAS protein to dsRNA of different lengths and their
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minimum requirements for activation. Despite these important advances, the new structures
offer only limited clues on the role of RNA sequence specificity or how OAS proteins are
potentially influenced by structured motifs within larger RNAs containing double-stranded
regions, as might be found in viral or cellular RNAs. The following sections describe other recent
advances centered on RNA sequence and structure determinants of OAS activation. Identifying
and defining RNA molecular signatures for OAS activation (or inhibition) will be an essential
step towards a complete understanding of OAS/RNase L pathway regulation by the host cell

and in antiviral activity.
RNA sequence specificity in OAS activation

OAS1 “consensus” sequences

One emerging area has been to explore dsRNA features other than length, such as specific
sequence, that potentially dictate the extent of OAS activation. One study tested a panel of short
(19 bp) dsRNAs with distinct sequences to probe for differences in their ability to activate OAS1
in vitro and the OAS/RNase L pathway in human A549 cells (59). Sequence alignment of the
dsRNAs that most strongly promoted OAS1 activity thus identified a consensus activation
sequence WWN WG (where W is A or U, and N is any nucleotide). Analysis of a larger panel of
over 100 dsRNA sequences was then used to confirm that this consensus sequence strongly
correlated with the ability of a given short dsRNA to activate OAS1. When mapped onto a
dsRNA helix, the minor grooves of the WW and WG consensus dinucleotide sequences are
spaced by the nine intervening base pairs and presented on the same face of the A-form helix
for recognition by OAS1, as observed in the OAS1-dsRNA crystal structure (24), which used an
RNA duplex containing two copies of this sequence (Figure 3A). Further, the G nucleotide of
the WWNWG sequence presented to OAS1 is the only base specifically recognized via a
hydrogen bond from OAS1 residue Ser56, revealing at least part of the basis for the specificity

of this consensus sequence. To date, the effect of this consensus sequence has only been
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tested for OAS1; whether this or other specific sequence(s) can similarly enhance OAS2 or
OAS3 activity remains to be determined.

A second, bipartite OAS1 activating sequence was identified in a separate study that
used systematic evolution of ligands by exponential enrichment (SELEX) to identify RNA
aptamers able to bind OAS1 (60). The RNA aptamers were 103 nucleotides in length and
contained 34 random internal nucleotides for the SELEX process. Single-strand RNA aptamers
and, in some cases corresponding dsRNA created by annealing of a complementary RNA
strand, were tested for their ability to activate OAS1 in vitro. Sequence alignment was then used
to reveal commonalities among the most potent activators. Good OAS1 activators were found to
have an overall high cytosine and low guanine content and contained the sequences
APyAPy(N)nCC and UU(N)nACCC (where Py is C or U) in different parts of the RNA molecule
(60). These findings further support the idea that nucleotide content (especially cytosine) and
specific RNA sequences can play an important role in defining the extent of OAS1 activation.
Most studies on the innate immune response use the synthetic compound poly(l:C) as a positive
control for PRR activation, but how poly(l:C) activates OAS1 is poorly understood (51). The
relative importance of cytosine in dsRNA identified in this study could be one explanation of why

poly(l:C) is such a potent activator of OAS1.

Sequence and structural motifs: 3’-ssPy motif and nc886 RNA

The non-coding adenoviral “virus-associated” RNA | (VA RNA,; Figure 3B) possesses several
pro-viral activities but is most widely recognized for its ability to inhibit PKR, relieving a cellular
blockade on initiation of protein synthesis by this kinase (61). Curiously, however, despite these
multiple inhibitory actions against host antiviral and other cellular processes, VA RNA, was also
reported to promote 2-5A synthesis by OAS1 (62). With our lab’s long-standing interests in VA
RNA, structure and activity, we set out to further understand the molecular basis for this

apparently paradoxical activity; remarkably, however, our in vitro transcribed VA RNA, failed to
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Figure 3. Double-stranded and structured RNA activators of OAS. Select RNAs discussed in the
main text: A. 18 bp dsRNA used in the OAS1-dsRNA crystal structure and identification of the 3’-ssPy
motif, B. Adenovirus (Ad2) VA RNA, with sites of Dicer cleavage indicated (black scissors), C. cellular
nc886 RNA with location of OAS1 activating structural motif indicated (red shading), D. Example ss-
dsRNA (43 bp) with sites of RNase cleavage to generate a minimal 3’-ssPy motif indicated (orange
scissors), E. WNV 5’-terminal region, and F. WNV 3’-terminal region with OAS1 activating stem-loop
highlighted (red shading). For all RNAs 3’-ssPy motifs are indicated by the orange text and the OAS1
consensus activation sequence WWNgWG (shown above the 18 bp dsRNA in Panel A) by white text
on blue background. The purple background for the 18 bp dsRNA top strand denotes the consensus

sequence directly contacted by OAS1 in the OAS1-dsRNA crystal structure (inset in Panel A).
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activate OAS1 to the extent previously reported (63). The basis of this difference was ultimately
traced to the absence of a 3-end CUUU sequence in our in vitro construct, which would
normally be present in VA RNA, as a result of RNA polymerase Ill termination (64). This
observation thus led to the serendipitous discovery of a novel motif for OAS1 activation, the 3’-
end single-stranded pyrimidine (3’-ssPy) motif.

Studies using VA RNA, variants with altered 5- and 3’-end sequences revealed that
optimal OAS1 activation required a 3’-end pyrimidine-rich (C or U) single-stranded sequence
(63). While 3’-end single-stranded purine-rich (G or A) sequences promoted an intermediate
level of activation, extension of the VA RNA, terminal stem with an equivalent length of base
pairs failed to enhance OAS1 activation. Deletion of the equivalent 3’-end sequences from two
other RNA polymerase lll non-coding transcripts, Epstein-Barr virus EBER-1 RNA and human
cellular nc886 RNA (Figure 3C), also reduced OAS1 activation by these RNAs, albeit to a
significantly lesser extent in the latter case. To facilitate modeling of the effect of the 3’-ssPy
motif, the 18 bp dsRNA duplex used in the OAS1-dsRNA crystal structure (Figure 3A) was also
examined: addition of one 3’-end single-stranded U residue was sufficient to significantly
enhance OAS1 activation by this model dsRNA. While the mechanism of 3’-ssPy motif action
remains to be determined in detail, modeling using the OAS1-dsRNA structure was used to
direct mutagenesis of surrounding conserved OAS1 residues. These studies identified one
amino acid, G157, whose substitution with a bulkier residue did not impact overall OAS1 activity
but fully eliminated sensitivity to the 3’-ssPy motif. G157 resides in a loop adjacent to the dsRNA
binding surface suggesting that allosteric regulation of OAS1 by RNA may be more complex
than currently appreciated (Figure 4). The implications for OAS1 antiviral activity, and in other
potential roles in the uninfected cell, warrant further investigation. For example, given RNase L’s
preferential cleavage at single-stranded UA or UU sequences, production of dsRNAs appended
with these sequences from larger structured RNAs with single-stranded regions could produce

additional OAS1-activating dsRNAs with 3’-ssPy motifs, thus potentiating signaling via the
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OAS/RNase L pathway (63,65,66). Additionally, OAS1 could play a role in sensing of aberrant
3’-end processing of cellular RNAs.

A more recent study by McKenna and colleagues examined the impact of single-
stranded 3’-end sequences on OAS2 activation (58). A series of RNA in vitro transcription
constructs was created to produce dsRNAs of various lengths (19-123 bp), with both 3’-ends in
each dsRNA appended with a 17 nucleotide single-stranded sequence (ss-dsRNA; Figure 3D).
This 3’-end sequence was also truncated to a single U residue by RNase treatment to generate
a minimal 3’-ssPy motif. While the 3’-ssPy motif had no effect on OAS2 activation, dsRNAs with
17 nucleotide 3’-overhangs (“ss-dsRNAs”) were consistently found to more strongly activate
OAS2 once the helical region was >35 bp in length. This finding suggests OAS2 may have
some selectivity for dsRNAs appended with longer single-stranded sequences. However, an
additional element of complexity was revealed by parallel studies of OAS1 with the same
dsRNA constructs: here, OAS1 was found to be insensitive to both the longer single-stranded
sequence and the single 3’-end U residue (i.e. 3’-ssPy motif). This observation suggests that the
context in which the 3’-ssPy is presented to OAS1 may be critical for the ability of this RNA
signature to enhance 2-5A synthesis. Specifically, while our earlier studies used an 18 bp
dsRNA containing an OAS1 activation consensus sequence (with the 3’-ssPy motif appended to
the strand immediately following the G residue of the WWNyWG consensus), the dsRNAs used
by Koul et al. lacked this sequence in a corresponding position (Figure 3D). These findings
suggest that RNA signatures like the 3’-ssPy motif do not directly influence OAS1 (or possibly,
OAS2) binding to dsRNAs but, when positioned optimally by other features of the adjacent
dsRNA binding site, can serve to strongly enhance 2-5A synthesis.

Further support for this idea also comes from recent studies of the human cellular nc886
RNA. nc886 is a ubiquitously expressed cytosolic non-coding RNA that was first identified
during studies of PKR’s proliferative role in some cancers (67,68) and has since been shown to

directly bind and inhibit the kinase (69,70). nc886 adopts two distinct structures which differ in
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Figure 4. Model for enhancement of OAS1 activation by RNA sequence and structural motifs.
OAS1 requires at least ~17 bp dsRNA for binding, shown here on the left for the model 18 bp dsRNA
duplex with OAS1 consensus activation sequence (purple) and right the nc886 central stem
sequence. Once positioned by the OAS1 binding site, RNA signatures such as the 3’-ssPy motif
(orange) or the tertiary structure of nc886 (red) can dramatically increase OAS1 activation. The
mechanism of activation by these RNA features is currently unknown but modeling and mutagenesis

analyses suggest the OAS1 loop containing G157 may be important (see main text for details).

their migration on native polyacrylamide gels and their ability to inhibit PKR: the slower
migrating form (“Conformer 1”) is a potent PKR inhibitor while the faster migrating form
(“Conformer 2”) is a weak PKR activator that acts as a pseudoinhibitor at higher concentrations
in the presence of another PKR-activator such as poly(l:C) RNA. As noted earlier, we also
showed that nc886 can activate OAS1 in vifro as a mixture of conformers (63). A more recent
detailed study of OAS1 activation by nc886 in vitro and in A549 cells revealed that most activity
is conferred by a unique tertiary structure motif present only in the apical stem-loop of nc886
Conformer 1 (71). Interestingly, this same Conformer 1 structural feature is critical for PKR
inhibition by nc886, suggesting the potential for cellular RNA-mediated communication between
these two dsRNA-sensing elements of the innate immune system. Analysis of nc886 with

truncated terminal and central stem structures showed that, although formation of the OAS1-
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activating structure requires only the apical stem-loop RNA sequence, this domain is not alone
sufficient to activate OAS1. Rather, a predominantly base-paired region of the central stem,
approximately 18 bp in length, is also required for OAS1 activation (71). Our interpretation of
these observations is that OAS1 binding to nc886 is dictated by the dsRNA region of the central
stem, which optimally positions the apical stem-loop motif to potentiate OAS1 activation.
Collectively, these studies suggest a potential common theme for OAS1 activation by
sequence and structural motifs appended to preferred OAS1 binding sites (Figure 4). The range
of dsRNA sequences that preferentially bind OAS1, motifs that promote OAS1 activation once
positioned optimally, and whether OAS2 or OAS3 are subject to similar regulation require

further investigation.

Coding and non-coding viral RNAs containing dsRNA regions

Viruses may present dsRNA in the host cell through their genomes, during viral gene
expression or replication, or through the expression of abundant non-coding RNA species like
adenovirus VA RNA,. However, many important details about how the sequences and/or
structures of these viral RNAs contribute to OAS regulation and host-virus interaction have
remained elusive. One early analysis of OAS/RNase L pathway activation by a viral RNA was
performed with hepatitis C virus (HCV) genomic RNA (72). Specifically, the HCV RNA genome
was found to activate OAS, leading to its cleavage by RNase L and thus limiting viral infection.
In addition to this direct action of the OAS/RNase L pathway, a product of HCV RNA cleavage
by RNase L can also act as a PAMP that activates the RIG-I pathway, propagating immune
signaling and upregulation of interferon-stimulated genes to prevent HCV replication (66).
Further supporting this idea, some HCV genotypes are deficient in the single-stranded UA- and
UU-containing sequences preferred by RNase L (72) suggesting that HCV has developed a
novel viral OAS/RNase L pathway evasion strategy wherein sequences preferentially cleaved

by RNase L are selected against. While OAS can still bind HCV RNA and produce 2-5A, the
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viral genome suffers minimal damage due to downstream RNase L activity thus allowing viral
replication to persist. Differences observed in efficacy of interferon therapy for HCV infection
may also be directly related to the sensitivity of the viral RNA to RNase L cleavage (72).

The 5’- and 3’-end regions of the West Nile virus (WNV) RNA genome (Figure 3E,F)
have also been identified as potential activators of OAS1 (73,74). The isolated 5’-terminal region
and mixture of the two terminal region RNAs activated OAS1 most robustly in vitro while the
isolated 3’-terminal region and a single stem-loop structure from this region activated OAS1 to a
lesser extent. These findings reveal both the potential for activation of the OAS/RNase L
pathway by multiple regions of the WNV genome and that genome cyclization via interaction of
the 5’- and 3’-terminal regions, a required step for viral replication, may not be sufficient for the
virus to evade this detection (74). However, the full impact of OAS activation by WNV genomic
RNA, its relevance to detection of infection, and potential for viral evasion all require further
study. Both WNV RNA regions contain multiple WWNyWG consensus activation sequences
though their specific contributions to OAS1 activation were not directly tested and most do not
fall in dsRNA regions. However, strong OAS1 activation by the isolated WNV RNA regions
clearly shows that bulges, non-canonical base pairs, and mismatches within the ~18 bp regions
are readily tolerated and that OAS1 can be activated by a diverse group of structured RNAs.

As noted earlier, a number of abundantly expressed non-coding RNAs can activate
OAS1 but not OAS2 (or presumably OAS3 given its even greater dsRNA length requirement).
These RNAs include adenovirus VA RNA, Epstein-Barr virus EBER-1 RNA, and human
immunodeficiency virus TAR RNA (58,62,75,76). Our analysis revealed that the 3’-end
sequence (3’-ssPy motif) is critical in the context of the wild-type full-length VA RNA, (63), but
this cannot be the complete picture of OAS1 regulation by this RNA transcript. First, in the
original study that identified OAS1 activation by VA RNA,, increasing the Watson-Crick base
pairing in both the terminal and apical stem was found to increase OAS1 activation, with the

greatest effect observed for the latter region, which is most distant from the 3’-ssPy motif (62).
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Second, a shorter VA RNA, fragment, roughly corresponding to the product of VA RNA,
cleavage by Dicer (Figure 3B) (77,78), binds OAS1 with higher affinity, but is a very poor
activator (pseudoinhibitor) of OAS1 (79). OAS1 activation by EBER-1 and TAR RNAs have not
been studied in detail but it is likely that the activity of these structured non-coding RNAs is
similarly complex. All three non-coding RNAs contain more than one copy of the WWNyWG
consensus activation sequence but, as for the WNV terminal region RNAs, their contribution to
OAS1 activation has not been determined. Regardless of these uncertainties in detail, it is
intriguing and worthy of further investigation that three viral non-coding RNAs, which possess
other well-established antiviral activities, are capable of activating a second parallel host
antiviral pathway. This could be a tolerated consequence or an activity that is exploited for pro-

viral purposes at late stages of infection when these non-coding RNAs are highly abundant.

CONCLUSIONS

Viruses depend on the host cell translational machinery for protein synthesis and thus their
replication. To accomplish this, viruses must expose their proteins and nucleic acids to the
cellular milieu but avoid detection by innate immune antiviral factors capable of restricting viral
replication. The OAS family of enzymes comprise a group of cytosolic dsRNA innate immune
sensors whose importance in this process is underscored by the numerous ways diverse
viruses have developed to evade detection. These include directly inhibiting OAS, sequestering
dsRNA produced as a result of viral infection, producing 2-5A analogs, degrading 2-5A via viral-
encoded phosphodiesterases, expression of protein or RNA inhibitors of 2-5A interaction with
RNase L or its ribonuclease activity, or through selective pressure to remove RNase L target
sites within viral RNAs (16,72,80-90). While there is strong evidence for critical roles for each
OAS family member in at least some context, defining the protective effects of each family
member is an active area of investigation. For example, a recent study indicated OAS3 may be

the main effector of the OAS/RNase L pathway in response to a range of viruses including WNV
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and influenza A virus (IAV) (91). In this study, knockout of OAS3, but not OAS1 or OAS2,
prevented 2-5A synthesis and rRNA degradation resulting in significantly higher viral titers.
However, deletion of OAS1 or OAS2 had no detectable effects on 2-5A or rRNA and exhibited
only minor effects on viral titers suggesting OAS1 and OAS2 may exert their antiviral functions
through alternative pathways. Further, another study in which each of the ten human OAS
proteins was expressed in A549 cells revealed that only OAS1 (p42 and p46 isoforms) and
OAS3 exhibited measurable antiviral effects against Dengue virus, leading to the conclusion
that OAS gene family members contribute differently to antagonize this virus (92). Yet, other
evidence from analysis of OAS single nucleotide polymorphisms (SNPs) also appears to
complicate these conclusions: SNPs in both OAS7 and OAS3 are known to increase
susceptibility to WNV infection (93-95), while two SNPs in OAS2 have been suggested to
increase the susceptibility to Dengue virus (96,97). Delineating the specific, potentially
overlapping, roles of each OAS protein family member is likely to continue to be an active area
of investigation along with studies to define the nature of the viral RNAs detected by these
proteins.

As discussed in this review, recent structural studies have revealed the molecular details
of OAS allosteric regulation by dsRNA. Together with complementary biochemical and
biophysical studies, this work has also provided a clear rationale for the observed dsRNA length
requirements and the contribution of each OAS domain in dsRNA binding or catalysis
(summarized in Figure 5). The OAS protein family’s ability to discriminate dsRNAs based on
length is likely an essential adaptation that allows detection and response to a wider range of
virus-derived dsRNA during infection. However, despite these important advances, we still
understand relatively little about how distinct features of the dsRNA contribute to the extent of
OAS activation. Studies identifying specific sequences and single-stranded or structured motifs
that enhance OAS1 activation (Figure 5), as well as identification of viral and cellular non-

coding or coding RNA regions that strongly activate OAS1, suggest that much remains to be
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Figure 5. Summary of OAS protein activation by RNA. Current understanding of OAS protein
regulation by dsRNA, as discussed in the main text, is summarized in the three vertical panels for
OAS1 (purple), OAS2 (blue), and OAS3 (grey). Top, minimum dsRNA lengths required to activate
each OAS protein. Center, OAS activation by dsRNA with dsRNA induced organization of the catalytic
center (green domain) denoted by the yellow star. OAS1 binds short dsRNAs and can also be
strongly activated by longer dsRNAs with multiple binding sites. OAS2 functions as a dimer of
currently unknown organization (two potential dimer interactions are shown; also possible are via DII-
DIl only and DI/DI-DII/DII head-head). Also unknown is whether both OAS2 proteins must bind to
dsRNA and whether they function independently or cooperatively. OAS3 is activated only by longer
dsRNAs due to the requirement to span three OAS domains; shorter RNAs are unable to induce the
conformational change in DIlI (inset). Bottom, other RNA sequences and motifs identified to enhance
2-5A synthesis.

learned. The case for larger RNAs with complex structures is likely further complicated by the
potential for multiple OAS interaction sites (especially for the single domain OAS1). Even the
“simple” 18 bp dsRNA used for structural studies (24) contained two overlapping antiparallel
copies of the WWN WG consensus sequences, and yet the dsRNA bound in a single orientation
and only one consensus was apparently sensed by OAS1. This issue is further complicated by

studies of OAS1 activation by the same consensus sequence and 3’-ssPy motif which suggest

that the context in which these features are presented is also a critical determinant of their



51

ability to promote OAS activation. Thus, it may not be simply the presence or absence of an
RNA feature, but also their placement within the RNA that determines how much or little each
contributes to OAS activation. A final consideration is whether such molecular signatures act in
concert or competition to affect the level of OAS1 activity. Our current studies suggest that there
are preferred OAS binding sites with weak ability to activate OAS1 and that these can diminish
activation by other sites within the same dsRNA. Collectively, these considerations likely have
important implications for how OAS proteins are able to selectively sense viral RNAs and it will
be important to tease apart the details of how individual and combinations of RNA features
control OAS activation. Equally, selection within viral RNAs for OAS binding sites that mask or
compete with activating features could potentially be a mechanism to allow viral replication to
persist by acting as a “sponge” for OAS activity.

While OAS’s major function in the antiviral OAS/RNase L pathway is well-established,
differential OAS expression and induction by interferon in different cell types (4), as well as OAS
conservation in organisms without interferon, collectively imply these proteins play important
cellular roles outside of innate immunity. Additionally, SNPs associated with the human OAS1
gene have also been connected to diabetes (98), multiple sclerosis (99,100), and prostate
cancer (101) suggesting some role in processes that impact these human diseases. A complete
understanding of how RNA controls OAS activity is critical to gain a deeper understanding of
multiple facets of innate immunity, host-virus interactions, and fundamental mechanisms of

cellular translational control.
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ABSTRACT

2’-5’-oligoadenylate synthetases (OAS) are innate immune sensors of cytosolic double-stranded
RNA (dsRNA) and play a critical role in limiting viral infection. dsRNA binding induces allosteric
structural changes in OAS1 that reorganize its catalytic center to promote synthesis of 2’-5'-
oligoadenylate and thus activation of endoribonuclease L. Specific RNA sequences and
structural motifs can also enhance activation of OAS1 through currently undefined mechanisms.
To better understand these drivers of OAS activation, we tested the impact of defined sequence
changes within a short dsRNA that strongly activates OAS1. Both in vitro and in human A549
cells, appending a 3’-end single-stranded pyrimidine (3’-ssPy) can strongly enhance OAS1
activation or have no effect depending on its location, suggesting that other dsRNA features are
necessary for correct presentation of the motif to OAS1. Consistent with this idea, we also find
that the dsRNA binding position is dictated by an established consensus sequence (WWNyWG).
Unexpectedly, however, not all sequences fitting this consensus activate OAS1 equivalently,
with strong dependence on the identity of both partially conserved (W) and non-conserved (No)
residues. A picture thus emerges in which both specific RNA features and the context in which

they are presented dictate the ability of short dsRNAs to activate OAS1.
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INTRODUCTION

The innate immune system detects diverse foreign molecules, or pathogen-associated
molecular patterns (PAMPs), to provide a critical line of defense against infection (1,2). Double-
stranded RNA (dsRNA) is often a hallmark of viral infection, present in viral genomes or
produced as a consequence of viral gene expression or replication (3-5). dsRNA is thus a
potent PAMP detected by several distinct human cellular pattern recognition receptors, including
the 2'-5-oligoadenylate synthetase (OAS) family of cytosolic dsRNA sensors which restrict
replication of multiple viruses (6,7).

In humans, the OAS family contains four genes that encode three catalytically active
enzymes (OAS1, OAS2, and OAS3) and one catalytically inactive protein (OASL) (8). Activation
of each catalytically active OAS enzyme by dsRNA leads to the non-processive synthesis of 2’-
5’-linked oligoadenylate (2-5A) molecules which promote dimerization and activation of latent
endoribonuclease L (RNase L) (9-12). Activated RNase L degrades single-stranded viral and
cellular RNA, including specific mRNAs, tRNA, and rRNA (13-18), thereby halting viral
replication and limiting the spread of infection (19,20). The central importance of the
OAS/RNase L pathway in control of infection is also reflected by the diverse array of viral
mechanisms that inhibit this pathway or subvert the consequences of OAS activation (21-33).

OAS1 is capable of sensing short dsRNAs (>18 bp) and its antiviral role is supported by
the identification of OAS1 single nucleotide polymorphisms (SNPs) important for determining
susceptibility to West Nile virus infections (34-36). There is also accumulating evidence for
essential roles played by OAS1 in normal cell function. For example, OAS1 SNPs have also
been implicated in altered cellular function leading to diseases including diabetes (37), multiple
sclerosis (38,39), prostate cancers (40), and Sjogren’s syndrome (41,42), as well as
susceptibility to tuberculosis infection (43). OAS1 has also been recently implicated in cancer
cell survival after treatment with DNA damaging agents (44) and in mediating the cytotoxicity of

5-azacytidine (AZA), a DNA methyltransferase inhibitor widely used in cancer treatment (45).
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Figure 1. The OAS1/RNase L pathway and 18 bp dsRNA design. A, Upon binding dsRNA (left),
OAS1 (shown as a cartoon with semi-transparent surface; PDB ID 4IG8) produces 2'-5'-
oligoadenylate molecules (2-5A; orange) which promote dimerization and activation of RNase L (right).
B, Sequence of the 18 bp dsRNA used in structural studies of the human OAS1-dsRNA complex (47)
and as a starting point for the studies described here. This dsRNA contains two copies of a known
OASH1 activation consensus sequence (WWNgWG) highlighted in both panels for Consensus 1 (green)
and Consensus 2 (blue) on the top and bottom strands, respectively. The conserved consensus G
nucleotide, which makes a base-specific contact with OAS1, and placements of the 3’-ssPy motif
(green or blue U) used here in specific dsRNA constructs are also indicated with outline font.

Taken together, these studies suggest important roles for OAS1 in both innate immunity and

other cellular processes that we have yet to fully elucidate.

OAS1 lacks a canonical RNA-binding motif and instead interacts with dsRNA through a
relatively flat surface of positive residues on the opposite side of the protein from its ATP
binding sites and catalytic center (46-48). dsRNA binding allosterically induces conformational
changes in the OAS1 active site, driving polymerization of ATP into 2-5A (Figure 1A). Despite
available OAS1 structural data, there is still relatively little known about how specific features of
dsRNA contribute to the potency of OAS1 activation. Defining the contributions made by specific

sequences and other RNA molecular signatures will be essential to fully elucidate how OAS1 is

regulated by viral or cellular dsRNA.
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OAS1 activation is strongly enhanced by at least two distinct activating consensus
sequences (49,50): APyAPy(N)nCC, UU(N)nACCC (where Py is C or U, and N is any
nucleotide) and WWNyWG (where W is A or U). Our subsequent discovery of the 3’-end single-
stranded pyrimidine (3’-ssPy) motif revealed that OAS1 activation can be further enhanced by
single-stranded pyrimidine-rich (C or U) sequences appended to the 3’-end of a short (18 bp)
activating dsRNA, as well as other more complex viral and cellular non-coding RNAs (51,52).
The 3’-ssPy motif is naturally found on non-coding RNAs as a consequence of RNA polymerase
[l transcription termination (53), and we have previously speculated that such 3’-ends might
also occur as a result of RNase L cleavage at preferred single-stranded UA or UU sequences
within larger RNA molecules, further potentiating signaling via the OAS/RNase L pathway (51).
In contrast, another recent study found that the 3’-ssPy motif had no effect on OAS1 activation
(54). These conflicting observations suggest that the dsRNA context in which the 3’-ssPy motif
is presented to OAS1 can affect its ability to enhance 2-5A synthesis and that, more generally,
our understanding of how different activating motifs can combine for optimal OAS1 activation is
incomplete.

The 18 bp dsRNA used in the human OAS1-dsRNA co-crystal structure (47) contains
two overlapping, antiparallel copies of the WWN/WG consensus sequence (Figure 1B). The
complexities of elucidating the contributions of activating motifs even within short dsRNAs are
highlighted by the fact OAS1 bound this dsRNA in a single orientation despite the presence of
two potential binding sites containing a preferred activation sequence. Here, the requirements
for OAS1 activation by short dsRNAs are explored further using variations on this model 18 bp
dsRNA. These studies reveal that binding orientation-specific activation also exists in solution
and that OAS1 activation by short dsRNAs is unexpectedly sensitive to both RNA sequence and

the relative organization of activating motifs.
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MATERIALS AND METHODS

OAS1 protein expression and purification

Human OAS1 was expressed in Escherichia coli BL21(DE3) as an N-terminal 6xHis-SUMO
fusion of amino acids 1-346 (corresponding to the common, core residues of all OAS1 splicing
isoforms) from vector pE-SUMO (LifeSensors). Cells were grown in lysogeny broth (LB) at 37°C
to mid-log phase (optical density at 600 nm of ~0.5), and protein expression was induced with
0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) with continued growth overnight at 20°C.
Cells were lysed by sonication in 50 mM Tris-HCI buffer (pH 8.0) containing 300 mM NaCl, 20
mM imidazole, 10% (v/v) glycerol, and 10 mM B-mercaptoethanol. SUMO-OAS"** fusion
protein was purified from cleared lysate by Ni**-affinity chromatography on an AKTApurifier 10
FPLC system (GE Healthcare) and dialyzed overnight against SUMO cleavage buffer,
containing 50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 10% (v/v) glycerol, and 2 mM DTT. The
partially purified fusion protein was then stored at -80°C. Prior to each experiment, the N-
terminal 6xHis-SUMO tag was cleaved by incubating SUMO-OAS"** fusion protein with SUMO
protease (Ulp1) for 90 minutes at 30°C and an additional hour at 4°C, followed by dialysis

1-346
S

against the appropriate assay buffer. This process produces OA with a native N-terminus

after SUMO tag removal.

Generating 18 bp dsRNA duplexes

Each RNA strand was chemically synthesized (Integrated DNA Technologies) and used without
further purification. Each 18 bp dsRNA duplex was generated by mixing individual strands at
equimolar concentrations and annealing by heating to 65°C for 10 minutes followed by slow
cooling to room temperature. Native PAGE (20% acrylamide in 0.5x Tris-Borate-EDTA) was
used to verify the homogeneity of both single-strand RNAs and dsRNA duplexes prior to use.

Each lane contained RNA (100 ng total) resolved on gels run at 120V for 3 hours at 4°C,
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visualized by staining with SYBR Gold (1:10,000, Invitrogen), and imaged on a Typhoon Trio

Imager (GE Healthcare).

Chromogenic assay of OAS1 activity

OAS'3%® was dialyzed overnight against OAS1 activity assay buffer: 50 mM Tris-HCI (pH 7.4)
containing 100 mM NaCl, 1 mM EDTA, and 1 mM DTT. Pyrophosphate (PP;), the reaction by-
product of 2-5A synthesis by OAS1, was monitored using a chromogenic assay adapted from
previously established methods for measurement of OAS1 activity (51,52,55). OAS'3* (100
nM) was incubated with 10 pg/ml poly(rl:rC) or 300 nM dsRNA in reactions containing final
solution conditions of 25 mM Tris-HCI (pH 7.4), 10 mM NaCl, 7 mM MgCl,, 1 mM DTT, and 2
mM ATP at 37°C in a 150 pl total reaction volume. Aliquots (10 pl) were removed over a 0-120
minute time course and the reaction immediately quenched by adding directly to the wells of a
96-well plate pre-dispensed with 250 mM EDTA (pH 8.0, 2.5 pul). At completion of the time
course, 2.5% (w/v) ammonium molybdate in 2.5 M H,SO, (10 ul) and 0.5 M B-mercaptoethanol
(10 pl) were added to each well and the final volume brought to 100 pl with water. Absorbance
at 580 nm was measured using a Synergy Neo2 plate reader (BioTek). Readings were

81-346 and

subtracted from background using an ATP-only control reaction (lacking both OA
dsRNA) and then converted to pyrophosphate produced (nmols) using a pyrophosphate
standard curve. Experiments were performed as four independent assays using two different

preparations of OAS'34

, each comprising three technical replicates which were averaged prior
to data analysis. Final values were plotted with their associated standard error of the mean
(SEM) in GraphPad Prism 8.

Kinetic analyses were performed similarly but using a range of dsRNA concentrations
(0.1-5 pyM) and measuring PP; production only for the initial 12 minutes of the reaction with two

technical replicates for each experiment. Linear regression analysis was used to obtain initial

rates of reaction (nmol PP; produced/minute) for each dsRNA concentration. These values were
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plotted and a non-linear regression analysis performed to obtain Viy.x and Ky, vValues using the

Michaelis-Menten model equation Y=(VmaxX)/(Kapp*+X) in GraphPad Prism 8.

OAS1/RNase L activation in A549 cells

Human wild-type and RNase L knock-out A549 cells, constructed using CRISPR-Cas9 gene
editing technology as reported previously (6), were cultured in RPMI1640 cell culture medium
supplemented with 10% fetal bovine serum and 100 pg/ml Normocin™. Both cell lines were
monitored regularly and tested negative for mycoplasma. Cells were seeded into 12-well plates
at 3x10° cells/well and were treated with 5000 U/ml Interferon-a (Sigma) prior to dsRNA
transfection. Following overnight interferon treatment (16 hours), cells were transfected with
dsRNAs (50 nM) or poly(rl:rC) (0.1 pg/ml) using siLentFect Lipid Reagent (BioRad) and
incubated at 37°C for 6 hours. Cells were lysed and total RNA was isolated using a RNeasy
Plus Mini Kit (Qiagen) following manufacturer instructions. Total RNA was resolved using an
Agilent 2100 Bioanalyzer system. At least two independent sets of experiments were performed
with essentially identical results for both the wild-type (n=3) and RNase L knock-out (n=2) cells,
respectively. Bands resulting from 28S rRNA cleavage in wild-type A549 cells were quantified
using ImagedJ and relative cleavage was calculated for each set of averaged technical replicates

by normalizing to activity induced by the 18 bp dsRNA with no 3’-ssPy.

OAS1-dsRNA 4-thiouridine (4-thioU) crosslinking

RNA strands containing a 3’-ssPy motif modified with a 4-thiouridine were chemically
synthesized (Dharmacon), purified by high performance liquid chromatography (HPLC), and 2’-
deprotected before use. RNA strands containing the 4-thiouridine modification (3’-end) were 5’-
end labeled using [y-*’P]-ATP and T4 polynucleotide kinase (PNK), excess [y-?P]-ATP was
removed using an lllustra MicroSpin G-25 column (GE Healthcare), and radiolabel incorporation
was quantified by scintillation counting. The radiolabeled 18 bp dsRNA duplexes were

generated by mixing the radiolabeled strand (containing 4-thiouridine) with the same unlabeled
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strand and a slight total excess of unlabeled complement. The mixed strands were annealed by
heating to 65°C for 10 minutes followed by slow cooling to room temperature. OAS'3* was
dialyzed overnight against OAS1 activity assay buffer but lacking DTT, i.e. 50 mM Tris-HCI (pH
7.4) containing 100 mM NaCl and 1 mM EDTA.

OAS'3% (5 yM) was incubated with radiolabeled, 4-thiouridine containing 18 bp dsRNA
duplex (500 nM) for 30 minutes on ice with UV exposure at 365 nm and using a 96-well plate
format at a distance of 3 cm. Reactions were stopped by addition of SDS loading buffer and
heating to 95°C for 5 minutes. Reaction products were resolved on a 10% SDS-PAGE run at
200V for 45 minutes to allow for sufficient separation of OAS1-dsRNA complex and free RNA.
Gels were soaked in destain solution (50:40:10% ethanol:water:acetic acid; 15 minutes), fixed
(20% ethanol, 2% glycerol; 15 minutes), dried, and imaged using a Typhoon FLA 7000

Phosphorimager and ImageQuant software (GE Healthcare).

RESULTS

The 3’-ssPy motif enhances OAS1 activation only when appended to the top strand of the
18 bp dsRNA

Our previous analysis of OAS1 activation by the model 18 bp dsRNA revealed that a single 3’-
end unpaired U nucleotide (3’-ssPy motif) appended to one strand of the dsRNA was sufficient
to potentiate OAS1 activation in vitro (51). In this original study, the 3’-ssPy motif was placed on
the “top” RNA strand (as depicted in Figure 1B), corresponding to the dsRNA end closest to the
base-specific interaction made by OAS1 (via the Ser56 backbone carbonyl group) to the
activation consensus guanosine nucleotide (WWNgWG) in the OAS1-dsRNA complex crystal
structure. However, the question remained as to whether addition of a 3’-ssPy motif to the
complementary (“bottom”) strand of this dsRNA could similarly enhance OAS1 activity.
Enhanced activation by a 3’-ssPy on the bottom strand would indicate a lack of dsRNA binding

preference or absence of orientation-specific activation in solution. In contrast, a different impact
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of a 3’-ssPy on the bottom strand would reveal a binding preference in solution similar to that
observed in the human OAS1-dsRNA crystal structure. Thus, addition of a 3’-ssPy to either
strand of this model dsRNA can serve as a tool to assess OAS1 sensitivity to dsRNA binding
orientation and OAS1 activation in solution.

To address this open question, we generated and compared four 18 bp dsRNAs derived
from the model dsRNA duplex used in the OAS1-dsRNA complex crystal structure (Figure 1):
no 3’-ssPy motif, top strand only, bottom strand only, and on both strands. For these analyses,
one 3’-end single-stranded U nucleotide was used to represent the 3’-ssPy motif as our
previous study showed a single additional pyrimidine was sufficient and addition of U or C-rich
sequences were functionally equivalent in their ability to enhance OAS1 activation (51). Each
dsRNA was generated by annealing the corresponding single-strand RNAs and stable duplex
formation confirmed by native polyacrylamide gel electrophoresis (PAGE; Figure 2A). Each
dsRNA was then tested in an established in vitro OAS1 activation assay, which measures the
amount of inorganic pyrophosphate (PP;) produced as a consequence of dsRNA-induced 2-5A
synthesis. As previously observed (51), the level of OAS1 activity is significantly enhanced by
addition of a top strand 3’-ssPy motif compared to the unaltered dsRNA (Table 1 and Figure
2B, compare green and black curves, respectively). In contrast, addition of a 3’-ssPy to the
bottom strand had no effect on OAS1 activation (Table 1 and Figure 2B, compare blue and
black curves), while its addition in the context of a top strand 3’-ssPy motif only modestly further
increased activation (Table 1 and Figure 2B, compare orange and green curves). Thus, the 3’-
ssPy motif only significantly impacts OAS1 activation by this short dsSRNA when appended to
the top strand.

To assess whether the 3’-ssPy location can affect dsRNA-OAS1 interaction, we used
OAS1-dsRNA crosslinking by exploiting the presence of the 3’-ssPy motif to site-specifically
incorporate the photoreactive crosslinker 4-thiouridine (4-thioU). The modified single uridine (3’-

ssPy motif) was added individually to each end of the dsRNA to generate top or bottom strand
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Figure 2. The 3’-ssPy motif impacts OAS1 activity only when appended to the top strand. A,
Native PAGE analysis showing purity of the individual chemically synthesized ssRNAs and stable
formation of each dsRNA, indicated by the bracket and solid arrowhead on the right of the image,
respectively. B, Reaction progress curves from an in vitro chromogenic assay of OAS1 activity using a
single dsRNA concentration (300 nM) for no 3’-ssPy (black), or with the motif appended to the top
(green), bottom (blue), or both strands (orange). OAS1 activation is substantially enhanced only when
the 3’-ssPy motif is placed on the top strand. C, OAS1-dsRNA crosslinking induced by irradiation with
UV light (365 nm) resolved by SDS-PAGE to separate crosslinked complex (solid arrow) from free
RNA (open arrow). ssRNAs containing 4-thioU modifications were 5-end labeled with 2p for
visualization prior to annealing. Both dsRNAs crosslink to OAS1 via the 4-thioU regardless of 3’-ssPy

motif location.

4-thioU 18 bp dsRNAs which were crosslinked to OAS1 (present in 10x excess) by exposure to
365 nm UV light. In each dsRNA, the RNA strand containing the 4-thioU modification was also
5'-end **P-labeled for visualization by autoradiography. Crosslinking and control reactions were
resolved by SDS-PAGE to separate crosslinked OAS1-dsRNA complexes from free dsRNA
(Figure 2C), revealing both 3’-ssPy-containing dsRNAs to be specifically, and to similar extents,
crosslinked to OAS1 upon UV light treatment (Figure 2C, lanes 4 and 8). Therefore, the
observed differences in OAS1 in vitro activity for these two dsRNAs (Table 1 and Figure 2B,;
green and blue) do not appear to be due to significant differences in the nature or extent of

OAS1-dsRNA complex formation (Figure 2C).
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Short dsRNAs activate the OAS1/RNase L pathway in human A549 cells mirroring their
capacity to activate OAS1 in vitro

We next tested the ability of the same four 18 bp dsRNAs to activate the OAS1/RNase L
pathway in human lung carcinoma A549 cells as assessed by RNase L-mediated rRNA
cleavage. A549 cells were selected for these experiments because they express OAS1 well, are
amenable to transfection with small RNAs, and are the same background used to generate an
RNase L CRISPR-Cas9 knock-out cell line (6). Because the model dsRNAs are only 18 bp in
length, they are too short to activate either OAS2 or OAS3 (54,56,57) and must therefore act
exclusively via OAS1 to promote RNase L activation. For these experiments, A549 cells were
transfected with one of the four dsRNAs, containing (or lacking) 3’-ssPy motif(s), in parallel with
poly(rl:rC) dsRNA transfection and mock transfected cells, as positive and negative controls,
respectively.

Transfection with each dsRNA duplex or poly(rl:rC) dsRNA resulted in rRNA degradation
(Figure 3A and Table 1) compared to the mock-transfected control and consistent with
activation of the OAS1/RNase L pathway. Further, dsRNAs containing the 3’-ssPy on the top
strand or on both strands (Figure 3A, green and orange, respectively) resulted in more
cleavage overall compared to the dsRNAs containing 3’-ssPy on the bottom strand or lacking a
3’-ssPy (Figure 3A, blue and black, respectively). Thus, these cell-based assays of OAS1
activation correlate well with the respective capacity of each dsRNA to activate OAS1 in the in
vitro activity assay. Additionally, a dsRNA with identical nucleotide content to the 18 bp dsRNA
but with different sequence (“Scramble” dsRNA) completely failed to activate RNase L, also
consistent with its in vitro activity (see below). The higher overall rRNA cleavage observed for
poly(rl:rC) dsRNA is likely due to its higher potency and additional capacity to activate OAS2
and OAS3 (58). Furthermore, dsRNA-mediated rRNA cleavage activity is completely absent in

A549 cells lacking RNase L (RNase L KO A549; Figure 3B) confirming that the observed rRNA
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Figure 3. OAS/RNase L pathway activation in A549 cells by the short dsRNAs correlates with
their ability to activate OAS1 in vitro. A, Bioanalyzer analysis of rRNA integrity in A549 cells
following transfection with the indicated dsRNAs (18 bp dsRNAs with 3’-ssPy motifs appended as
indicated and an 18 bp Scramble dsRNA). Mock transfection and transfection with poly(rl:rC) dsRNA
serve as negative and positive controls, respectively. OAS1/RNase L pathway activation is indicated
by 28S and 18S rRNA degradation (arrows). Quantification of the 28S rRNA cleavage product (solid
arrow) is given in Table 1. B, As for panel A but using A549 RNase L KO cells (6). In both panels, a
representative analysis with technical duplicates for each RNA is shown for one of at least two
independent experiments which showed essentially identical results.

cleavage by the dsRNAs results exclusively from activation of the OAS/RNase L pathway via
OAS1.

The results of both the in vitro and cell-based assays are consistent with either an OAS1
binding orientation preference for the 18 bp dsRNA (like that observed in the crystal structure),
or a difference in ability of the dsRNA to activate OAS1 when bound in each of its two possible

orientations. Either scenario is surprising, given that each strand of the dsRNA contains a

sequence that conforms to the WWNgWG activation consensus sequence. However, the two
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potential binding orientations and the consensus sequence they each present to OAS1 are

apparently non-equivalent in either their ability to bind OAS1, activate OAS1, or both.

The 3’-ssPy placement can alter apparent dsRNA affinity and maximal OAS1 activation

To define the basis of the differing capacity of the 18 bp dsRNAs to activate OAS1, we used the
in vitro OAS1 activity assay to assess enzyme activation over a wide range of dsRNA
concentrations. Initial rates of reaction at each dsRNA concentration were determined and used
to derive the maximum reaction velocity (Vmax) and apparent RNA dissociation constant (Kapp),
as a measure of OAS1 catalytic activity and proxy for dsRNA binding affinity, respectively
(Figure 4A,.B and Table 1). Both dsRNAs containing the motif exhibited a decreased Kgpp,
corresponding to higher apparent dsRNA affinities, of 2.5-fold (top strand 3’-ssPy; Figure 4B,
green) and 1.5-fold (bottom strand 3’-ssPy; Figure 4B, blue) compared to the dsRNA
completely lacking a 3’-ssPy (Figure 4B, black). In contrast, while there was no measurable
change in V. with a top strand 3’-ssPy, we observed a modest decrease (1.5-fold) for a
bottom strand placement of the motif. Therefore, the differences in OAS1 activity for these
dsRNA duplexes appear to be due, at least in part, to changes in both apparent RNA affinity
and maximum rate of 2-5A produced by OAS1 in the presence of each dsRNA. Specifically, a
top strand 3’-ssPy reduces the dsRNA concentration required to reach maximal OAS1 activation
but does not influence OAS1 V. In contrast, a bottom strand 3’-ssPy increases apparent
dsRNA affinity (albeit to a lesser extent) and reduces the maximal activation of the enzyme.
Thus, the 3’-ssPy appears to have context-dependent impacts on the kinetics of OAS1

activation.

Altering the distance between the 3’-ssPy motif and the consensus sequence impacts its
ability to enhance OAS1 activation
We next asked whether the proximity of each consensus sequence to its corresponding 3’-end

is the critical factor in determining the ability of a 3’-ssPy at each location on the 18 bp model
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Figure 4. The 3’-ssPy motif differentially alters the kinetics of OAS1 activation when appended
to the top or bottom strand. A, Progress curves for dsRNA containing no (black), top (green), or
bottom (blue) 3’-ssPy motifs over a range of dsRNA concentrations (0-5 pM) to determine initial rates
of pyrophosphate (PP;) production. Data were fit using linear regression analysis for the first 2-4
minutes of the reaction (color-coded solid lines) in order to obtain the initial rate. B, Kinetic analyses
using calculated initial rates from panel A for OAS1 activation by each dsRNA variant. Data were fit
using non-linear regression analysis to obtain the V. and K,y values shown in Table 1. All error bars
indicate standard error of the mean (SEM) and may not be visible if their width is smaller than the data

point used.

dsRNA to enhance OAS1 activation. Specifically, the top strand WWNyWG consensus and
adjacent 3'-ssPy are separated by one base pair, while the equivalent sequences on the bottom

strand are separated by two base pairs. We therefore generated a new 18 bp dsRNA in which
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the additional G-C base pair separating the terminal G of the consensus sequence on the lower
strand from the 3’-end of the RNA was “moved” to the opposite end of the dsRNA (Figure 5A).
Thus, this new dsRNA context (“Base Pair Move”) has an increased distance between the top
strand consensus sequence and its corresponding 3’-ssPy motif (by +1 bp) and an equivalent
decrease in this distance for the bottom strand (by -1 bp), while maintaining the length of the
dsRNA as 18 bp. We predicted that if the relative spacing of the consensus sequence and 3-
ssPy is critical that we should observe an increase in activation resulting from a 3’-ssPy placed
on the bottom strand, and a concomitant decrease in the effect conferred by the motif when
appended on the top strand.

A set of four equivalent dsRNAs with the G-C base pair moved was generated (i.e. with
no 3’-ssPy, top strand only, bottom strand only, and both strands) and each dsRNA was
evaluated by native PAGE, as before (Figure 5B). The movement of this single base pair had
two unanticipated effects on the extent of OAS1 activation, both modestly increasing activation
in the absence of any appended 3’-ssPy while also decreasing activation by the most potent
dsRNA, i.e. with the motif on both strands (Table 1 and Figure 5C, black and orange curves,
respectively). Pairwise comparisons of each 3’-ssPy addition in the context of both the 18 bp
dsRNA and Base Pair Move dsRNA were conducted to determine whether the resulting
activation level of OAS1 was altered in a manner corresponding with the spacing between each
consensus and its associated 3’-end. As anticipated, addition of a 3’-ssPy to the bottom strand
of the Base Pair Move dsRNA resulted in increased OAS1 activation (Figure 5D, center). In
contrast, addition of the motif to the top strand of the Base Pair Move dsRNA (now with
increased spacing between the consensus and 3’-ssPy) no longer increased OAS1 activation
(Figure 5D, left). Addition of a 3’-ssPy motif to both strands of the Base Pair Move dsRNA
resulted in no further activation of OAS1 compared to addition to the bottom strand only,
(Figure 5C and 5D, right), confirming the switch in 3’-ssPy sensitivity to the bottom strand in this

altered dsRNA context.
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Figure 5. The relative context of the 3’-ssPy motif and consensus sequence is important for
OAS1 activation. A, Schematic of the Base Pair Move dsRNA which is altered compared to the
original 18 bp dsRNA by movement of a single G-C base pair from one end (left, dotted red line) to the
other (right, solid red line). The original 18 bp dsRNA is shown (black box) for comparison. B, Native
gel analysis showing purity of ssRNAs (bracket) and stable formation of each dsRNA (solid arrow). C,
OAS1 enzyme progress curves comparing all Base Pair Move dsRNAs (dotted lines); curves for the
original 18 bp dsRNA with no 3’-ssPy (solid black line) and 3’-ssPy appended on both strands (solid
orange line) are the same as in Figure 2B and are shown for comparison to indicate the reduced
overall range of activation by the Base Pair Move dsRNAs. D, OAS1 enzyme progress curves are
shown as pair-wise comparisons for each 3’-ssPy variant in both the 18 bp dsRNA (solid lines) and
Base Pair Move (dotted lines) contexts: no 3’-ssPy (black), top stand only (green), bottom strand only

(blue), and on both strands (orange). The No RNA control (grey) is also shown in each panel.

These data thus support the idea that the nucleotide spacing between the consensus
sequence and a 3’-ssPy appended to the end of the same strand is important for the latter
motif's optimal placement and thus ability to potentiate OAS1 activation. These observations
also suggest that OAS1 binds the 18 bp dsRNA in both orientations but that these binding
modes do not result in equivalent OAS1 activation. Furthermore, the unexpected changes in

activation with the single G-C base pair movement, which resulted in a narrower range of OAS1
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activation, also suggest there are other elements of RNA sequence, in addition to the relative
placement of the consensus sequence and 3’-ssPy, that contribute to the ability of a given

dsRNA to activate OAS1.

OAS1 activation consensus sequence nucleotide identities (WW/WG) and their
placement within a dsRNA are important for OAS1 activation

Given the unexpected sensitivity of the 18 bp dsRNA to the movement of a single base pair, we
next asked whether the specific nucleotides within the consensus sequence (i.e. WW/WG and
the intervening Ny spacer) also influence the extent of OAS1 activation. Three new dsRNA
constructs were designed (Figure 6A): (i) a “Scramble” dsRNA in which the order of most (15 of
18) nucleotides is altered while maintaining the nucleotide content of each strand; (ii) a
“Scramble (Consensus)” dsRNA in which the top and bottom strand WW/WG consensus
nucleotides of the original 18 bp dsRNA are maintained within this new scrambled background;
and (iii) a “Consensus Strand Swap” variant in which only the top and bottom strand WW/WG
consensus nucleotides of the original 18 bp dsRNA are exchanged. Collectively, these new
dsRNAs were designed to test the influence of overall dsRNA sequence, the nucleotides
flanking the consensus sequences, and the specific nucleotide identities of the two different
consensus sequences. In all three new dsRNA constructs, additional changes were made as
required to maintain perfect Watson-Crick dsRNA base pairing (Figure 6A,B).

Remarkably, the Scramble dsRNA was completely unable to activate OAS1 in vitro
(Figure 6C; mauve and grey curves, respectively) or in A549 cells (Figure 3), underscoring the
unexpectedly strong sensitivity of OAS1 to specific dsSRNA sequence. Returning the nucleotides
(WW/WG) of the two OAS1 consensus sequences to their original locations within this new
dsRNA background restored OAS1 activation, but not to the same extent as for the original
dsRNA sequence (Figure 6C; compare purple and black curves, respectively). In this partially

restored dsRNA context, we also tested the impact of addition of the 3’-ssPy motif on OAS1
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Figure 6. The OAS1 activation consensus sequence (WWNgWG) and its placement within
dsRNA are also important for OAS1 activation. A, Schematics of the additional 18 bp dsRNAs
indicating the sequence changes to create the Scramble (nucleotides with altered identity are in grey),
Scramble (Consensus), and Consensus Strand Swap. The original 18 bp dsRNA is shown (black box)
for comparison. B, Native gel analysis showing purity of ssSRNAs (bracket) and stable formation of
each dsRNA (solid arrow). C, Progress curves for OAS1 activation by the Scramble (mauve),
Scramble (Consensus) (purple), and Consensus Strand Swap (blue) dsRNAs compared to the original
18 bp dsRNA (black). D, Progress curves for OAS1 activation for the Scramble (Consensus) with each
possible 3’-ssPy variation (i.e. none, top, bottom, or both strands). E, same as in panel D, except for
the Consensus Strand Swap dsRNA. F-H, Views of the base pair interactions of consensus sequence
nucleotides (WW®/'"®WG"") directly contacted by OAS1 residues in the human OAS1-dsRNA structure
(PDB 41G8). The location of each OAS1 residue on the dsRNA binding surface is shown on a cartoon
with semi-transparent surface rendering of the OAS1-dsRNA complex structure (indicated with an
enlarged orange sphere at the residue’s C, atom). The view shown for each residue is related to that
of Figure 1A by a 90° rotation around the y-axis. The asterisk in panels G and H denotes the
approximate position of additional atoms of the exocyclic amino group that would be present if the A-U
base pairing shown was replaced by G-C. Predicted interactions with Consensus 2 nucleotides in

panels G and H were generated by mutation of the RNA sequence in PyMOL.

activation (i.e. appended to top or bottom strand only, or to both strands; Figure 6D and Table
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1). Consistent, with the earlier experiments in the original dsRNA construct, OAS1 activation is
enhanced by the 3’-ssPy only when appended on the top strand. These experiments reveal that
while the presence of the WW/WG dinucleotide pairs and their specific location are important for
OAS1 activity, additional features also contribute to optimal OAS1 activation. Specifically, given
the identical placement of the top strand consensus in each dsRNA, these results point to an
unexpected influence of the “Ng” sequence identity for OAS1 activation, raising the question of
how these nucleotides may exert an effect on OAS1 activity.

Finally, we similarly assessed the activity of the Consensus Strand Swap construct,
which possesses the original Ng internal sequence but with the two consensus sequence
WW/WG nucleotides on each strand switched (Figure 6A). This dsRNA also did not possess
the same capacity to activate OAS1 as the original dsRNA (Figure 6C; compare blue and black
curves, respectively), but resulted in an intermediate activation level, similar to that observed for
the Scramble (Consensus) dsRNA. As before, addition of each potential combination of 3’-ssPy
motifs on this dsRNA only showed enhanced OAS1 activation when the 3’-ssPy was appended
on the top strand (Figure 6E and Table 1). These data indicate that the features which drive
OAS1-dsRNA interaction and binding orientation-dependent OAS1 activation are conserved
among these distinct dsSRNA contexts. In particular, these results suggest that recognition of the
conserved guanosine nucleotide (WW/WG), as previously observed in the OAS1-dsRNA
complex structure, is a critical determinant of binding register (i.e. OAS1 location on the dsRNA
helix) and thus optimal interaction and OAS1 activation. Additionally, examination of the three
direct base interactions made by OAS1 to these base pairs in the human OAS1-dsRNA
complex crystal structure (Figure 6F-H) allows rationalization of the differing abilities of UU/UG

(Consensus 1) and UA/AG (Consensus 2) sequences to activate OAS1 (see Discussion).

DISCUSSION

Nucleic acid sensing is an essential innate immune strategy for pathogen detection and initiation
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of downstream antiviral responses. Recent work has extended ideas of simple dsRNA length
limitations for OAS protein activation (57), identifying sequence-specific motifs and activation
sequences that can strongly enhance activation of the cytosolic dsRNA sensor OAS1 (49-52).
However, the basis of their activity and whether they can act in concert (or competition) to
control OAS1 activation is unknown. Fully defining these dsRNA features and their optimal
contexts for OAS1 activation by viral or cellular RNAs is important because differing levels of
pathway activation likely underpin regulation of distinct cellular processes or cell fates (e.qg.
apoptosis in response to viral infection).

Here, we used a model 18 bp dsRNA (47) to begin defining how specific RNA features
affect OAS1 activation in a short dsRNA with more than one potential binding site. These
studies revealed three key findings: (i) OAS1 is unexpectedly sensitive to RNA sequence as two
dsRNAs of identical length and nucleotide content, but different sequence, could produce strong
activation or no activation at all (18 bp dsRNA and Scramble dsRNA, respectively); (ii)
interactions with the conserved nucleotides of the known activation consensus sequence
(WWNgWG) (50) can dictate the specific register of binding on the dsRNA helix; and (iii) only
when appropriately positioned by these interactions can other activating motifs, such as 3’-ssPy,
exert their effect on OAS1 activation. Additionally, we found that while the short dsRNA likely
binds in both orientations in solution, unlike in the crystal structure (47), these two modes of
OAS1 interaction are non-equivalent in their ability to promote 2-5A synthesis.

OAS1 binds dsRNA via a relatively flat protein surface that spans approximately the
length of an 18 bp dsRNA helix. This surface is enriched with basic residues that contact the
sugar-phosphate backbone at each end of the dsRNA but make relatively few contacts to the
center of the RNA helix (47). A number of base-specific interactions are also observed in the
structure, including those made by Lys42, Ser56, and Thr203 with three conserved nucleotides
of the activating WWNoWG consensus sequence (Figure 6F-H). These interactions appear to

define the optimal register of binding on the dsRNA helix. Thus, when bound in the opposite
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orientation from that observed in the crystal structure, ie. to engage the bottom strand
consensus, the shift in register by one base pair needed to maintain interactions with the
consensus sequence would likely weaken contacts with the lower half of the dsRNA helix
(Figure 7), resulting in inefficient allosteric promotion of 2-5A synthesis.

Our previous modeling and mutagenesis studies suggested that the top strand 3’-ssPy
motif interacts with an OAS1 loop containing residue Gly157 on the protein surface adjacent to
the bound dsRNA (Figure 7A). Substitution of this residue resulted in loss of sensitivity to the
3’-ssPy but with otherwise the same activity as the wild-type enzyme in response to dsRNA
binding (51). Following the finding here that 3’-ssPy motifs on each end of the dsRNA are
sensed differently by OAS1, we modeled the interaction of the 18 bp dsRNA in its opposite
orientation while maintaining the three direct OAS1-dsRNA base contacts to the bottom strand
consensus sequence noted above (Figure 6F-H and 7B, /eft). In this orientation, the additional
base pair between the bottom strand consensus sequence guanosine and its 3’-end shifts the
modeled position of the 3’-ssPy such that it can no longer interact with the OAS1 Gly157 loop
(Figure 7A,B) (51). However, when one base pair is removed, reducing the distance between
the bottom strand consensus guanosine and the 3’-ssPy, the ability of the bottom 3’-ssPy motif
to interact with the Gly157 would be restored (Figure 7B, right), consistent with the observed
enhancement of OAS1 activation by the bottom strand 3’-ssPy in the context of the Base Pair
Move dsRNA.

The 3’-ssPy thus appears to have context-dependent impacts on OAS1 activation: only
when appropriately positioned by other dsRNA signatures, in this case by the precise binding
register conferred by the activation consensus sequence, can the motif exert its effect on
activation. This finding can readily explain the observation in another study using dsRNAs of
various lengths (19-123 bp) that the 3’-ssPy motif had no effect on OAS1 activity (54): the
dsRNAs used contained multiple WWNgWG consensus sequences, however, none were

located equivalently to the top strand of the 18 bp dsRNA to optimally position the motif to
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Move

Figure 7. Models of OAS1 interactions with 18 bp dsRNA variants and the 3’-ssPy motif. A,
Structure of the OAS1-dsRNA complex (PDB 41G8) with a top strand 3’-ssPy motif (orange sticks)
modeled as previously reported (51). The consensus sequences on the top (CS1; green) and bottom
(CS2; blue) strands of the dsRNA, and the OAS1 loop containing Gly157 (green) are shown on the
dsRNA cartoon and OAS1 surface, respectively. B, As in panel A but for the opposite dsRNA binding
orientation, maintaining identical direct interactions between OAS1 and the dsRNA consensus
nucleotides (marked *). The models shown are for the unaltered dsRNA in which the 3’-ssPy is no
longer positioned to interact with the Gly157 loop (left, red) and the Base Pair Move dsRNA (right). C,
Comparison of the dsRNA in the OAS1 complex structure with a regular A-form dsRNA helix
generated using the 3DNA webserver (60). The regions marked * are the main protein-RNA

interaction surfaces.
interact with the Gly157 loop. The same study also found no effect of the 3’-ssPy motif on OAS2
activity, but whether similar constraints influence optimal positioning of the dsRNA in this protein

(or OAS3), or OAS2 is simply insensitive to the motif will require further investigation.

Conversely, there are examples of larger viral and cellular non-coding RNAs whose ability to
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activate OAS1 is enhanced by the 3’-ssPy motif in the absence of a “correctly” positioned
consensus sequence (51), suggesting that there are other unrelated sequences that also allow
for optimal positioning of OAS1.

Our OAS1 kinetics analyses showed that placement of the 3’-ssPy on the bottom strand
of the 18 bp dsRNA both increases apparent dsRNA affinity but also, unexpectedly, reduces the
maximal activation of the enzyme compared to either no 3’-ssPy or top strand 3’-ssPy. We note
that this effect is consistent with the bottom strand 3’-ssPy promoting increased interaction with
an OAS1 binding site that results in weaker OAS1 activation. The two-fold difference in Vpax
observed for the 18 bp dsRNA with 3’-ssPy on the bottom strand could thus be explained by an
ability to bind the dsRNA approximately half of the time in the “incorrect” (or less productive)
orientation. Further careful experiments will be required to fully test this concept of competing
weaker or non-activating sites and the molecular basis of their action on OAS1. In the context of
viral infection, for example, such insights would be important as a preferred OAS1 binding site in
viral dsRNA with an intrinsically low ability to activate OAS1 could act as a “sponge” to diminish
activation by other sites within the same dsRNA (59).

Finally, the intermediate activation induced by both the Scramble (Consensus) and
Consensus Strand Swap dsRNAs indicates that both the specific identity of the partially
conserved (W = A/U) consensus nucleotides as well as the intervening (Ng) sequence can
strongly influence OAS1 activation. The role of the conserved WW/WG nucleotides can be
partly rationalized based on interactions observed in the OAS1-dsRNA crystal structure. While
the interaction with the consensus G nucleotide is conserved, different interactions are made at
the other two positions directly contacted by OAS1 where the A-U base pair is reversed in both
cases (Figure 6F-H). While Lys42 may be sufficiently flexible to make optimal interactions with
A or U in the consensus sequence (though not a G-C pair with the additional amino group this
would place in the dsRNA minor groove), we speculate that the closer placement of the U13

carbonyl group to Thr203 may be less readily accommodated, reducing OAS1 activation. The
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role of the intervening sequence is less easily rationalized but the dsRNA in the co-crystal
structure is distorted from a perfect A-form helix, adopting a bent conformation to allow both
ends of the dsRNA are able to contact OAS1 (Figure 7C). Consistent with the limited RNA-
protein interactions in the center of the dsRNA helix, OAS1 is highly tolerant of GU-wobble pairs
in the intervening region (Ng) (47). We speculate that, rather than the nine non-conserved
nucleotides being present simply to provide adequate spacing to place the WW and WG
consensus nucleotides on the same face of the A-form helix (50), the specific sequence in this
region also plays an indirect but important role in OAS1 activation by defining the dsRNA shape
and flexibility upon protein binding.

The current work emphasizes the unexpectedly important role of RNA sequence and the
context of activating motifs in OAS1 activation. While these facets of dsRNA-mediated OAS1
activation have been underappreciated to date, our findings are perhaps unsurprising given that
OAS1-dsRNA interaction must be controlled to avoid aberrant activation by numerous cellular
RNAs with sufficiently long dsRNA regions (47). These findings require us to begin redefining
what constitutes a preferred sequence for promoting potent OAS1 activation and suggest there
may be a continuum of activity with diverse sequences that fit a more general consensus.
Further, the complexities revealed here in the context of a “simple” model dsRNA are likely to
become substantially more complicated in larger dsRNA molecules with multiple potential
overlapping OAS1 binding sites. More precisely defining preferred OAS1 activation sequences
would facilitate accurate location of these features in specific viral or cellular RNAs to provide
deeper insights into both OAS1 regulation and its roles in the uninfected cell. Further work is
thus needed to identify and characterize additional sequence-specific determinants, how these
RNA features work in concert or in competition, as well as the underlying molecular

mechanism(s) by which they regulate OAS1 activation.
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TABLES

Table 1. Summary of OAS1 activation by short dsRNAs in vitro and A549 cells.

Kinetic analysis” Relative 28S
3’-ssPy Initial rate RNA
location (nmol PPy min)® Kapp Vimax | .

(UM) (nmol PP/ min) Cleavage
None 1.4+£0.1 10.3+£1.0 36.0+25 1.0
Top 3.5+0.3 40+£0.3 36.5+14 17205
Bottom 1.6+£0.2 6.5+£0.6 22.8+15 0.6+£0.2
Both ends 4.0+£0.2 ND ND 2.7+£0.2

Initial rate (nmol PPy min)?

Base Pair Move Scramble (Consensus) Consensus Strand Swap

None 2001 0.74 £0.05 0.68 £ 0.06
Top 24+0.2 1.3+0.1 1.0+ 0.1

Bottom 27+03 0.80 £ 0.04 0.64 £ 0.04
Both ends 28+03 1.2+01 0.95 £ 0.04

“Initial rates determined by linear regression analysis on the 0-10 minute time points for
replicate time course experiments performed at a single dsRNA concentration (300 nM dsRNA),
as shown in Figures 2,5, and 6.

®Kinetic parameters (Kapp and Vmax) were determined from fits to data shown in Figure 4. ND,
Not determined.

“Values from quantification of three independent experiments in wild-type A549 cells,
exemplified in Figure 3.
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ABSTRACT

The 2’-5’-oligoadenylate synthetases (OAS) are innate immune sensors of cytosolic double-
stranded RNA (dsRNA) that play a critical role in limiting viral infection. How these proteins are
able to discriminate between foreign and “self” RNAs is not fully understood, but ADAR1
deficiency has been proposed to result in over-stimulation of the OAS/RNase L pathway via
accumulation of activating endogenous RNAs in the absence of adenosine-to-inosine (A-to-I)
editing. Here, we aim to uncover whether and how such sequence modifications can restrict the
ability of short, defined dsRNAs to activate the single domain form of OAS, OAS1.
Unexpectedly, we find that all inosine-containing dsRNAs generated increased the capacity of
the short dsRNA to activate OAS1, whether in a destabilizing (I*U) or standard Watson-Crick-
like base pairing (I-C) context. Additional variants with strongly destabilizing A«C mismatches or
stabilizing G-C pairs also exhibited increased capacity to activate OAS1, eliminating helical
stability as a factor in the relative ability of the dsRNAs to activate OAS1. Using thermal
difference spectra (TDS) and molecular dynamics (MD) simulations, we identify both increased
flexibility and specific local changes in helical structure as important factors in the capacity of
short dsRNAs to activate OAS1. These dsRNA features may allow more ready adoption of the
distorted dsRNA conformation when bound to dsRNA. These studies thus reveal the basis for

previously unappreciated “sequence independent” contributions of dsSRNA to OAS1 activation.
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INTRODUCTION

The 2’-5’-oligoadenylate synthetase (OAS) family of nucleotidyl transferases are responsible for
detecting double-stranded RNA (dsRNA), a potent pathogen-associated molecular pattern,
typically absent in the uninfected cell but abundant during viral infection. OAS requires dsRNA
binding to promote structural rearrangements necessary to form its active site for synthesis of
2'-5’ phosphodiester-linked oligoadenylate (2-5A) signaling molecules (2,3). 2-5A binds the
monomeric latent endoribonuclease (RNase L), promoting formation of the functionally active
RNase L dimer (4-6). Activated RNase L is responsible for restricting viral infection by degrading
viral and cellular RNA, including rRNA, tRNA, and specific mMRNA transcripts required for cell
growth, proliferation, and differentiation (7-11).

The human OAS family is comprised of three catalytically active members: OAS1,
OAS2, and OAS3, which possess one, two, or three OAS domains, respectively. In each
enzyme only one domain retains 2-5A synthesis activity (12-14) and the additional domains are
speculated to be responsible for expanding the dsRNA binding surface to allow detection of a
wider range of dsRNA lengths. As such, OAS1 is capable of detecting short dsRNAs (~18 base
pairs or more) (2) while OAS3 requires >50 base pairs (14).

While the OAS/RNase L pathway is most notable for limiting viral replication and the
spread of infection, there is growing appreciation for potential role(s) in the context of normal
cell function in the absence of infection. For example, OAS has been implicated in diseases
unrelated to viral infection that arise from defects in the OAS/RNase L pathway, including
autoimmune disorders (15-18), cancer (19,20), tuberculosis (21,22), malaria (23), and linked to
resistance for the only approved treatment for gastric cancer (24). These human diseases
allude to additional roles for the pathway beyond innate immunity and highlight potential for
OAS as a drug target for effective therapeutic strategies. Importantly, however, despite these

new advances, we still do not fully understand how OAS1 avoids unwanted self-activation by
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cellular RNAs containing double-stranded regions or how specific features within a dsRNA, of
viral or cellular origin, contribute collectively to promote OAS1 activity.

Recent studies have suggested that a cellular A-to-l editing enzyme, adenosine
deaminase acting on RNA (ADAR1), may play a protective role against self-activation of the
OAS/RNase L pathway and other innate immune sensors of dsRNA (25,26). ADAR1 mutations
have been shown to cause Aicardi-Goutiéres syndrome (AGS), an autoimmune disorder
associated with the upregulation of interferon-stimulated genes (27), identifying a novel function
for ADAR1 as a suppressor of Type | Interferon signaling. Deletion of ADAR1 results in a lethal
phenotype that can be reversed by knocking out RNASEL (28). Together these observations
indicate that the absence of ADAR1 in these cells leads to an accumulation of cellular RNAs
with the capacity to activate the OAS/RNase L pathway. A-to-l editing is proposed to destabilize
dsRNA regions within cellular RNAs thus providing an essential mechanism by which their
propensity to inadvertently activate OAS proteins (and other dsRNA sensors) is reduced
(25,26). However, to date, whether or not OAS1 (or other OAS family members) has the
propensity to be activated by edited cellular dsRNAs (containing inosine) has yet to be directly
tested.

Several studies have identified molecular signatures, including nucleotide sequences
and structural motifs, responsible for potentiating OAS1 activation in vitro and in human cells
(29-32), but their mechanism of action is not well understood. Previously, it was thought that
OAS1 required only two key determinants for activation: (i) perfectly double-stranded RNA that
also (ii) meets the length requirements needed to span the entire dsRNA binding surface (>18
bp). The crystal structure of dsRNA-bound human OAS1 contained an 18 bp dsRNA (Figure
1A) with two overlapping, antiparallel copies of a previously identified OAS1 activation
consensus sequence WWNoWG, where W is A or U and N is any nucleotide (2,30). The
structure revealed the partially conserved (WW/WG) nucleotides of one of these WWNgWG

motifs to be positioned on the same face of the RNA helix, allowing their minor groove base pair
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edges to mediate key contacts with OAS1 residues. The relative lack of contacts between OAS1
and the central region of the consensus (i.e. “Ng”) suggested that, consistent with its variable
sequence, this intervening region’s main function was simply to serve as the necessary spacer
to ensure the WW/WG dinucleotides were positioned appropriately (30). However, our recent
work with variants of the 18 bp dsRNA revealed that changes in the Ng sequence also have the
propensity to strongly influence the extent of activation (1). The OAS1-bound dsRNA is distorted
from a canonical A-form helix, adopting a bent conformation to make direct contacts with OAS1
at each end of the RNA helix (2). Ng sequences with greater inherent flexibility or otherwise
more predisposed to adopt the required bent conformation might offer a plausible explanation
for increased activation without the need for direct interaction with OAS1. Indeed, during the
course of the present work, a molecular dynamics (MD) study revealed the propensity for an
AU-tract in dsRNAs to induce helical bending (33). Such an AU-tract, of the minimum 3-nt
length to induce bending, is present in the 18 bp dsRNA immediately preceding the conserved
G nucleotide of the consensus sequence engaged by OAS1 (Figure 1A).

We began the present work with the goal of addressing whether OAS1 activation is
reduced by A-to-l “editing” in the context of a short dsRNA, and, if so, whether this correlates
with decreased stability or some other alteration in helical structure due to the non-canonical I-U
base pairs. More broadly we aimed to assess the role of helical structure and flexibility in OAS1
activation and whether such properties might underpin the observed influence of the consensus
Ng region on OAS1 activation. We find that A-to-l substitutions within the Ny region reduce
dsRNA stability as anticipated but, contrary to expectation, do not ablate OAS1 activation.
Rather, I-U pairs and diverse other sequence changes in the consensus Ng region enhance
OAS1 activation by either increasing overall helical dynamics or inducing specific local changes

in helical structure.
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MATERIALS AND METHODS

OAS1 protein expression and purification

Human OAS1 was expressed in Escherichia coli BL21(DE3) as an N-terminal 6xHis-SUMO
fusion of amino acids 1-346 (OAS™*; corresponding to the core residues shared by all OAS1

splicing isoforms) from vector pE-SUMO (LifeSensors). Cells were grown in lysogeny broth (LB)

at 37°C to mid-log phase (ODgypo ~0.5), and OAS1 expression was induced with 0.5 mM

isopropyl B-D-1-thiogalactopyranoside (IPTG) and growth continued overnight at 20°C. Cells
were lysed by sonication in 50 mM Tris-HCI buffer (pH 8.0) containing 300 mM NaCl, 20 mM
imidazole, 10% (v/v) glycerol, and 10 mM B-mercaptoethanol. SUMO-OAS'3* fusion protein
was purified from cleared lysate by Ni**-affinity chromatography on an AKTApurifier 10 FPLC
system (GE Healthcare), dialyzed overnight against SUMO cleavage buffer (50 mM Tris-HCI
(pH 8.0), 150 mM NaCl, 10% (v/v) glycerol, and 2 mM DTT), and stored at -80°C. Prior to each
experiment, the N-terminal 6xHis-SUMO tag was cleaved with SUMO protease (Ulp1) for 90
minutes at 30°C and an additional hour at 4°C, followed by dialysis against the appropriate

assay buffer. This process produces OAS'3* with a native N-terminus after SUMO tag removal.

Generating 18 bp dsRNA duplexes

Each RNA strand was chemically synthesized (Integrated DNA Technologies) and used without
further purification. Each 18 bp dsRNA was generated by mixing individual strands at equimolar
concentrations and annealing by heating to 65°C for 10 minutes followed by slow cooling to
room temperature. Native PAGE (20% acrylamide in 0.5X Tris-borate-EDTA) was used to verify
the homogeneity of both single-strand RNAs and dsRNA duplexes prior to use (Figure S1).
Each lane contained RNA (100 ng total) resolved on gels run at 120 V for 3 hours at 4°C,
visualized by staining with SYBR Gold (Invitrogen, 1:10,000), and imaged on a Typhoon Trio

Imager (GE Healthcare).
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Chromogenic assay of OAS1 activity

After removal of the 6xHis-SUMO tag, OAS'** was dialyzed overnight against OAS1 activity
assay buffer: 50 mM Tris-HCI (pH 7.4) containing 100 mM NaCl, 1 mM EDTA, and 1 mM DTT.
Production of pyrophosphate (PP;), the reaction by-product of 2-5A synthesis by OAS1, was
monitored using a chromogenic assay adapted from previously established methods for
measurement of OAS1 activity (1,31,32,34). OAS'>* (100 nM) was incubated with 300 nM
dsRNA or 0.5 pg/ml high molecular weight homopolymer in reactions containing final solution
conditions of 256 mM Tris-HCI (pH 7.4), 10 mM NaCl, 7 mM MgCl,, 1 mM DTT, and 2 mM ATP at
37°C in a 150 pl total reaction volume. Aliquots (10 ul) were removed over a 0-120 minute time
course and the reaction immediately quenched by adding directly to the wells of a 96-well plate
pre-dispensed with 250 mM EDTA (pH 8.0, 2.5 pl). At completion of the time course, 2.5% (w/v)
ammonium molybdate in 2.5 M H,SO,4 (10 ul) and 0.5 M B-mercaptoethanol (10 pl) were added
to each well and the final volume brought to 100 ul with water. Absorbance at 580 nm was
measured using a Synergy Neo2 plate reader (BioTek), background subtracted using an ATP-
only control reaction (lacking both OAS'™* and dsRNA), and converted to pyrophosphate
produced (nmols) using a pyrophosphate standard curve. Experiments were performed as four

independent assays using two different preparations of OAS'**

, each comprising three
technical replicates (technical replicates were averaged prior to plotting and data analysis). Final
values were plotted with their associated standard error of the mean (SEM), and linear

regression analysis was used to obtain initial rates of reaction (nmol PP; produced/minute) for

each dsRNA in GraphPad Prism 9.

OAS1/RNase L activation in A549 cells
Human wild-type and RNase L knock-out A549 cells, constructed using CRISPR-Cas9 gene
editing technology as reported previously (35), were cultured in RPMI1640 cell culture medium

(Corning) supplemented with 10% fetal bovine serum (Bio-Techne) and 100 ug/ml Normocin™
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(Invivogen). Both cell lines were monitored regularly and tested negative for mycoplasma. Cells
were seeded into 12-well plates at 3x10° cells/well and were treated overnight (16 hours) with
500 U/ml IFN-B1a (PBL Assay Science). Cells were then transfected with dsRNAs (50 nM) or
poly(rl:rC) (0.1 pug/ml) using siLentFect Lipid Reagent (Bio-Rad) and incubated at 37°C for 6
hours. Cells were lysed and total RNA was isolated using a RNeasy Plus Mini Kit (Qiagen)
following manufacturer instructions. Total RNA was resolved using an Agilent 2100 Bioanalyzer
system. At least two independent sets of experiments were performed with essentially identical
results for both the wild-type (n = 3) and RNase L knock-out (n = 2) cells, respectively. Bands
resulting from 28S rRNA cleavage in wild-type A549 cells were quantified using ImagedJ and
relative cleavage was plotted with standard deviation (SD) for each set of averaged technical
replicates by normalizing to activity induced by the 18 bp dsRNA (AU3). Statistical significance

was determined by one-way ANOVA with Dunnett's post-hoc test in GraphPad Prism 9.

Immunoblotting

Human wild-type and RNase L knock-out A549 cells were either untreated or treated overnight
(16 hours) with 500 U/ml IFN-B1a (PBL Assay Science). Cells were harvested by rinsing once
with phosphate-buffered saline (Corning), lysed by sonication in RIPA lysis buffer
(ThermoFisher Scientific), and clarified by centrifugation for 10 minutes (16,100 x g at 4°C).
Protein concentrations were determined by Bradford Assay using known amounts of bovine
serum albumin (Bio-Rad) as a standard. Total protein (20 ug/well) was resolved on a 4-12% Bis-
Tris polyacrylamide gel (ThermoFisher Scientific) and transferred to a nitrocellulose membrane
(Bio-Rad) at 50 V for 1 hour at room temperature. Membranes were rinsed in Tris-buffered
saline containing 0.1% Tween-20 (TBST) and blocked in TBST containing 5% (w/v) nonfat dry
milk (Bio-Rad) for 1 hour at room temperature. After washing three times in TBST (5 minutes
each), membranes were incubated in primary antibody diluted in TBST containing 5% (w/v)

bovine serum albumin (Sigma) overnight at 4°C. Membranes were then washed again three
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times in TBST (5 minutes each) before incubating with HRP-conjugated anti-mouse (Promega
#W4021, 1:2,500) or anti-rabbit (Promega #W4011, 1:2,500) secondary antibodies diluted in
TBST containing 5% (w/v) nonfat dry milk for 1 hour at room temperature. Blots were washed
three times in TBST (5 minutes each) then incubated in Clarity Western ECL (Bio-Rad)
according to the manufacturer's recommendations and imaged using a Chemidoc MP system
(Bio-Rad). The primary antibodies used in this study were: RNase L (E-9, Santa Cruz #sc-
74405, mouse monoclonal, 1:1,000), OAS1 (F-3, Santa Cruz #sc-374656, mouse monoclonal,
1:1,000), B-Tubulin (Cell Signaling Technology #2146, rabbit polyclonal, 1:1,000), and Vinculin

(Cell Signaling Technology #4650, rabbit polyclonal, 1:1,000).

RNA UV melting analysis

UV melting curves were collected at 260 nm with a heating rate of 1°C/ minute on a Cary 3500
UV-Vis spectrophotometer (Agilent) using quartz cuvettes with an optical pathlength of 10 mm,
and with a temperature probe placed in a buffer-only sample. Samples contained 25 ug of RNA
in a solution of 25 mM MOPS (pH 7.4) and 0.1 mM EDTA containing either 10 mM NaCl (“low
salt’), 100 mM NaCl (“high salt”), or 100 mM NaCl and 7 mM MgCl, (“high salt with Mg®*”). The
first derivative was calculated for each UV absorbance curve in GraphPad Prism 9 to obtain the
“‘melting profile,” and melting temperatures (T,) were determined using the mid-point of the
peak. At least two independent experiments were performed with essentially identical results

(Table S1).

Thermal difference spectra (TDS)

To assess dsRNA helical structure using TDS (36), we measured the absorbance spectra (225-
340 nm) at two temperatures, one above (95°C) and one below (20°C) the T, of all dsRNAs
under study. Samples contained 25 pg of RNA in a solution of 25 mM MOPS (pH 7.4)
containing 10 mM NacCl, 7 mM MgCl,, and 0.1 mM EDTA. Data were collected on a Cary 3500

UV-Vis spectrophotometer (Agilent) using quartz cuvettes with an optical pathlength of 10 mm,
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and with a scan speed of 3000 nm/ minute and a data interval of 1 nm. Individual spectra were
normalized and difference spectra obtained by subtracting the low temperature spectrum from
the high temperature spectrum (Figure S2A). Final plots were trimmed at 240 nm due to
variability at shorter wavelengths (225-240 nm; Figure S2B) despite minimal variability between
dsRNA preparations (Figure S2C). Three independent experiments were plotted with standard

error of the mean (SEM) in GraphPad Prism 9.

dsRNA molecular dynamics (MD) simulations
Molecular dynamics (MD) simulations were performed on select dsRNA sequences after
addition of short terminal sequences of four G-C base pairs (GGGG/CCCC; “G4”) to give
computational constructs in the form of G4-X-G4, where X = AU3, IU3, IC3, AC3, GC3, GC2, or
GC1 dsRNAs. This design was used to prevent end fraying or other improper conformational
changes during the MD production run at the helix ends from impacting our analysis of each 18
bp sequence. Three additional dsRNAs from our prior study (1) (X = “Scramble”, “Scramble
(Consensus)”, and “Consensus Strand Swap”) and three dsRNAs with highly biased sequences
(X = (AU)4s, (GC)1s, (IC)18) were also analyzed by MD in the same way. Finally, before analysis
of the 18 bp dsRNAs, we analyzed one previously reported dsRNA sequence (“Seq3”; (33)) as
a benchmark for our MD protocol.

dsRNA structures were built using the biopolymer building panel and MD simulation was
performed in Desmond using the OPLS3e force field of the Schrodinger software (2020-4;
Schrodinger, New York, NY, USA). Each system was first neutralized by adding Na* around the
dsRNA using the System Builder module. The neutralized dsRNA was then placed in TIP3P
water, and random water molecules substituted with Na* in order to obtain a total ionic strength
of 10 mM NaCl. The solvated system was relaxed using a series of minimization stages, each of
1 ns duration, with all heavy atoms of the RNA restrained with force constant: 1) 100; 2) 25; 3) 5

kcal/molA?; and finally, 4) with no constraints. Each dsRNA system was heated to 300 K and
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equilibrated in the isobaric-isothermal (NPT) ensemble (P = 1 atm, T = 300 K) for 20 ns.
Production simulations were then performed in the NVT ensemble using the last configuration of
the NPT equilibration for a 200 ns production run. For unrestrained MD simulations, Langevin
thermostat and barostat were used with relaxation times of 1 and 2 ps, respectively. The
equations of motion were integrated using multiple time steps for short-range (2 fs) and long-
range (6 fs) interactions with a 9 A cutoff applied for non-bonded interactions. Coordinates were
saved every 100 ps.

Representative structures in each 10 ns window (100 frames) over the 200 ns run were
selected by using the Schrédinger software to determine the closest structure to the average of
all structures within each window based on RMSD and low energy. The resulting 20 structures
for each dsRNA were analyzed for helical bending, intra- and inter-base pair parameters, and
groove dimensions using the Curves+ webserver (37,38) after removal of the G4 cap regions
from each of the dsRNAs, where applicable. Plots of RMSD (Schrdédinger software) and dsRNA

helical parameters (Curves+) were generated in GraphPad Prism 9.

RESULTS

A-to-l “editing” does not prevent OAS1 activation

To test the effect of A-to-l “editing” on OAS1 activation in the context of a short defined dsRNA,
we generated new variants of the RNA construct used in the human OAS1-dsRNA crystal
structure (2) and our previous analyses of OAS1 activation (1,31). As both the crystal structure
and our previous functional analyses revealed that OAS1 engages productively with only one of
the two OAS1 activation consensus sequences in this dsRNA (highlighted green in Figure 1A),
we focused on the intervening Ng region within this “top” strand consensus. Three A-U base
pairs were selected for A-to-l editing (Figure 1A) following the considerations that changes
should not be immediately adjacent to the conserved WW/WG top strand consensus

nucleotides nor directly alter the conserved nucleotides of the “bottom” strand consensus. Thus,
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Figure 1. I°U base pairs do not diminish OAS1 activation by a short dsRNA. A, Schematic of the
18 bp dsRNA with two overlapping, antiparallel WWNgWG OAS1 activation consensus sequences
(conserved WW/WG nucleotides, green and blue respectively). Non-conserved (Ng, grey) nucleotides
are only highlighted for the “top” strand which is engaged by OAS1 in the OAS1-dsRNA crystal
structure (2). The A-U base pairs selected to generate dsRNA variants for these studies are indicated
in outline font. B, Three inosine-containing dsRNAs were generated by introducing one (IU1), two
(IU2), or three (IU3; combined 1U1 and IU2) adenosine to inosine (A-to-l) substitutions. C, Comparison
of canonical Watson-Crick A-U (leff) and non-canonical I-U (right) base pairing, noting a shift in base
and phosphodiester backbone positions necessary to maintain two hydrogen-bonding interactions
(open and closed circles with arrow). D, UV thermal melting profiles (shown for the 100 mM NacCl
condition) indicate that 1*U containing dsRNAs (purple shades) are progressively destabilized (lower
Tm) with increasing number of changes compared to the original dsRNA (AU3, black dotted line). E,
Reaction progress curves from an in vitro chromogenic assay of OAS1 activity using a single dsRNA
concentration (300 nM) with the same dsRNAs showing OAS1 activation is concomitantly enhanced

as the number of I*U base pairs increases.

any changes in OAS1 activation should arise due to alterations in helical structure within the
central region of the dsRNA, which is not directly contacted by OAS1, and not because of

alterations to important interactions with the conserved consensus residues.
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Following the above strategy, we generated three inosine-containing 18 bp dsRNAs by
making one (IU1), two (IU2), or three (IU3; combined IU1 and 1U2) I-U base pair substitutions in
the center of the 18 bp dsRNA (Figure 1B,C). The parent 18 bp dsRNA which retains the
original three A-U base pairs will be referred to as “AU3” for consistency in naming of these
constructs. Each dsRNA was generated by annealing two complementary single-strand RNAs
and stable duplex formation confirmed by native polyacrylamide gel electrophoresis (Figure
S$1). To maintain hydrogen bonding, I*U base pair have altered backbone geometry and base
positioning compared to canonical Watson-Crick base pairing (Figure 1C), disrupting the
dsRNA helical shape and stability. First, we measured melting temperature (T,) values for each
variant by UV thermal melting analyses under three conditions distinguished by low salt (10 mM
NaCl), high salt (100 mM NacCl), and high salt with Mg®* (100 mM NaCl, 7 mM MgCl,). We
selected these conditions as they reflect the components used in our OAS1 activation assay
(i.e. 10 mM NaCl and 7 mM MgCl,); however, Mg** was added only in the presence of high salt
to reduce potential for RNA hydrolysis by the divalent ion at higher temperatures. Under all
three solution conditions, dsRNA T, decreases concomitantly as the number of inosine
substitutions increases (Figure 1D), consistent with reduced dsRNA stability, as expected.
Increasing solution ionic strength, i.e. low salt vs. high salt and high salt vs. high salt with Mg?*,
shifts the T, of each I*U base pair-containing dsRNA higher by similar amounts (AT,, ~10-12°C)
such that relative differences between the three dsRNAs remain the same regardless of the
solution condition. The dsRNA T, values in high salt (100 mM NacCl) therefore likely most
closely reflect dsRNA stability under OAS1 in vitro assay conditions and these are reported as
average values in Table 1 for the IU variants and all other dsRNAs tested in subsequent
experiments (individual measurements in all three conditions are also shown in Table S1).

As a consequence of the reduced stability with [sU base pairs, we also expected to
observe a corresponding strongly decreasing trend in each dsRNA'’s ability to activate OAS1.

However, when the I1*U dsRNAs were tested in an established in vitro OAS1 activation assay,
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the inosine-containing dsRNAs all unexpectedly enhanced OAS1 activation (Figure 1E and
Table 1). Further, this modest increase in OAS1 activation directly correlated with the number of
U base pairs incorporated (i.e. trend in OAS1 activation: AU3 < U1 < IU2 < IU3). Thus,
contrary to expectation, changes in the short dsRNA of the type arising from natural A-to-I

editing do not decrease OAS1 activation, despite the anticipated reduction in dsRNA stability.

OAS1 activation is enhanced by inosine and mismatches in the center of short dsRNAs
The ability of IeU pair-containing dsRNAs to modestly enhance OAS1 activation by the short
dsRNA could arise through generally increased helical flexibility, specific change in helical
structure to accommodate the non-isosteric base pairs, or a property of the non-standard
inosine base itself. To begin addressing these possibilities, we generated two further series of
18 bp dsRNAs containing either I-C or A<C pairings with one, two, or three sets of substitutions
at the same sites and with the same naming convention as before (Figure 2 and S$1). These
base pair substitutions were selected because I-C pairs place inosine in the same locations
while maintaining Watson-Crick-like base pairing and geometry, whereas A+C pairings introduce
a different strongly destabilizing mismatch that does not contain inosine.

I-C base pair-containing dsRNAs were prepared as before (Figure S$1) and assessed for
thermal stability by UV melting analysis (Figure 2B). As expected, T, values for the three I-C
dsRNAs were similar (within ~3°C) under each given solution condition and also similar to AU3
dsRNA (Figure 2B, Tables 1 and S1). Again, no specific differences in stability were observed
between the low and high salt, or with Mg?* conditions (Table S1). Thus, unlike I-U pairs, I-C
pairs do not destabilize the short dsRNA. Next, we assessed the three IC dsRNAs in the in vitro
OAS1 activity assay and found that despite their identical stability to each other and AU3
dsRNA, OAS1 activation was again modestly enhanced (Figure 2C and Table 1). However, we
note these base pair changes result in a different order of relative ability to activate OAS1

compared to the IU dsRNAs: both IC1 and IC2 cause the same intermediate level of activation
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Figure 2. OAS1 activation is potentiated by inosine substitutions and mutations that introduce
non-canonical Watson Crick base pairing. A, Schematic of the inosine-containing model 18 bp
dsRNA with I-C base pairing (shown below), which adopts normal Watson-Crick base pair geometry.
B, UV thermal melt analysis shows little to no change in melting temperature for the I-C substitutions
(green) compared to AU3 (black dotted line). C, Reaction progress curves for in vitro OAS1 activation
for all I-C variants (green) and AU3 (black dotted line). D, same as in panel A, but for AeC mismatches
to test the correlation between OAS1 activation and dsRNA stability. For the A*C mismatch, the shift
in base and phosphodiester backbone positions necessary to form a single hydrogen-bonding
interaction is noted (open and closed circles with arrow). E, UV thermal melt analysis shows that
destabilization of the dsRNA duplex by introducing A*C mismatches in this region shifts to lower
melting temperatures compared to AU3 (black dofted line). F, same as in panel C, but for all A«C
variants (blue) and AU3 (black dotted line).

between AU3 and IC3, while three I-C pairs in IC3 most significantly increase OAS1 activity (i.e.
order AU3 < IC1 ~IC2 < IC3).

Next, we tested the 18 bp dsRNA with one (AC1), two (AC2), or three (AC3) A-C
mismatched base pairs (Figure 2D and S1) using the same two assays. As expected, there is a
large shift to lower T, under all conditions as the number of A«C mismatches increases (Figure
2E, Tables 1 and S1). The same consistent shifts in T, between the different conditions are
observed again, albeit somewhat reduced for AC3 with a AT,, of only ~6°C on addition of Mg**

(Table S1). Remarkably, addition of A«C mismatches robustly enhanced OAS1 activation
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compared to AU3 dsRNA (Figure 2F). Further, as for the I-C dsRNAs, all three A-C
substitutions are required to achieve the largest enhancement in OAS1 activation, whereas AC1
and AC2 produced a similar intermediate level of OAS1 activity (i.e. order AU3 < AC1 ~ AC2 <
AC3).

The results thus far show that base pair changes in the middle of the OAS1 consensus
sequence that reduce helical stability (IeU and A-C base pairs) unexpectedly enhance the
capacity of the short dsSRNA used here to activate OAS1. Further, inosine-containing dsRNAs
are also modestly better activators regardless of whether the dsRNA is destabilized (I-U-
containing dsRNAs) or not (I-C-containing dsRNAs) by incorporation of the modified base. As
noted earlier, OAS1-bound dsRNA adopts a distorted structure to make contacts from both ends
of the helix to the protein. Thus, destabilization of the dsRNA central region with IsU or A+C pairs
could increase OAS1 activation by allowing this necessary helical structure to be more readily
adopted. The potential for short dsRNA regions containing destabilizing pairings, such as
mismatched base pairs, to retain an ability to activate OAS1 is particularly intriguing. This
finding suggests that searches for perfectly paired regions of >18 base pairs in cellular RNAs
likely significantly underestimate the number of potential endogenous OAS1-activators. We
therefore decided to further test this idea by examining dsRNAs with additional G-C base pairs

that would be expected to have the opposite effect on helical stability.

Stabilization with G-C substitutions can also enhance OAS1 activation by short dsRNAs

As a first test of the idea that dsRNAs enriched in G-C base pairs should result in lower OAS1
activity due to increased helical stability or rigidity, we used the in vitro OAS1 activation assay to
test two high molecular weight homopolymers, poly(rA:rU) and poly(rG:rC), in comparison with
the known potent OAS1 activator poly(rl:rC). Each homopolymer had widely different capacities
to activate OAS1 with poly(rl:rC) dsRNA (Figure 3, green triangle) being the most potent and

poly(rG:rC) dsRNA (Figure 3, red circle) promoting the least amount of OAS1 activation. The
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Figure 3. Homopolymer sequence strongly influences OAS1 activation. Reaction progress
curves for in vitro OAS1 activation by three long synthetic dsRNAs: poly(rA:rU) (black square),
poly(rl:rC) (green triangle), and poly(rG:rC) (red circle) at a single concentration (0.5 pg/ml).

poly(rG:rC) dsRNA was found to only be capable of weakly activating at 60-fold higher
concentration (Figure S3). Thus, the results with dsRNAs containing highly biased sequences
support the idea that more stable and, likely, more rigid dsRNA is a poor activator of OAS1.
These results also underscore that poly(rl:rC) is an unusually potent activator relative to
dsRNAs of similar length containing only the four standard bases.

Next, to test whether addition of G-C base pairs has the same effect in the context of the
18 bp dsRNA, we generated dsRNAs with one (GC1), two (GC2), or three (GC3) G-C
substitutions as before (Figure 4A and S$1). As expected, UV thermal melting analysis revealed
overall higher melting temperatures for all three GC variants compared to AU3 with a clear
positive correlation between the number of G-C base pairs and the increase in T, under all
solution conditions (Figure 4B, Tables 1 and S1). Surprisingly, however, the addition of G-C
base pairs in the 18 bp dsRNA, once again resulted in increased OAS1 activation (Figure 4C
and Table 1). In this set of dsRNAs, a further distinct pattern of relative activation was observed
with the tandem G-C substitutions of GC2 being sufficient to achieve the same highest level of
activation as GC3 (i.e. order AU3 < GC1 < GC2 ~ GC3). These results suggest there must be
some other features, in addition to the destabilizing effects of the IU and A+<C pairs, that can

lead to increased activation capacity.
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Figure 4. dsRNA helix stabilizing G-C base pairs enhance OAS1 activation. A, Schematic of
model 18 bp dsRNA modified to include one (GC1), two (GC2), or three (GC3) G-C base pairs (white).
B, UV thermal melt profiles indicate that increased G-C content (red) corresponds to an increase in
respective melting temperatures compared to AU3 (black dotted line). C, Reaction progress curves for

in vitro OAS1 activation of all G-C variants (red) and AU3 (black dotted line).

Differences in dsRNA structure correlate with their capacity to activate OAS1

Next, we used thermal difference spectra (TDS) to determine whether specific dsRNA helical
structure differences in each dsRNA variant series could be identified that might underpin the
observed increases in OAS1 activity. TDS for nucleic acids are obtained by measuring UV
absorbance at a range of wavelengths at two temperatures, one above and one below the T,

corresponding to the unfolded and folded states of the molecule, respectively. The difference
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between these two spectra (the TDS) arises through changes in base stacking interactions and
thus contains valuable information characteristic of a given nucleic acid structure (36).

The TDS spectrum for AU3 dsRNA is characterized by three major features: a broad
positive peak at ~270-280 nm flanked by two minima, a broad, likely double, minimum at ~285-
295 and a weaker but sharper minimum at ~260 nm (Figure 5A). Features below ~250 nm were
more variable between replicate experiments (Figure S2) and were not considered further.
Clear differences in TDS spectra for each dsRNA variant series are observed compared to AU3
dsRNA, with common changes largely centered on an increase and/or rightward shift in the
broad positive peak at ~270-280 nm and an increase (to less negative value) in one or both
components of the double negative peak at ~285-295 nm. Importantly, excellent correlation
between these spectral changes and order of ability to activate OAS1 within each series is also
observed, as discussed further below, indicating that the TDS differences reflect dsRNA base
stacking and helical features relevant for OAS1 activation.

U pair-containing dsRNAs alter each of the three major TDS spectral features in
specific ways (Figure 5B). IlU1 dramatically increases the broad ~270-280 nm peak and also
slightly increases the negative peak at 260 nm while the other negative peak at ~285-295 nm is
essentially unaffected. In contrast, 1U2 significantly increases the negative ~285-295 nm peak,
but only more modestly increases the ~270-280 nm peak and has no effect on the peak at 260
nm. In IU3, these distinct effects are almost perfectly combined with this dsRNA having the most
pronounced increase in the ~270-280 nm peak, the strongest increase in the negative peak at
~285-295 nm (particularly in the shorter wavelength half, ~285-290 nm), and an identical
increase as observed for IlU1 at 260 nm. Thus, these base pair changes and the base stacking
and helical alterations they induce, are consistent with in vitro OAS1 activation by these
dsRNAs where 1U1 and U2 exhibit distinct intermediate levels of activation that are additive to

make U3 the most activating in this dsSRNA series.
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The I-C base pair changes also appear to impart unique differences in base stacking
and helical structure as revealed by TDS. IC1 increases the positive ~270-280 nm peak but has
essentially no effect on the other two regions. In contrast, IC2 sharply decreases (more
negative) the 260 nm peak but also reduces the lower wavelength half of the positive ~270-280
nm peak (Figure 5C). Finally, IC3 contains spectra features of both variants, including
increased 260 nm (IC2) and ~270-280 nm (IC1) peaks, but with pronounced rightward shift of
the latter peak and loss of the shorter wavelength half of the negative ~285-290 nm peak. As for

the IU dsRNAs, the changes in structure reflected in the TDS are consistent with the
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Figure 5. Thermal difference spectra (TDS) identify structural changes in dsRNA that correlate
with increased OAS1 activation. A-E, UV absorbance was monitored for each indicated dsRNA over
a range of wavelengths (240-320 nm) for the unfolded (95°C) and folded (20°C) states. TDS was
obtained by normalizing individual data sets before subtracting absorbance values collected at 20°C
from values collected at 95°C. All plots contain AU3 (black dofted line) for comparison and standard
error of the mean (SEM) is shown for three independent experiments as transparent shading on each
curve. Spectral features discussed in the main text are marked in panel A and labeled on each curve
with specific dsRNAs in panels B-E. F, Plot of TDS at 286 nm against initial rate of OAS1 activation

for each dsRNA shows a strong positive correlation for this spectral feature.
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intermediate increase in OAS1 activation for IC1 and IC2 that combine in IC3 to make the
strongest activator in this series of dsRNAs.

dsRNAs with A«C base pairs each result in similar changes in TDS (Figure 5D), with
increases in both the positive ~270-280 nm and negative ~285-295 nm peaks (particularly in the
shorter wavelength half, as for IU3). Here, AC1 and AC2 produce almost identical changes in
the spectra, and these effects are additive in the spectrum for AC3. These results suggest that
the A-C pairs induce similar, more global helical structure destabilization regardless of their
location and, again, the changes in TDS accurately mirror the order of OAS1 activation: AC1 ~
AC2 < AC3.

Finally, the G-C base pairs result in the most pronounced changes in TDS of all the
variant series, again centered on the peaks at ~270-280 nm and ~285-295 nm, with the
negative 260 nm peak unaffected in all three dsRNAs (Figure 5E). While GC1 induces an
increase in both peaks, the changes for GC2 and GC3 dsRNA are more pronounced and
extremely similar in magnitude. In both latter dsSRNAs, the negative ~285-295 nm is completely
lost and appears in part as a shoulder on a broadened positive peak from ~270-290 nm. Thus,
in contrast to the other dsRNA variants, for the G-C base pairs there appears to be relatively
little additive effect in changes caused by GC1 and GC2. Instead, the effect of the tandem G-C
pair of GC2 appears to dominate in both GC2 and GC3 dsRNAs, again mirroring the order of
activation: GC1 < GC2 ~ GC3.

In summary, the TDS reveal that specific changes in base stacking and/ or helical
structure arise from the distinct base pair changes in each dsRNA variant series and that the
nature and extent of these changes faithfully reflect the extent of OAS1 activation by each RNA.
Further, many of these changes appear to be shared among several of the dsRNA variants. For
example, change in TDS at 286 nm is highly correlated within and between the I-U, I-C, and
A<C base pair containing dsRNAs (Figure 5F). At this wavelength, G-C base pair containing

dsRNAs also show an increase consistent with OAS1 activation (i.e. GC1 < GC2 ~ GC3), but
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additional helical structure changes, that do not impact OAS1 activation, apparently result in
significantly greater TDS. Together, these data clearly support the idea that dsRNA helical
structure and dynamics, as dictated by specific sequence changes, play an important role in
regulating the extent of OAS1 activation. While many changes in TDS observed are consistent
between the most potent OAS1 activators in each dsRNAs variant series, the specific helical
structures and/or dynamics underpinning these changes cannot be directly discerned. To gain

such insights, we turned to molecular dynamics (MD) simulations of these dsRNAs.

MD simulation reveals a role for helical dynamics in OAS1 activation
We used MD simulations to gain deeper insight into the helical and local base pair/ base step
properties within the Ng region of select dsRNAs to define the basis for the structural differences
identified by TDS and which confer their increased capacity to activate OAS1. As noted earlier,
a recent MD study identified alternating AU sequences of three or more consecutive nt in length
as a potential source of helical bending within dsRNA (33). We therefore first used one of the
test sequences (“Seq3”) from this study to benchmark our MD production protocol which used
the Desmond module of the Schrdodinger software (release 2020-4; see Methods for details).
Seq3 contains the sequence AUAU in the center of a 24-nucleotide dsRNA and was
found to induce the most pronounced helical bending angle of 16.0 +/- 1.1° among three AU-
tract-containing sequences tested, as well as a characteristic narrowing of the major groove at
this sequence (33). As our analysis of other dsRNAs (see below) revealed relevant structural
fluctuations on shorter timescales than used in this study, we chose to analyze 20
representative structures from consecutive 10 ns segments of a 200 ns production run using
Curves+ (37,38). This analysis produces an average bending angle of 14.5°, close to the
published value (33). However, we note that our comparatively fine-grained analysis (20 PDBs
over 200 ns vs. 5 PDBs over 1000 ns) appears to distinguish a minor cluster with lower bending

angles (~5-8°), a major cluster with higher bending angles (~11-21°), and single high outlier.
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Excluding the outlier and minor cluster gives an average bending angle of 16.5° (Figure S4A),
essentially identical to the published value (33). Additionally, the Curves+ analysis of major
groove width reveals the previous reported 3-4 A narrowing centered on the AUAU sequence
(Figure S4B). Thus, our MD procedure faithfully replicates previously reported dsRNA helical
features of the type that could potentially influence OAS1 activation.

MD analysis was first performed for 200 ns for the parent 18 bp dsRNA (AU3) and the
variants with three base pair changes of each type (i.e. IU3, IC3, AC3, and GC3) as these
dsRNAs showed the most pronounced changes in TDS correlated with enhanced OAS1
activation within each group of variants. Consistent with their decreased helical stability in the
thermal melting studies, both U3 and AC3 exhibited an overall higher root mean square
deviation (RMSD) compared to both AU3 and the other variants, IC3 and GC3 (Figure S4C).
Greater flexibility in the structures of these two dsRNAs was also reflected by their significantly
higher mean bending angle compared to the AU3, IC3, and GC3 dsRNAs (Figure 6A). The 1U3
and AC3 dsRNAs also showed an overall expanded range of bending angles and, for AC3, an
overall upward shift of this expanded range to higher values. Consistent with higher overall
RMSD and increase in helical bending, alignment of all 20 structures reveals larger variation in
overall helical structure for both the IU3 and AC3 compared to AU3 dsRNA (Figure 6B). In
contrast, IC3 and, to an even greater extent, GC3 exhibit lower variation among the 20
representative structures.

Examination of a wide range of helical, base step, and base pair parameters determined
using Curves+ reveals more detail on the wide-ranging impacts of these destabilizing base pair
changes on dsRNA helical structure (Figure S5A-D). Notably however, in all cases the first 7-8
base pairs or base pair steps which comprise one region directly contacted by OAS1, are
essentially indistinguishable in structure from AU3 dsRNA. In U3 and AC3 dsRNAs, large
deviations in these structural parameters are centered on the regions following one or both of

the sites with altered base pairs. As such, changes in helical and local base pair structure are
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Figure 6. Increased dsRNA dynamics and specific helical features underpin enhanced OAS1
activation by short dsRNAs. A, Helical bending angle calculated for the 20 structures representative
of each 10 ns of the 200 ns simulation of each dsRNA indicated. B, Alignment of all 20 representative
structures for the indicated dsRNA simulation. The structure from the first (lighter color) and last
(darker color) 10 ns segments of each simulation are highlighted, with the 18 intermediate structures
shown as semi-transparent cartoons. The locations the base pairs changed in each dsRNA are
indicated and the nucleobases highlighted (spheres). C, Interactions formed by the tandem I+U base
pairs in representative structures at the indicated simulation time points, including the start and end,
colored as in panel B. D, As for panel C, but for the single base pair change with the three structures
overlaid. E, Comparison of base pair tilt for the 20 representative structures from MD simulation of
AU3 and the GC series dsRNAs (GC1, GC2, and GC3) determined using Curves+. Values for the
OAS1-bound RNA structure (PDB code 41G8) are also indicated (gray shaded area). Steps with mean
tilt values mirroring those in the bound dsRNA structure (41G8) in the most activating GC2 and GC3
dsRNAs but not GC1 and AU3 are indicated above the plots with arrowheads. The black bar above
the x-axis indicates the main regions (on either strand) of contact with OAS1 in the complex crystal
structure. The sequence of GC3 dsRNA is shown underneath for reference. F, As in panel E but
comparison of IC3 (sequence shown below for reference), AU3, and bound structure (41G8). G,
Comparison of mean tilt for strongly activating GC3 dsRNA and non-activating Scramble dsRNA. The
Scramble sequence shown below for reference lacks consensus sequences but their positions in the

other dsRNAs are indicated for comparison.
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localized to the central region between the conserved OAS1 consensus dinucleotides
(WW/WG). With only one exception (for axial bend; Figure S5A) structural parameters for U3
and AC3 dsRNAs return to values similar to AU3 dsRNA by the final 2-3 base pairs or base
steps (Figure S5A-D).

Examination of representative structures from the AC3 and IU3 simulations also reveals
the potential for both tandem base pair substitutions (12:7° and 13:6’, where ‘ denotes the
bottom strand nucleotide) to induce large local changes in helical structure and base stacking
(Figure 6C,D and S5E). Early in the U3 simulation (within 30-50 ns) the U13:16’ pair becomes
disrupted and U13 moves toward the helical axis forming a hydrogen bond via its base N3 to the
2’-OH of 16’, creating a stack of three bases with the two inosines (16’:U13:17’; Figure 6C). This
structure subsequently persisted throughout the simulation, with only one minor variation near
the end of the simulation in which 16’ shifts up within the helical base stack nearer to A%’
(exemplified by the 200 ns representative PDB in Figure 6C). In contrast, the single I1-U base
pair (base pair 9:10) maintained relatively consistent mismatched base pairing and base
stacking interactions throughout the simulation (Figure 6D). In AC3 dsRNA, we observe
formation of a similar structure in which a purine base (A7’) rather than the pyrimidine shifts
toward the central axis to form a similar single base stack (C13:A7:C12; Figure S5E). While
this structure persists over several 10 ns segments of the simulation, these changes in AC3
appear more transient, returning to structures with distinct tandem mismatch A-C pairs and,
finally, second distinct non-helical structure in which C13 is fully extruded from the helix,
strongly kinking the RNA phosphodiester backbone (Figure S5).

In summary, the MD simulations reveal that inherent general deformability in the dsRNA
region between the major contacts with OAS1, likely underpins the ability of the IU3 and AC3
dsRNA more strongly drive allosteric activation of the enzyme. The potential formation non-A-

form helical structures, in particular by the tandem I-U pairs may also have implications for the
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mechanism by which editing masks cellular dsRNAs from other innate immune sensors (see

Discussion).

Specific base pair changes pre-dispose helical parameters to favor the short dsRNA
adopting an OAS1-bound-like conformation

In contrast to AC3 and IU3 dsRNAs, the increased capacity of IC3 and GC3 dsRNAs to activate
OAS1 cannot result from a general increase in helical flexibility or deformability. To provide
additional comparisons which might aid in pinpointing any specific helical parameters that
contribute to increased OAS1 activation in these dsRNAs, we ran additional simulations of GC1
(activation similar to AU3) and GC2 (activation similar to GC3). Both exhibited similar overall
RMSD and overall bending angle to AU3 dsRNA (Figures S4C and 6A, respectively). As
before, helical and base pairing/ base step parameters were determined using Curves+ (37,38)
for comparison with each other and to the structure of the 18 bp dsRNA corresponding to AU3
bound to human OAS1 (2) (Figures 6E and $6). Of these parameters, base pair tilt is
particularly characteristic of local helical bending and three regions apparent in GC3 where the
simulation suggests a propensity to adopt a more OAS1-bound-like structure (Figure 6E;
regions marked with arrowheads). Importantly, most of these sites in GC3 dsRNA which more
closely match the OAS1-bound dsRNA in their base pair tilt, are also present in GC2 dsRNA; in
contrast, GC1 dsRNA appears consistently more similar to AU3, in both cases mirroring the
respective differences between these pairs of dsRNAs in both their OAS1 activation capacity
and TDS. While less pronounced in IC3, at least one region mirroring the bound structure is also
apparent (Figure 6F). Further, a simulation of a randomized sequence (Scramble) previously
shown to lack any capacity to activate OAS1 (1), appears close to anti-correlated in tilt values
throughout (Figure 6G). Collectively, these insights reveal that local changes in base pair tilt

likely have pronounced impact on OAS1 activation by short dsRNAs.
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These dsRNAs also share an UAUG (underlined nts are the conserved WG of the OAS1
consensus sequence) immediately after the site where our tandem base pair changes are
introduced. AU3 and both GC2 and GC3 all show modest narrowing of the major groove around
this sequence (Figure S6A), consistent with the reported effect of AU-tract sequences on
helical structure (33). It is possible that G-C base pairs preceding this sequence help stabilize a
structure in this region that promotes OAS1 activation by this short dsRNA, in ways that are not
fully apparent from simulations of the free dsRNAs. However, in further support of this idea,
Scramble dsRNA which does not activate OAS1, lacks the UAUG sequence and has a
markedly widened major groove in this region (Figure S6E). Finally, differences in other helical
or base pair parameters between GC2/ GC3 and AU3 dsRNA (Figure S6A-D) could also
contribute to greater activation in subtle ways that are apparent from simulation of the free

dsRNAs or by comparison to the OAS1-bound structure.

Additive effects of distinct helical features on OAS1 activation

The MD simulations with short dsSRNAs revealed two distinct mechanisms by which alterations
in sequence can impact helical structure or dynamics to effect greater OAS1 activation:
generally increased dynamics in the central region of the helix or specific local changes in
helical structure, in particular, base pair tilt. An obvious next question is where these distinct
effects can be combined in a single dsRNA to produce an even more potent OAS1 activator. To
test this idea, we combined the AC1 and GC2 base pair changes (AC1-GC2 dsRNA) and did
indeed find this dsRNA to be a significantly better activator than either individual variant (Figure
7A,B). Consistent with our interpretation of MD simulations thus far, analysis of AC1-GC2
dsRNA revealed, an increased overall RMSD compared to AU3 or any of the G-C pair-
containing dsRNAs (Figure S4C) and an overall mean bending angle comparable to these other
dsRNAs (Figure 7C). Additionally, AC1-GC2 exhibited the same local structural features

reflected by base pair tilt as observed in GC2 and GC3 dsRNAs (Figure 7D, marked with
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Figure 7. Sequence changes resulting of enhancement of OAS1 distinct via distinct molecular
mechanisms have additive activity. A, Schematic of the 18 bp dsRNA AC1-GC2 combining the AC1
and GC2 bas pair changes. B, Reaction progress curves from an in vitro chromogenic assay of OAS1
activity using a single dsRNA concentration (300 nM) showing OAS1 activation is enhanced by
combination of the AC1 and GC2 base pair changes in AC1-GC2 dsRNA. Data for AU3, AC1 and
GC2 dsRNAs shown for comparison are the same as in Figures 2 and 4). C, Helical bending angle
calculated for the 20 structures representative of each 10 ns segment of the 200 ns simulation of AC1-
GC2 dsRNA. Data for AU3 shown for comparison are the same as in Figure 6. E, Comparison of base
pair tilt for the 20 representative structures from MD simulation of AC1-GC2 dsRNA and other
indicated dsRNAs determined using Curves+. Arrowheads denote sites with mean tilt values mirroring
those in the bound dsRNA structure (41G8) as indicated for GC2 and GC3 dsRNAs in Figure 6E.
Asterisks denote sites where tilt parameters in in AC1-GC2 match the two G-C base pair dsRNAs but
differ from AC3 dsRNA. The black bar above the x-axis indicates the main regions (on either strand) of
contact with OAS1 in the complex crystal structure (PDB 41G8). The sequence of AC1-GC2 dsRNA is

shown underneath for reference.

arrowheads), including two sites where opposite distortions in AC3 dsRNA are reversed to the
more OAS1-bound-like conformation (marked * in Figure 7D). Similarly, combination of AC1
and GC2 base pair changes results in other helical and base pair parameters more like AU3

and GC dsRNAs (Figure S7).

Short dsRNA-mediated OAS1/RNase L activation in human cells mirrors their activity in

vitro
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We next assessed whether these dsRNAs with different base pair changes retain their ability to
activate the OAS1/RNase L pathway in human lung carcinoma A549 cells. Wild-type and
RNase L KO A549 cells were pre-treated with interferon to induce the expression of OAS1
(Figure 8A,B) and transfected with either AU3 or with three base pair changes from each
dsRNA series, i.e. IU3, IC3, AC3, or GC3, alongside mock transfection and poly(rl:rC) dsRNAs
as negative and positive controls, respectively. Transfection of A549 cells with each short
dsRNA or poly(rl:rC) dsRNA results in the degradation of 28S and 18S rRNA (Figure 8A)
consistent with OAS/RNase L pathway activation. In contrast, no rRNA cleavage was observed
in the RNase L KO cells (Figure 8A) confirming that dsRNA-induced cleavage is a direct
consequence of OAS/RNase L pathway activation. Additionally, our previous demonstration that
Scramble dsRNA does not activate OAS1 in vitro or induce rRNA cleavage in A549 cells (1)
further confirms the dependence of the observed pathway activation on the specific dsRNA
sequence used. It is also important to note that the short dsRNAs are the minimal length (~18
bp) required to activate only OAS1; therefore, the greater observed rRNA cleavage for
poly(rl:rC) dsRNA is likely due to both its potency as an activator of OAS1 and also its ability to
activate additional OAS family members (i.e. OAS2 and OAS3).

To compare the degree of rRNA cleavage among the short dsRNAs, the major 28S
cleavage product (Figure 8A, solid arrow) was quantified and normalized to AU3 dsRNA
(Figure 8C and Table 1). Overall, the cell-based assays correlate well with the respective
capacity of each dsRNA to activate OAS1 in the in vitro chromogenic assay: all dsRNA variants
exhibit increased activity mirroring relative in vitro activation of OAS1 with one exception, AC3
dsRNA (Figure 8C,D). The variability observed for the AC3 dsRNA could be due to lower
transfection efficiency (e.g. A+C pairs may be protonated to form two hydrogen bonds) and/or
the multiple mismatched base pairs could render these short dsRNA more susceptible to strand

dissociation and degradation by cellular RNases.
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Figure 8. Activation of the OAS1/RNase L pathway by WWNyWG dsRNA variants mirrors their
capacity to activate OAS1 in vitro. A, Analysis of rRNA integrity in wild-type (top) or RNase L KO
(bottom) A549 cells following transfection with dsRNAs: AU3 (black), U3 (purple), IC3 (green), AC3
(blue), and GC3 (pink). Mock transfection and transfection with poly(rl:rC) dsRNA serve as negative
and positive controls, respectively. 28S/18S rRNA degradation (arrows) is indicative of OAS1/RNase L
pathway activation. A representative experiment with technical duplicates for each dsRNA is shown.
B, Western blot analysis confirming both OAS1 expression following interferon (IFN-B1a) treatment
and absence of RNase L in the RNase L KO cells. C, Quantification of the 28S rRNA cleavage product
(panel A, solid arrow) for each dsRNA normalized to cleavage induced by AU3 (black). Data is shown
as the mean with standard deviation (SD) for three independent experiments, and one-way ANOVA
with Dunnett's post-hoc test was used to determine statistical significance, p < 0.01 (**). D, Reaction
progress curves for in vitro OAS1 activation by AU3 (black dotted line) and the third variant in each
mutation series: 1U3 (purple), 1C3 (green), AC3 (blue), and GC3 (pink) are shown for comparison

(these data are the same as shown in Figures 1, 2, and 4 for each dsRNA).

DISCUSSION

A recent report indicated that A-to-1 editing by ADAR1 is responsible for eliminating inadvertent
activation of the OAS/RNase L pathway by endogenous dsRNAs in uninfected cells (28). Thus,
we set out to determine OAS1 sensitivity to inosine modifications within a short 18 bp dsRNA.

We also used these tools to extend our prior work showing that the Ng sequence within the



121

OAS1 activation consensus sequence (WWNoWG) plays an important, and to date,
unappreciated role in OAS1 activation. As observed in the human OAS1-dsRNA crystal
structure (2), dsRNAs adopt a bent, imperfect A-form helix when bound to OAS1 allowing
interactions with the protein at two locations on its surface. Thus, sequence changes that alter
dsRNA structure or dynamics, either making the helix too flexible or too rigid, would undoubtedly
alter the dsRNA'’s ability to regulate OAS1 activation. Surprisingly, our studies revealed that, at
least in the context of short dsRNAs, OAS1 is still able to sense inosine-containing dsRNAs. Not
only was OAS1 activated by inosine-containing dsRNAs, but these modifications in fact
generated dsRNAs that were even better OAS1 activators.

Both in vitro and cell-based assays of OAS1 activation showed that incorporating
mismatched base pairs, such as those introduced by A-to-l editing, does not eliminate OAS1’s
ability to sense these short dsRNAs. Unexpectedly, all of the substitutions made to alter RNA
shape, conformation, and/or flexibility resulted in markedly better activators of OAS1. TDS
analysis showed that nucleotide substitutions can alter base stacking revealing unique structural
fingerprints corresponding to differences in dsRNA helical structure which precisely mirrored the
trends observed in OAS1 activation in vitro. MD simulations also identified both local and global
changes in dsRNA shape and flexibility that correlate with their respective impacts on OAS1
activation. Taken together, we have identified that dsRNA structure and amenability to adopting
the appropriate OAS1-bound-like conformation, are new criteria to consider when determining
the capacity of OAS1 recognition of dsRNAs.

In the absence of infection, A-to-I editing of cellular RNAs by ADAR1 was proposed to
be a protective measure to aid in differentiation between “self’ and “non-self” dsRNAs
preventing unnecessary activation of the OAS/RNase L pathway. This post-transcriptional
modification alters base pair geometry, decreases RNA stability, and increases the susceptibility
for degradation by cellular RNases. Additionally, A-to-l editing also removes double-stranded

regions thought to be an absolutely indispensible characteristic required for OAS1 activation.
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However, contrary to what has been proposed in the literature, inosine-containing pairs or
mutations that otherwise disrupt the RNA helical structure were found to inversely correlate with
OAS1 activation, ie. IU and AC dsRNAs with the lowest melting temperatures were also
observed to have the largest enhancements in OAS1 activation. MD simulations demonstrated
that IU3 and AC3 dsRNAs are more prone to global changes in dsRNA structure and flexibility
which contributes to their increased capacity to potently impact OAS1 activation. By increasing
flexibility in the central region, the dsRNA may more readily adopt a bent conformation required
for OAS1 recognition while not disrupting direct contacts made between OAS1 and the
conserved consensus sequence dinucleotides (WW/WG) located on each end of the dsRNA
helix.

The long poly(rG:rC) dsRNA was found to be an exceptionally poor activator consistent
with the idea that forming a more rigid dsRNA should dampen OAS1’s ability to sense these
dsRNAs. However, in the context of the short dsRNA, additional G-C base pairs within the
consensus Ng region resulted in a substantial and unexpected increase in OAS1 activation. For
these stabilized short dsRNAs, MD revealed specific changes in local helical parameters, in
particular base pair tilt angle that appears to predispose the dsRNA to adopt a conformation
more similar to the dsRNA-bound form. By reducing the need for OAS1 binding to induce
required conformational changes in the dsRNA, these local helical structures thus lead to the
increased OAS1 activation we observed both in vitro and in A549 cells. However, a general
increase in helix rigidity, in the case of the long homopolymer poly(rG:rC) dsRNA, can almost
completely abrogate any activating ability conferred by the dsRNA.

Our novel finding of OAS1 showing tolerance for inosine bases was also matched by
revealing greater than appreciated complexity in the OAS1 activation consensus sequence
suggesting that dsRNA helical dynamics (flexibility) and/or specific structural features such as
helical bending may be dictated by the Ng sequence and are necessary features required to

promote optimal OAS1 activation. These insights also provide a basis for better understanding
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of how more complex, structured RNAs may accomplish their strong OAS1 activation. More
importantly, these data also greatly expand the potential sequences (of either viral or cellular
origin) capable of OAS1 activation with the tolerance of, or even preference for, mismatched

bases.
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TABLES

Table 1. Summary of short dsRNA stability and OAS1 activation

dsRNA T (°C)° Initial Rate Relative 28S
(nmol PP/ min)®  rRNA Cleavage®

AU3 70.5 1.4 +0.1 1.0

U1 66.8 1.8+£0.2 -

U2 59.5 21+0.3 -

U3 54.5 26 +0.3 1.5+£0.3
IC1 69.3 1.9+0.2 -

IC2 70.8 2.0x0.2 -

IC3 71.0 24 0.2 1.4+0.3
AC1 64.8 23+0.2 -

AC2 57.5 2.2+0.2 -

AC3 49.3 3.0x£0.2 1.2+01
GC1 72.3 1.7x20.1 -

GC2 80.5 2.7 +0.2 -

GC3 84.0 2.8+0.2 1.8+04

“Melting temperature (T,,) in the high salt (100 mM NaCl) condition; values are
the average of at least two independent experiments. Individual values are
shown in Table S1.

®Initial rates of the reaction were determined for OAS1 activation assays by
linear regression analysis on the first three or four time points of the reaction
progress curve.

“Quantification of the major 28S cleavage product (Figure 5A, solid arrow)
from three independent experiments in wild-type A549 cells. Values are
normalized to AU3 dsRNA,; -, not determined.
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SUPPLEMENTAL FIGURES
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c. 5-GGCUUUUGACCEEUAUGC-3' i. 5'-GCAUARAGGECAAAAGCC-3'
d.5'-GGCUUUUGECCGGUAUGC-3' j. 5'-GCAUAIIGGGCAAAAGCC-3' ~GGCUYDUCACCUUUAUGE 2
e. 5-GGCUUUUGBCCUVUUAUGC-3' k.5'-GCAUABBGGUCAAAAGCC-3'  CCGAAAACU
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Figure S1. Native gel analysis showing purity of ssRNAs and stable formation of each dsRNA. A,
Assessed the quality and homogeneity of chemically synthesized single-stranded RNAs (ssRNAs, left)
and their respective 18 bp double-stranded RNA duplexes (dsRNAs, right). B, Sequences for each
ssRNA are shown with mutations highlighted in grey and correspond to the lanes as indicated in panel A
(left). €, Schematic for the 18 bp dsRNA (AU3) which serves as the “background” in which all mutations
were made. D, Specific combinations of ssRNAs (grey and as labeled in panel B) were annealed to form
each dsRNA variant. dsRNA schematics show complete sequence composition and correspond to the

lanes as indicated in panel A (right).
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Figure S2. Workflow for determining thermal difference spectra (TDS). A, Two UV absorbance
spectra were measured over a range of wavelengths from 225 to 340 nm at a temperature above (95°C,
solid black line) and below (20°C, dashed black line) the melting temperature for AU3 dsRNA. B,
Individual data sets for AU3 dsRNA were normalized and the thermal difference spectra (TDS) was
obtained by subtracting the data collected at 20°C from the data collected at 95°C (as shown in panel A).
Due to consistent variability observed at shorter wavelengths (<240 nm), all final graphs were trimmed to
highlight structural changes occurring between 240-320 nm. C, TDS showing minimal variability between
two AU3 dsRNA preparations. Error for panels B and C are reported as standard error of the mean (SEM)

and are shown as transparent shading for each curve.
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Figure S3. The poly(rG:rC) homopolymer is a poor activator even at high concentrations. Reaction
progress curves for in vitro OAS1 activation by the poly(rG:rC) homopolymer at two concentrations: 0.5
pug/ml (red circle, as shown in the main text) and 30 pg/ml (orange square). OAS1 activity is observed
above background levels (No RNA, grey square) at a concentration 60-fold higher (30 ug/ml) than the
assay conditions used for poly(rA:rU) and poly(rl:rC) (Figure 3).
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calculated in Curves+ for the 20 representative structures from the Seq3 simulation (overall average
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reported value within error. B, Major groove width narrows at the AUAU sequence at the center of Seq3,
as previously reported (33). C, RMSD for Seq3 and all 18 bp dsRNAs analyzed in MD simulations. RMSD
values were calculated by comparison of each representative structure with all other structures within
each 10 ns segment (yielding 20 RMSD values for each dsRNA).
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Figure S5. Mismatch base pairings (I*U and A<C) cause major alterations helical structure. Output
from Curves+ analysis of 20 representative structures from simulations of AU3, IU3 and AC3 dsRNAs
shown as mean values at each base pair or base pair step for A, helical, B,C base pair and D, base step
parameters (as shown on the y axis). Shaded areas are standard error of the mean. Vertical dotted lines
and shaded regions mark the sites of base pair changes in the dsRNAs compared for AU3, for each base
pair or base pair step, respectively. The black bars above the x-axis indicate the main regions (on either

strand) of contact with OAS1 in the complex crystal structure (PDB 4IG8).

E, The tandem A-<C

mismatches adopt multiple distinct structures in the MD simulation of AC3 dsRNA. Structures formed by
the tandem A<C base pairs (fop) and single A-C base pair (bottom) in representative structures at the
indicated simulation time points, including the start (10 ns) and end (200 ns). The tandem pairs, but not
the single base pair, are capable of adopting multiple different structures that likely increase helical

flexibility and decrease dsRNA stability.



132

4 5
4_
b o ]
o 3
§ 2+ —
O K]
D 5
I 14 <
C|||||||||||;||| CIIIIII;II;;IIII
1234567 891011121314151617 2345678 9101112131415161718
5 )
20 ! ase pairs

123450789100RBUISEYPE
P SHECIm ARG
4CCGAAAACNGGNNAUACG

155456780 doiriatssassibiy,

I [ |
Base pair steps

G-C(GC2)

N-N| g-c(GC3) —=—

-
[

Inclination
>

T T l ; T 1T
101112131415161718

o
]
]
o]
o
~
0
©]

—
g S- 2
£ 5 =
5 a S
Q o m
(@) o -
D «
S
- ()
= 3
(h'd
E_
<
<
=
S :
= : i
Q0 \ : %
104 O3 ‘\\\/—\ &
<) —X G
hed = \
(e} 5 :
— 8_
o,
m Y
2 6 T I’ T

1 é é zlt é EIS ; EIB ;)1011121I31I41|51l61l71l8

Figure S6. Analysis of helical and base pair/ base step parameters for GC2 and GC3 dsRNAs.
Output from Curves+ analysis of 20 representative structures from simulations of AU3, GC2 and GC3
dsRNAs shown as mean values at each base pair or base pair step for A, helical, B,C base pair and D,
base step parameters (as shown on the y axis). Shaded areas are standard error of the mean. Vertical
dotted lines and shaded regions mark the sites of base pair changes in the dsRNAs compared for AU3,
for each base pair or base pair step, respectively. The black bars above the x-axis indicate the main
regions (on either strand) of contact with OAS1 in the complex crystal structure (PDB 4IG8). E,
Comparison of major groove width for AU3 dsRNA and the non-OAS1 activator Scramble dsRNA.
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Sequence of the dsRNA with combined AC1 and GC2 base pair changes. B-F, Output from Curves+
analysis of 20 representative structures from simulation of AC1-GC2 dsRNA as mean values at each
base pair or base pair step for select helical and base pair parameters (as shown on the y axis). AU3,
AC3 and GC2 dsRNA values are shown for comparison and are the same as in Figures S5 and S6.
Shaded areas are standard error of the mean. Vertical dotted lines and shaded regions mark the sites of
base pair changes in the dsRNAs compared for AU3, for each base pair or base pair step, respectively.
The black bars above the x-axis indicate the main regions (on either strand) of contact with OAS1 in the

complex crystal structure (PDB 41G8).
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Table S1. Summary of dsRNA UV melting analysis

dsRNA Melting Temperature (Tm), °C?

dsRNA 10 mM NaCl 100 mM NaCl :‘;OmmMMN'I";g'Z
Expt. 1 Expt.2 Average Expt.1 Expt.2 Average Expt.1 Expt. 2 Average
59.0 59.5 70.5 70.5 80.5 79.5
AU3 59.5 59.0 >9.3 70.5 70.5 703 79.5 79.5 798
U1 54.5 55.0 54.8 67.0 66.5 66.8 76.5 76.0 76.3
U2 47.5 48.0 47.8 59.5 59.5 59.5 69.0 70.0 69.5
IU3 42.5 42.0 42.3 54.5 54.5 54.5 65.0 65.0 65.0
IC1 57.0 57.5 57.3 69.5 69.0 69.3 78.5 78.5 78.5
IC2 59.5 60.0 59.8 71.0 70.5 70.8 80.5 80.5 80.5
IC3 58.5 58.0 58.3 71.5 70.5 71.0 81.5 80.5 81.0
AC1 54.5 54.5 54.5 65.0 64.5 64.8 73.0 72.5 72.8
AC2 47.0 46.5 46.8 57.5 57.5 57.5 68.0 68.0 68.0
AC3 40.0 40.0 40.0 49.0 49.5 49.3 55.0 55.5 55.3
GC1 60.0 60.5 60.3 72.0 72.5 72.3 82.5 83.5 83.0
GC2 69.0 69.5 69.3 80.5 80.5 80.5 89.5 89.5 89.5
GC3 72.0 72.0 72.0 84.0 84.0 84.0 94.0 93.5 93.8

For each dsRNA, absorbance was measured at 260 nm in buffer containing 10 mM NaCl, 100 mM NaCl,
or 100 mM NaCl + 7 mM MgCl,. Melting temperatures (Tm) were determined by calculating the first
derivative for each UV absorbance curve to identify the inflection point. Average Tm is reported for two
independent experiments (n = 2) except AU3 (n = 4), which was used as a control for all assays.
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INTRODUCTION

OAS1 lacks a canonical RNA-binding motif and instead interacts with dsRNA through a
relatively flat protein surface enriched with positive residues. This surface is located on the
opposite side of OAS1 from its ATP binding sites and 2-5A synthesis catalytic center, such that
dsRNA binding is necessary to induce activation by an allosteric mechanism (1-3). Despite
appearing suited to binding dsRNA in a sequence-independent manner, there have been
several reports indicating that OAS1 activation can be enhanced by specific RNA sequences or
structural motifs (4-7).

One such RNA sequence is the OAS1 activation consensus sequence WWNoWG,
where W is A or U, and N is any nucleotide (5). This consensus sequence was identified using
109 random dsRNAs of which ~88% of those able to induce robust OAS1 activation were found
to contain the sequence WWNgWG. These findings were further rationalized by the observation
that the partially conserved dinucleotide sequences (WW and WG) would be perfectly spaced
by nine non-conserved base-paired nucleotides (Ng), thus presenting these nucleotides in two
adjacent minor grooves on the same face of the RNA helix for OAS1 recognition. About four
years later, the co-crystal structure of human OAS1 bound to dsRNA was solved using an 18 bp
dsRNA containing, what we later noted to be, two overlapping, antiparallel OAS1 activation
consensus sequences (2,5). Despite containing two potential OAS1 binding sites (Consensus 1
and Consensus 2; Figure 1A, fop), the human OAS1-dsRNA crystal structure contained the
dsRNA bound in a single orientation. We therefore asked whether this could be a
crystallographic artifact or might OAS1 also show such binding preference in solution?

To begin answering this open question, we used a second OAS1 activation motif, the 3’-
end single-stranded pyrimidine (3’-ssPy) motif (6), as a molecular tool to introduce directionality
in the model 18 bp dsRNA to identify whether both dsRNA orientations could bind and activate
OAS1 equivalently (8). The 3’-ssPy motif was appended to each end of the 18 bp dsRNA in

each combination (i.e. to “top” strand only, “bottom” strand only, or both ends), and analysis of
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OAS1 activation showed that the 3’-ssPy motif could not be sensed equally, with strong
preference for addition to the top strand adjacent to Consensus 1 (Figure 1A, top). These
studies suggested that the consensus sequence dictates binding position and orientation on the
dsRNA and, only when correctly positioned in this way, can the 3’-ssPy exert its effect on OAS1
activation. In a subsequent study, we also revealed the basis for previously unappreciated
complexity in the non-conserved (Ng) nucleotides. The Ny region is not recognized in a
sequence-specific manner, but its nucleotide identity strongly influences the dsRNA shape and
flexibility (Schwartz, et al., submitted). These dsRNA features are important to consider when
seeking to identify new dsRNA activators of OAS1.

Having discovered important roles for the consensus sequence in positioning dsRNA on
OAS1 and for the nine intervening non-conserved nucleotides, a final critical piece of the puzzle
is to define the role of the partially conserved nucleotides (WW/WG) in dictating the extent of
OAS1 activation. As revealed by our work and in the original identification of the WW/WG motif,
not all consensus sequences are equal in their ability to activate OAS1 (5,8). For the present
studies, we used the same 18 bp dsRNA as in the human OAS1-dsRNA crystal structure and
our previous work, with two overlapping, antiparallel copies of the WWNgWG consensus
sequence and thus two potential OAS1 binding sites (Figure 1A, green and blue). Here, this
system is used to identify the respective capacity for each OAS1 activation consensus
sequence to activate OAS1, and to determine whether there is competition between two OAS1
binding sites within the same dsRNA molecule. These studies reveal that two OAS1 binding
sites that fit the “rules” of the OAS1 activation consensus sequence unexpectedly displayed
vastly different capacities to activate OAS1 in vitro and in human cells. Additionally, we observe
competition between these two non-equivalent OAS1 binding sites which can be eliminated or

enhanced by introducing specific sequence substitutions.
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MATERIALS AND METHODS

OAS1 protein expression and purification

Human OAS1 was expressed in Escherichia coli BL21(DE3) as an N-terminal 6xHis-SUMO
fusion of amino acids 1-346 (corresponding to the common, core residues of all OAS1 splicing
isoforms) from vector pE-SUMO (LifeSensors). Cells were grown in lysogeny broth (LB) at 37°C
to mid-log phase (optical density at 600 nm of ~0.5), and protein expression was induced with
0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) with continued growth overnight at 20°C.
Cells were lysed by sonication in 50 mM Tris-HCI buffer (pH 8.0) containing 300 mM NaCl, 20
mM imidazole, 10% (v/v) glycerol, and 10 mM B-mercaptoethanol. SUMO-OAS™* fusion
protein was purified from cleared lysate by Ni**-affinity chromatography on an AKTApurifier 10
FPLC system (GE Healthcare) and dialyzed overnight against SUMO cleavage buffer,
containing 50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 10% (v/v) glycerol, and 2 mM DTT. The
partially purified fusion protein was then stored at -80°C. Prior to each experiment, the N-
terminal 6xHis-SUMO tag was cleaved by incubating SUMO-OAS"** fusion protein with SUMO
protease (Ulp1) for 90 minutes at 30°C and an additional hour at 4°C, followed by dialysis

1-346
S

against the appropriate assay buffer. This process produces OA with a native N-terminus

after SUMO tag removal.

Generating 18 bp dsRNA duplexes

Each RNA strand was chemically synthesized (Integrated DNA Technologies) and used without
further purification. Each 18 bp dsRNA duplex was generated by mixing individual strands at
equimolar concentrations and annealing by heating to 65°C for 10 minutes followed by slow
cooling to room temperature. Native PAGE (20% acrylamide in 0.5x Tris-Borate-EDTA) was
used to verify the homogeneity of both single-strand RNAs and dsRNA duplexes prior to use.

Each lane contained RNA (100 ng total) resolved on gels run at 120V for 3 hours at 4°C,
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visualized by staining with SYBR Gold (1:10,000, Invitrogen), and imaged on a Typhoon Trio

Imager (GE Healthcare).

Chromogenic assay of OAS1 activity

OAS'3%® was dialyzed overnight against OAS1 activity assay buffer: 50 mM Tris-HCI (pH 7.4)
containing 100 mM NaCl, 1 mM EDTA, and 1 mM DTT. Pyrophosphate (PP;), the reaction by-
product of 2-5A synthesis by OAS1, was monitored using a chromogenic assay adapted from
previously established methods for measurement of OAS1 activity (6,7,9). OAS™>* (100 nM)
was incubated with 300 nM dsRNA in reactions containing final solution conditions of 25 mM
Tris-HCI (pH 7.4), 10 mM NaCl, 7 mM MgCl,, 1 mM DTT, and 2 mM ATP at 37°C in a 150 pl
total reaction volume. Aliquots (10 pl) were removed over a 0-120 minute time course and the
reaction immediately quenched by adding directly to the wells of a 96-well plate pre-dispensed
with 250 mM EDTA (pH 8.0, 2.5 ul). At completion of the time course, 2.5% (w/v) ammonium
molybdate in 2.5 M H,SO4 (10 ul) and 0.5 M p-mercaptoethanol (10 ul) were added to each well
and the final volume brought to 100 pl with water. Absorbance at 580 nm was measured using a
Synergy Neo2 plate reader (BioTek). Readings were subtracted from background using an
ATP-only control reaction (lacking both OAS'™* and dsRNA) and then converted to
pyrophosphate produced (nmols) using a pyrophosphate standard curve. Experiments were

S each

performed as four independent assays using two different preparations of OA
comprising three technical replicates which were averaged prior to data analysis. Final values
were plotted with their associated standard error of the mean (SEM) in GraphPad Prism 9.
Kinetic analyses were performed similarly but using a range of dsRNA concentrations
(0.1-5 pM) and measuring PP; production only for the initial 12 minutes of the reaction with two

technical replicates for each experiment. Linear regression analysis was used to obtain initial

rates of reaction (nmol PP; produced/minute) for each dsRNA concentration. These values were
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plotted and a non-linear regression analysis performed to obtain V. and Ky, values using the

Michaelis-Menten model equation: Y=(VmaxX)/(Kapp*+X) in GraphPad Prism 9.

OAS1/RNase L activation in A549 cells

Human wild-type and RNase L knock-out A549 cells, constructed using CRISPR-Cas9 gene
editing technology as reported previously (10), were cultured in RPMI1640 cell culture medium
(Corning) supplemented with 10% fetal bovine serum (Bio-Techne) and 100 pg/ml Normocin™
(Invivogen). Both cell lines were monitored regularly and tested negative for mycoplasma. Cells
were seeded into 12-well plates at 3x10° cells/well and were treated with 500 U/ml IFN-B1a
(PBL Assay Science) prior to dsRNA transfection. Following overnight interferon treatment (16
hours), cells were transfected with dsRNAs (50 nM) or poly(rl:rC) (0.1 pg/ml) using siLentFect
Lipid Reagent (Bio-Rad) and incubated at 37°C for 6 hours. Cells were lysed and total RNA was
isolated using a RNeasy Plus Mini Kit (Qiagen) following manufacturer instructions. Total RNA
was resolved using an Agilent 2100 Bioanalyzer system. Two independent sets of experiments
were performed with essentially identical results for both the wild-type (n = 2) and RNase L

knock-out (n = 2) cells, respectively.

OAS1-dsRNA 4-thiouridine (4-thioU) crosslinking

RNA strands containing a 3’-ssPy motif modified with a 4-thiouridine were chemically
synthesized and purified by high performance liquid chromatography (Dharmacon). RNAs were
supplied in protected form and were 2’-deprotected before use according to manufacturer
instructions. RNA strands containing the 4-thiouridine modification (3’-end) were 5’-end labeled
using [y->?P]-ATP and T4 polynucleotide kinase (PNK). Excess [y->’P]-ATP was removed using
an lllustra MicroSpin G-25 column (GE Healthcare), and radiolabel incorporation was quantified
by scintillation counting. The radiolabeled 18 bp dsRNA duplexes were generated by mixing the
radiolabeled strand (containing 4-thiouridine) with the same unlabeled strand and a slight total

excess of unlabeled complement. The mixed strands were annealed by heating to 65°C for 10
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minutes followed by slow cooling to room temperature. OAS"3*¢

was dialyzed overnight against
OAS1 activity assay buffer but lacking DTT, i.e. 50 mM Tris-HCI (pH 7.4) containing 100 mM
NaCl and 1 mM EDTA.

OAS'3% (5 yM) was incubated with radiolabeled, 4-thiouridine containing 18 bp dsRNA
duplex (500 nM) for 30 minutes on ice with UV exposure at 365 nm and using a 96-well plate
format at a distance of 3 cm. Reactions were stopped by addition of SDS loading buffer and
heating to 95°C for 5 minutes. Reaction products were resolved on a 10% SDS-PAGE run at
200V for 45 minutes to allow for sufficient separation of OAS1-dsRNA complex and free RNA.
Gels were soaked in destain solution (50:40:10% ethanol:water:acetic acid; 15 minutes), fixed

(20% ethanol, 2% glycerol; 15 minutes), dried, and imaged using a Typhoon FLA 7000

Phosphorimager and ImageQuant software (GE Healthcare).

RESULTS

Mutation of the conserved guanine nucleotide (WWNyWG) reveals that two activating
consensus sequences within the same dsRNA are not equivalent

We started our mutagenesis analysis beginning with the conserved guanine (WWNyWG) within
the previously identified OAS1 activation consensus sequence (5). The human OAS1-dsRNA
co-crystal structure showed that the guanine located in Consensus 1 on the top strand (Figure
1A, top) made one of few base-specific interactions with OAS1. Specifically, a hydrogen bond
between the backbone of OAS1 residue Ser56 and the guanine base amino group, revealed at
least part of the basis for the specificity of this consensus sequence (2).

First, we mutated the conserved G to an A to identify how critical this guanine base-
specific interaction is in driving potent OAS1 activation. For these analyses, we made three
separate constructs incorporating G-to-A mutation(s) in Consensus 1 (CS1-AC), Consensus 2
(CS2-AC), and a Consensus 1/2 double mutant (CS1/CS2-AC) (Figure 1A). All dsRNAs were

generated by annealing the corresponding single-strand RNAs to form stable duplexes, as
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Figure 1. A short 18 bp dsRNA can contain two OAS1 activation consensus sequences
(WWNoWG) with vastly different capacities to activate OAS1. A, Top Sequence of the model 18
bp dsRNA containing two overlapping, antiparallel copies of the OAS1 activation consensus sequence
WWNoWG (where W is A or U, and N is any nucleotide), highlighted for top strand Consensus 1
(green) and bottom strand Consensus 2 (blue). The 3’-ssPy motif and conserved guanine are also
indicated (outline font). Bottom Schematics showing the site of each conserved guanine (G) to
adenine (A) substitution (red outline font) for Consensus 1 (CS1-AC; green), Consensus 2 (CS2-AC;
blue), or both (CS1/CS2-AC; orange). B, Native gel analysis showing purity of chemically synthesized
ssRNAs (bracket) and stable formation of each dsRNA (solid arrow). C, Reaction progress curves
from an in vitro chromogenic assay of OAS1 activity performed under previously established
conditions using a single dsRNA concentration (300 nM) for the 18 bp dsRNA (solid black line), CS1-
AC (dotted green line), CS2-AC (dotted blue line), and CS1/CS2-AC (solid orange line). A control
reaction (No RNA, grey) confirms there is no OAS1 activation in the absence of dsRNA.
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confirmed by native polyacrylamide gel electrophoresis (Figure 1B). The dsRNAs were then
tested in an established in vitro OAS1 activation assay, which measures the inorganic
pyrophosphate (PP;) produced as a consequence of 2-5A synthesis. The dsRNA with G-to-A
mutation in Consensus 1 (CS1-AC) was barely able to activate beyond levels seen for the
control reaction without dsRNA (Figure 1C; compare green and grey curves, respectively). This
result confirms the critical role of the conserved G within the top strand consensus sequence
that is specifically recognized by OAS1 in the crystal structure. Remarkably, however, when the
corresponding G-to-A mutation was made in the bottom strand Consensus 2 (CS2-AC) we
observed a dramatic increase in OAS1 activation, significantly surpassing that of the original 18
bp dsRNA (Figure 1C; compare blue and black curves, respectively). Thus, in the context of the
bottom strand consensus, the same base identity change generating a non-consensus
sequence has a strongly positive effect on the dsRNA’s capacity to activate OAS1. Consistent
with a dominant effect of changes in the top strand consensus, the double mutant (CS1/CS2-
AC) was unable to activate OAS1 (Figure 1C; orange) mirroring the activity of CS1-AC.

Together, these results indicate that in the context of this dsRNA, only an intact
Consensus 1 with conserved guanosine on the top strand is necessary for OAS1 activation.
Additionally, the finding that elimination of Consensus 2 on the bottom enhances activation,
suggests that the two consensus sequences effectively create two alternate competing binding
sites in opposite orientations in the dsRNA. One of these sites (with OAS1 engaging Consensus
1) activates OAS1 and is ablated by the G-to-A mutation. In contrast, the second binds but does
not activate (with OAS1 engaging Consensus 2) and its elimination “frees” OAS1 for more time
in productive interaction with the top strand consensus. With their divergent effects on OAS1
activation compared to the 18 bp dsRNA, we refer to these two dsRNAs as “non-activator”
(CS1-AC) and “hyper-activator” (CS2-AC) dsRNA.

To begin testing the model for competing binding sites, we first wanted to confirm that

the non-activator (CS1-AC) and hyper-activator (CS2-AC) dsRNAs were indeed able to



144

5y U8 5' U 573 5 B3

PIEE B L 2 dU g

OAS1 - - + + + + + + + +
UV - + -+ - + -+ - + -+ - + -+

Figure 2. CS1-AC (non-activator) and CS2-AC (hyper-activator) form stable OAS1-dsRNA
complexes. OAS1-dsRNA crosslinking induced by irradiation with UV light (365 nm) resolved by
SDS-PAGE to separate crosslinked complex (solid arrow) from free RNA (open arrow). The ssRNA
with 4-thioU modifications was 5’-end labeled with **P for visualization prior to annealing. Left to right,
18 bp dsRNA with 4-thioU on the “top” strand, CS2-AC (blue), 18 bp dsRNA with 4-thioU placed on
the “bottom” strand, and CS1-AC (green). Data for the two 18 bp dsRNAs were previously published
(8) but are shown here for comparison with their corresponding G-to-A variant dsRNAs.
equivalently bind and form stable complexes with OAS1. Specifically, we wanted to rule out the
possibility that CS1-AC is no longer able to activate OAS1 simply because it does not bind the
protein. To assess whether or not CS1-AC can still form a stable OAS1-dsRNA complex, we
used OAS1-dsRNA crosslinking by exploiting the presence of the 3’-ssPy motif to site-
specifically incorporate the photoreactive crosslinker 4-thiouridine (4-thioU). The modified single
uridine (3’-ssPy motif) was added individually to each end of the dsRNA to generate CS2-AC
(top 3’-ssPy) or CS1-AC (bottom 3’-ssPy) dsRNAs, which were crosslinked to OAS1 by
exposure to 365 nm ultraviolet (UV) light. The RNA strand containing the 4-thioU modification
was also 5-end *’P-labeled for visualization by autoradiography. Crosslinking and control
reactions were resolved by SDS-PAGE to separate crosslinked OAS1-dsRNA complexes from
free dsRNA (Figure 2). These experiments revealed that both CS1-AC and CS2-AC were able

to similarly form stable complexes with OAS1 compared to each other as well as matched

dsRNAs containing the 4-thioU modification but lacking the G-to-A substitution. Thus, the



145

s—U3 s5—_@U3 s5——U¥
Mook sy s” @il SEPl poyrirc)

_—4

18— e e e —— e ———

Wild-type A549

18S|— —— — — s —

RNase L KO A549

Figure 3. OAS/RNase L pathway activation in A549 cells mirrors OAS1 activity by the short
dsRNAs in vitro. Bioanalyzer analysis of rRNA integrity in A549 cells following transfection with the
indicated dsRNAs: 18 bp dsRNA (black), CS1-AC (green), CS2-AC (blue), and CS1/CS2-AC (orange).
Mock transfection and transfection with poly(rl:rC) dsRNA serve as negative and positive controls,
respectively. OAS1/RNase L pathway activation is indicated by 28S and 18S rRNA degradation (top,
arrows). The same experiment was also performed using RNase L KO A549 cells (bottom) to ensure
degradation observed is exclusively due to activation of the OAS1/RNase L pathway. A representative

analysis with technical duplicates for each dsRNA is shown for one of two independent experiments.

observed differences in in vitro OAS1 activity for these two dsRNAs (Figure 1C; green and

blue) are not likely due to significant differences in OAS1-dsRNA interaction (Figure 2).

OAS/RNase L pathway activation in human A549 cells mirrors OAS1 activity in vitro

We next tested the ability of the same four 18 bp dsRNAs to activate the OAS1/RNase L
pathway in human lung carcinoma A549 cells as assessed by rRNA cleavage triggered by
RNase L activation. Importantly, our dsRNAs were designed to be the approximate minimum
length needed to activate OAS1 only and should therefore be too short to activate other OAS
family members (OAS2 or OAS3). For these experiments, A549 cells were transfected with one

of the four dsRNAs: 18 bp dsRNA, non-activator (CS1-AC), hyper-activator (CS2-AC), or double
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mutant (CS1/CS2-AC). Poly(rl:rC) dsRNA and mock transfected cells served as positive and
negative controls, respectively. Transfections with the 18 bp dsRNA and hyper-activator (CS2-
AC) revealed these to be the only dsRNAs capable of inducing rRNA cleavage in addition to the
poly(rl:rC) dsRNA positive control (Figure 3; compare black and blue to green and orange).
These cell-based assays were also sufficiently sensitive to detect differences in the relative
amount of rRNA cleavage between the 18 bp dsRNA and the hyper-activator, with the latter
inducing more pronounced cleavage (Figure 3; compare black and blue). Activation of the
OAS1/RNase L pathway in human A549 cells thus precisely mirrors the respective capacity of
each dsRNA to activate OAS1 as observed in the in vitro activity assay (Figure 1C and Figure
3). While activation by even the most potent 18 bp dsRNA was lower than for poly(rl:rC) dsRNA,
this difference is likely due to the synthetic dsRNA’s greater length and additional capacity to
activate OAS2 and OAS3 (11). Finally, we also observed no rRNA cleavage in A549 cells
lacking RNase L (RNase L KO A549) confirming that the rRNA cleavage induced by these

dsRNAs results from exclusively activating the OAS1/RNase L pathway (Figure 3).

Consensus 1, but not Consensus 2, requires both the guanine and Watson-Crick base
pairing for potent OAS1 activation

To better define the basis for the differing capacity of the 18 bp dsRNA to activate OAS1, we
made additional substitutions at the same conserved guanine position in both Consensus 1 and
Consensus 2. These new dsRNAs were designed to test other nucleotides (C) as well as base
pairing preferences (A-U, C-G) and tolerance for mismatches (G:U, C:C) (Figure 4A and Figure
5A). All base or base pair changes made to Consensus 1 resulted in dsRNAs with severely
reduced capacity to activate OAS1 compared to the original 18 bp dsRNA (Figure 4B).
However, of this series of dsRNA variants, one possessing a C-G base pair produces the
greatest OAS1 activation, alternate Watson-Crick (A-U) or wobble (G:U) pairings produce

intermediate OAS1 activation, while mismatches (C:C and the original A:C of non-activator CS1-
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Figure 4. Consensus 1 requires both the conserved guanine and Watson-Crick base pairing for
potent OAS1 activation. A, Schematic of individual Consensus 1 (CS1) substitutions (red outline
font) generated to probe base identity requirement at the conserved guanine position. The original 18
bp dsRNA is shown for comparison. B, Reaction progress curves from the OAS1 in vitro activity assay
comparing all CS1 variants (solid green lines, as labeled on the plot) to the 18 bp dsRNA (black) and
non-activator CS1-AC (dotted green line). C, as in panel B, but showing a zoomed in view of

Consensus 1 variants only. The No RNA (grey) control is also shown for each panel.

AC) are the most attenuated (Figure 4C). These data suggest that the nucleotide identity (i.e.

guanine), orientation, and requirement for Watson-Crick base pairing are all essential for

Consensus 1 to effectively drive OAS1 activation.
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We next tested the equivalent substitutions in Consensus 2, revealing a more complex
dependence on the base pair identity for OAS1 activation. The A:C mismatch in hyper-activator
CS2-AC was the only mutation to significantly enhance OAS1 activation. Re-establishing
Watson-Crick base pairing with the alternative A-U pair (CS2-AU) or replacement of the G as a
G:U wobble pair (CS2-GU) resulted in activation capacity similar to the 18 bp dsRNA (Figure
5B). Finally, the two other dsRNA mutations which place a cytosine at the conserved position,
either in the form of a C:C mismatch (CS2-CC) or Watson-Crick C-G base pair (CS2-CG)

showed only weak OAS1 activation, at levels similar to that of the Consensus 1 variants (Figure
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Figure 5. OAS1 activation does not require the conserved guanine in Consensus 2, and in
specific contexts, altering the base content in this location significantly improves OAS1
activity. A, Schematic of individual Consensus 2 (CS2) substitutions (red outline font) generated to
probe base identity requirement at the conserved guanine position. The original 18 bp dsRNA is
shown for comparison. B, Reaction progress curves from the OAS1 in vitro activity assay comparing
all CS2 variants (solid blue lines, as labeled on the plot) to the 18 bp dsRNA (black) and the hyper-
activator CS2-AC (dotted blue line). The No RNA (grey) control is also shown.
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4B and Figure 5B). These data suggest that the OAS1 binding site containing Consensus 2 is
not the preferred OAS1 binding site in terms of productive OAS1 activation as substitutions at

this position are more broadly accommodated with only a few exceptions.

Consensus sequence changes impact both dsRNA affinity (K.,,) and maximal OAS1
activation (Vax)

To define the basis for these observed differences in consensus sequence contribution, we
used the in vitro OAS1 activation assay to assess enzyme activation over a wide range of
dsRNA concentrations. Initial rates of reaction at each dsRNA concentration were determined
and used to derive the maximum reaction velocity (Vmax) and apparent RNA dissociation
constant (K,pp) (Figure 6A-C and Table 1). Both the non-activator (CS1-AC) and hyper-activator
(CS2-AC) exhibited significant differences in K.y, compared to the 18 bp dsRNA, corresponding
to lower (~10.5-fold for CS1-AC) and higher (~6-fold for CS2-AC) apparent dsRNA affinity,
respectively (Figure 6D). In contrast, there was no measurable difference in Vo for the hyper-
activator (CS2-AC) compared to the 18 bp dsRNA, while we observed a ~2.5-fold decrease in
Vmax for the non-activator (CS1-AC) (Figure 6D and Table 1). Select consensus substitutions
were also tested, and in general, we observed that Consensus 1 variants have a weaker
apparent dsRNA affinity with similar maximal OAS1 activation, while Consensus 2 variants
affect both parameters (Table 1). Therefore, the differences observed in OAS1 activity for these
dsRNAs appear to be due in large part to changes in both apparent RNA affinity and maximum

rate of 2-5A produced by OAS1.

DISCUSSION

Here, we used a model 18 bp dsRNA to define how the partially conserved (WW/WG)
nucleotides within the OAS1 activation consensus sequence (WWNgWG) contribute to
enhanced OAS1 activity, and how the level of activation is affected when a dsRNA molecule

contains more than one potential OAS1 binding site. Our studies revealed that (i) the two OAS1
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Figure 6. Changes in the two OAS1 activation consensus sequences dramatically alter
apparent dsRNA affinity and maximal OAS1 activation. A-C, Progress curves for 18 bp dsRNA
(black), CS1-AC (green), and CS2-AC (blue) over a range of dsRNA concentrations (0-5 uM) to
determine initial rates of pyrophosphate (PP;) production. Data were fit using linear regression analysis
for the first 2-4 minutes of the reaction (color-coded solid lines) in order to obtain the initial rate. D,
Kinetic analyses using calculated initial rates from panels A-C for OAS1 activation by each dsRNA.
Data were fit using non-linear regression analysis to obtain kinetic parameters: apparent dsRNA

affinity (Kapp) and maximal OAS1 activation (Vmay).

activation consensus sequences are not equivalent even though both meet the previously
determined requirements for the consensus, (ii) these two OAS1 activation consensus
sequences are in competition for OAS1 binding which is eliminated when the conserved
guanine (WWNWG) is mutated, and (iii) mutagenesis of the conserved guanine demonstrated
that the OAS1 binding site containing “Consensus 1” is preferred and requires both the critical

guanine and Watson-Crick base pairing to induce OAS1 activation.
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These mutagenesis studies of the conserved guanine nucleotide within each consensus
sequence (WWNgWG) suggest that two “equivalent” binding sites within the same dsRNA
molecule have disparate abilities to direct binding and activate OAS1. Additionally, Consensus 1
appears to be the preferred, “productive” OAS1 binding site because all mutations made at this
position result in a dramatic loss in OAS1 activation. Thus, a guanine with canonical Watson-
Crick base pairing is not only preferred, but is required. On the other hand, Consensus 2
mutations demonstrated that more variation is possible in which nucleotides or base pair
geometry can be accommodated in this position giving us an indication that this is likely not the
preferred OAS1 binding site. Based on these results, we speculate that an A:C mismatch in
Consensus 2 reduces residence time on the non-activating binding site (i.e. drives binding to
Consensus 1), while C-G and C:C mutations increase residence time at this (non-activating) site
blocking efficient OAS1 activation. A-U and G:U mutations in Consensus 2 have a neutral effect
which does not alter the bias in OAS1 binding in one or the other orientation allowing OAS1 to
equally sample both binding sites similar to the 18 bp dsRNA. Thus, we predict that OAS1 is
able to sense both binding sites because they each contain a consensus sequence recognized
by OAS1, but introducing specific substitutions in Consensus 2, can disrupt the competition
between the two OAS1 binding sites and drive binding to the preferred binding site on the top
strand containing Consensus 1.

The 18 bp dsRNA contains two overlapping and competing OAS1 binding sites, each
containing a copy of an OAS1 activation consensus sequence, with vastly different capacities to
activate OAS1. Mutation of the critical guanine on the top strand (Consensus 1) to generate
non-activator (CS1-AC) prevented the dsRNA from being able to activate OAS1 in vitro and in
human cells despite retaining ability to bind OAS1. Mutation of the equivalent guanine on the
bottom strand (Consensus 2) dramatically enhanced OAS1 activation in the context of an A:C
mismatch compared to the 18 bp dsRNA. We propose the following model to summarize our

findings: the extent of OAS1 activation is dictated by dsRNA sequence and context of activating
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motifs, including the contributions of competing activating and non-activating binding sites.
Consensus sequence mutations, particularly at the conserved guanine position, eliminated
competition between these two dsRNA orientations driving binding to the productive
(Consensus 1) or non-productive (Consensus 2) binding sites. These findings underscore the
complex interplay two OAS1 binding sites can have within a short 18 bp dsRNA, which would be
further complicated in long, more structured dsRNAs. Viruses could also use this mechanism as
a potent viral evasion strategy generating decoy RNAs able to bind, but not activate, would
sequester the nucleic acid sensor and allow the virus to go undetected by the innate immune
system.

Further work is needed to test our two OAS1 binding site model, including competition
assays that are important to test the dsRNA’s ability to displace one another and compete for
binding. In this experiment, we would incubate OAS1 with “hyper-activator” dsRNA and
measure if increasing amounts of “non-activator” can compete for binding allowing us to extract
a half maximal inhibitory concentration (ICso) and would help further support our hypothesis of a
two OAS1 binding site competition model. Additionally, we should test the other partially
conserved (WW/WG) nucleotides to monitor the impact they have on OAS1 activation. It would
also be important to gain mechanistic insight to define the molecular basis for how dsRNAs with
small sequence changes have dramatically differing capacities for OAS1 activation. Several
avenues are possible to address this point, including the use of hydrogen-deuterium exchange
coupled with mass spectrometry (HDX-MS) or molecular dynamics simulations to assess
protein conformational changes driven by the hyper-activator (CS2-AC) and non-activator (CS1-
AC), or x-ray crystallography to reveal potential structural differences when OAS1 is bound to
these dsRNAs. One possibility is that the non-activator is able to bind but not induce the correct
structural rearrangements necessary for OAS1 allosteric regulation, and conversely, the hyper-
activator could be driving additional allosteric changes or known necessary structural changes

with greater efficiency. Identifying the precise molecular mechanism exploited by these dsRNAs
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is important for our general understanding of OAS biology and regulation by dsRNA, and will

undoubtedly form the basis needed to begin developing novel therapeutic strategies required to

combat both viral infection and OAS1 dysregulation in the uninfected cell.
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TABLES

Table 1. Summary of OAS1-dsRNA kinetic parameters.

dsRNA ﬁ\ﬁ‘)’ (nmo\llgl?’)i(/min)

dL?QbN‘i’A 40+03 36514 4
CS1-AC 426 15.4 1
CS1-AU 15.4 9.2 1
CS2-AC 0.7 35.4 1
CS2-AU 2.2 9.9 1
CS2-CC 15.6 18.5 1
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CHAPTER SIX

Discussion
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Nucleic acid sensing is one essential strategy used by the innate immune system to detect,
respond to, and clear infection. The OAS enzymes are allosterically regulated by dsRNA, driving
the necessary conformational changes to form the catalytic site and produce the second
messenger 2-5A required to activate RNase L in the OAS/RNase L pathway (1,2). Previously, it
was determined that the minimum requirement for OAS activation is a perfectly base-paired
dsRNA of an optimal length that spans the RNA binding surface. As such, OAS1 with a single
OAS domain is activated by the shortest dsRNAs (>18 bp) while OAS3 requires dsRNA of at
least 50 bp in length (1,3). However, recent work has identified consensus sequences and other
activating motifs that aid in potentiating OAS1 activity (4-7). Since OAS relies on dsRNA for
activation, it is important to understand how OAS is regulated by dsRNA, specifically the dsRNA
features and their context that are necessary or dispensable for OAS enzyme activity. Tight
regulation of OAS1 activity is required for proper cell function and misregulation of this essential
cellular pathway can leave the cell susceptible to viral infection and disease.

The work described in this thesis focused on elucidating the molecular features within
dsRNA that impact activation of OAS1 by utilizing a short 18 bp dsRNA containing two OAS1
activation sequences, WWNgWG consensus (5) and 3’-ssPy motif (6), as a model. These
studies were essential to begin understanding the molecular basis of how OAS1 activation is
affected by dsRNA sequence, structure, and context of these activating motifs.

In Chapter 3, we showed that the 3’-ssPy motif is a biologically important RNA signature
capable of enhancing OAS1 activation in vitro and in human cells. Our data demonstrated that
adding the 3’-ssPy motif to the top strand of the model 18 bp dsRNA enhances OAS1 activation
while adding the same modification to the bottom strand had no effect. These data suggest that
OAS1 binds preferentially to one of the two supposedly “equivalent” WWNoWG consensus
sequence binding sites. Additional permutations altering the context of the OAS1 activation
consensus sequence, 3’-ssPy motif, or both, showed that the potency of the 3’-ssPy motif was

determined by optimal dsRNA positioning via the OAS1 activation consensus sequence. We
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also determined, utilizing a series of scrambled sequences, that OAS1 is unexpectedly sensitive
to sequence and that not any perfectly double-stranded RNA of appropriate length is able to
induce activation. Our work with a partially scrambled sequence indicated that the identity of the
nine intervening nucleotides within the OAS1 activation consensus sequence (WWNyWG) were
also important contributors to the enhancement of OAS1 activation. We were able to use the 3’-
ssPy motif as a molecular tool to measure dsRNA-binding directionality in solution as well as
demonstrate that OAS1 activity can be driven by sequence preferences and the context of
activating motifs.

In Chapter 4, we initially set out to investigate the propensity of inosine-containing
dsRNAs to evade detection by OAS1. A recent report had indicated that accumulation of
endogenous dsRNAs lacking A-to-l editing resulting from ADAR1 deficiency could activate the
OAS/RNase L pathway (8). Further, rescue of this phenotype by subsequent deletion of RNase
L implied that such editing is a mechanism by which the cell avoids aberrant OAS/RNase L
pathway activation. In contrast to our initial expectation, we found that OAS1 could be activated
by dsRNA with inosine modifications in both mismatched (IU) and Watson-Crick-like base
paired (I-C) contexts. Changing A to | did not eliminate the ability of OAS1 to sense these
particular short dsRNAs. Unexpectedly, all of the inosine substitutions also had an enhancing
effect on OAS1 activity. As a consequence of the location and relative position of these
nucleotide changes, we also determined that the extent of OAS1 activation was partially
determined by dsRNA shape and flexibility. We speculate that the nine non-conserved
nucleotides (Ng) forming the intervening region within the OAS1 activation consensus sequence
(WWNyWG) may not be sensed in a sequence-specific manner, but nonetheless have at least
two critical functions: (i) achieve the adequate spacing to position conserved nucleotides
(WW/WG) within the dsRNA minor grooves on the same surface of the helix for interactions with
OAS1 (5), and (ii) dictate the shape and flexibility of the dsRNA for OAS1 recognition. When

bound to OAS, dsRNA adopts a slightly bent conformation, as observed in the human OAS1-



158

dsRNA crystal structure (1), so changes in nucleotide content or base pair composition could
strongly influence dsRNA bending and activity. Our finding that OAS1 exhibits tolerance for
dsRNAs that contain non-standard nucleotides and/or include regions with mismatches or
imperfect base pairing also greatly expands the number of potential RNA activators in the cell.
What then prevents short cellular dsRNA segments from activating OAS1 if A-to-1 editing alone
is insufficient? One possible explanation could be that most cellular RNAs are coated in RNA-
binding proteins, which offer protection from degradation or inducing a cellular response at the
wrong place at the wrong time. We also cannot eliminate the possibility that there could simply
be other cellular pathways at work that help prevent inadvertent activation of OAS1.

In Chapter 5, we wanted to identify the role of the conserved nucleotides (WW/WG)
within the OAS1 activation consensus sequence (WWNoWG) and determine the molecular
mechanism employed by this consensus to potentiate OAS1 activation. We introduced guanine
(G) to adenine (A) mutations, generating two separate A:C mismatches, one in each copy of the
OAS1 activation consensus sequence. Surprisingly, despite occupying the same location in
their respective consensus sequence, the two G to A mutations were non-equivalent: one
greatly reduced the level of OAS1 activity, while the other dramatically enhanced OAS1
activation. Thus, we demonstrated that our 18 bp dsRNA contains two, non-equivalent OAS1
binding sites with vastly different capacities to activate OAS1. Our current model suggests that
mutation of the conserved guanine removes the competition driving dsRNA binding to either the
“preferred” or “non-preferred” consensus sequence in the opposite orientation. These data
support our findings in Chapter 3 that showed that the 3’-ssPy motif, although appended to both
ends of the dsRNA, were not equally sensed by OAS1. Taken together, we have demonstrated
that the two consensus strands in the model 18 bp dsRNA are not equal.

These advances in the field of OAS biology and innate immune system regulation by
dsRNA have helped us begin filling in the gaps, as we better understand what features within a

dsRNA molecule contribute to the extent of OAS1 activation (Figure 1). However, despite
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Chapter 3
OAS1 shows preference for dsRNA binding orientation
dictated by the sequence and context of activating RNA motifs.

Chapter 4 G157 ck 4 . _’ Chapter 5
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OAS1 within the same
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features in larger RNAs.

Figure 1. Overview of main research findings. As discussed in extensive detail in the preceding
chapters, OAS1 (grey) activation is regulated by dsRNA (white) and can be enhanced by the
presence of unique molecular signatures, such as the 3’-ssPy motif (orange box) or WWNWG
activation consensus sequence (purple and black boxes). These statements summarize the main
takeaways for each of the three results chapters of this work (Chapters 3-5).
garnering all of this new information, a number of questions remain unaddressed. For example,
identifying the 3’-ssPy motif as a molecular signature with the propensity to (if positioned
optimally) enhance OAS1 activation, still begs the question: what is the mechanism by which
the 3’-ssPy motif exerts its effect? Determining the molecular mechanisms utilized by these
OAS1 activating sequences (or structures) would give us another layer of detail into how dsRNA

is able to precisely tune the level of OAS1 activity. The sections below detail general gaps in our

knowledge as well as logical future directions for this work.

Define the molecular mechanism(s) of action for enhancement of OAS1 activation by
RNA sequence and structural motifs.

Our lab has identified two novel molecular signatures with the capacity to potentiate OAS1
activation: the 3’-ssPy motif produced as a result of RNA polymerase Il transcription termination

(6,9) and the unique tertiary structure formed by the apical stem loop of the human non-coding
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RNA 886 (nc886) (7). We have determined that OAS1 binding to either the model 18 bp dsRNA
or nc886 is dictated primarily by the OAS1 activation consensus sequence (10) or the ~18 bp
region of the non-coding RNA’s central stem (7), respectively. Once positioned optimally by the
OAS1 binding site, these RNA signatures dramatically increase OAS1 activation. However, the
precise mechanism of activation by these two RNA features has remained elusive.
Bioinformatics approaches could be used to identify the frequency of these motifs in viral
genomes, but would not necessarily provide mechanistic insights employed by these
sequences. However, based on my work, this method could be adapted to identify or predict
sequences that potently activate or inhibit OAS1, as a useful new tool for studying viral evasion
strategies and for the development of therapies required to combat these infections.

Based on modeling and mutagenesis analyses, it seems likely that the 3’-ssPy motif acts
as an allosteric enhancer of activation. Our lab previously demonstrated that substitution of
OAS1 residue Gly157 with the bulkier GIn eliminated the enhancing effect of the 3’-ssPy motif,
but did not otherwise reduce OAS1 activity significantly (6). This finding provided convincing
evidence that the 3’-ssPy motif may interact with a loop containing Gly157 to promote enhanced
OAS1 activation. However, given the location of this OAS1 loop adjacent to the dsRNA binding
surface and distant from its catalytic center, the molecular basis for 3’-ssPy action was unclear.
More recent studies in our lab using molecular dynamics (MD) simulations have revealed a
potential additional allosteric mechanism in OAS1. These MD studies were performed to
understand the impacts of four distinct OAS1 amino acid substitutions identified in patients with
immunodeficiencies that give rise to low-level constitutive “gain-of-function” activity (see details
below; Magg et al., submitted). However, despite the distant location of all four sites of
substitution, each resulted in an overlapping set of changes in protein dynamics, surrounding
the catalytic center on one side of the protein and within the Gly157 loop on the other. These
initial insights into the possible molecular mechanism are valuable, but moving forward it will be

important to utilize more high-resolution experimental techniques, such as x-ray crystallography,
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in addition to further MD simulations (e.g. of Gly157 loop substitutions in the free and dsRNA-
bound form of OAS1) to determine the structure and step-by-step mechanistic details of these

allosteric interactions.

Expand the model dsRNA to test the action of the OAS1 activation consensus sequence
and other activating motifs in the context of longer or more structured RNA.

All of these studies have been done in the context of a “simple” model 18 bp dsRNA that can be
easily manipulated and dissected. The interplay between OAS1-activating molecular signatures
in RNA are likely to become exponentially more complicated in larger dsRNA molecules with
many potential overlapping binding sites. Based on our work to date, it seems that it is not
simply the presence or absence of an RNA feature, but also their placement within the dsRNA
that determines how much each motif contributes to OAS activation.

These RNA molecular signatures could also act in concert or competition to affect the
level of OAS activity. It will therefore be important to fully address open questions pertaining to
how the context of OAS1 activation sequences affects the extent of OAS1 activation within a
longer and/or more structured RNA. For example, a viral dsRNA containing a preferred OAS
binding site with a weaker ability to activate OAS1 could potentially diminish activation by other
sites within the same dsRNA. These important new insights would give us valuable information
on how viruses could potentially mask an otherwise activating motif to evade detection by the
host innate immune system. As a precedence for such a viral strategy, a previous study showed
that a non-coding RNA from Dengue virus could act as a molecular “sponge” dampening the
activity of three cellular RNA-binding proteins (G3BP1, G3BP2, and CAPRIN1) restricting the

translation of interferon-stimulated mRNA transcripts (11).

Identify the impact (if any) these OAS1 activation sequences have on other OAS family

members, OAS2 and OAS3.
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A recent study of OAS2 tested dsRNAs ranging from 19-123 bp in length and each construct
was subjected to RNase treatment to generate a minimal 3’-ssPy motif (12). However, the 3’-
ssPy motif had no effect on OAS2 activation. The dsRNA constructs used in this study
contained multiple WWNoWG consensus sequences, but these were not located in the same
position as the model 18 bp dsRNA (6,10). These findings suggest that RNA signatures, like the
3’-ssPy motif, may not directly influence OAS1 (or OAS2) binding to dsRNAs but when
positioned optimally by other features of the adjacent dsRNA binding site can serve to strongly
enhance 2-5A synthesis. Another possible explanation could be that OAS2 activity is simply not
enhanced by the 3’-ssPy and this OAS protein may not rely on RNA sequence at all; activation
may just require binding a dsRNA long enough to span both OAS domains (and/or dimer
interface) in order to activate the catalytic subunit(s). This phenomenon has only begun to be
teased apart for OAS1, so whether or not specific sequences can similarly enhance OAS2 or
OAS3 activity remains to be elucidated. This work further emphasizes a longstanding gap in the
field and that by defining the dsRNA sequences and the mechanisms that lead to potent OAS1

activation is critical to our understanding of OAS protein function and regulation.

Pathway crosstalk and the additional role RNAs could play in regulating multiple arms of
the innate immune system.

Another important consideration is the role RNA may play in potentially regulating multiple
cellular pathways. Our lab showed that human nc886 is a regulator of two distinct innate
immune system pathways required for translational control (7,13). Specifically, we showed that
nc886 adopts two structural conformations with opposing functions: Conformer 1 is a potent
inhibitor of PKR but activator of OAS1, while Conformer 2 is a weak activator of both proteins
(7,13). The two conformations share largely the same structure, specifically in the central and
terminal stem, but they differ in the apical stem region. The apical region of nc886 was found to

be essential for both PKR inhibition and OAS1 activation, through its presumed formation of a



163

complex tertiary structure (7). This finding led to speculation that nc886 may serve as a potential
mediator of communication between these two pathways. The overlapping yet distinct
mechanisms (e.g. inhibition of PKR versus activation of OAS1) suggest that these two dsRNA
sensors may compete for nc886 binding depending on the “current” cellular requirements. In the
absence of a viral infection, nc886 is bound to PKR to prevent PKR activation while also
preventing inadvertent activation of OAS1. However, during a viral invasion, nc886 can be
displaced from PKR by viral dsRNA allowing nc886 to bind and activate OAS1 limiting the
spread of infection two-fold. Future experiments could include using PKR/OAS1-nc886
competition assays to directly assess this proposed model for direct competitive binding
between these two dsRNA sensors. However, several open questions still remain to be
answered: How does the cell prevent nc886 from activating the OAS/RNase L pathway
unnecessarily? Does the cell precisely tune the level of each nc886 conformer to impact OAS1
activity? Does nc886 fall under the short list of potential RNase L targets? What role(s) does
nc886 play (as a cellular non-coding RNA) in the uninfected cell compared to during a viral
infection? Future studies should focus on answering these pertinent questions while also
potentially identifying other RNAs with the ability to selectively inhibit or activate different arms

of the innate immune system.

Determine the molecular basis of dsRNA-independent OAS1 activation conferred by
clinical mutations with gain-of-function phenotypes.

Pursuing studies to fully define how OAS1 is regulated in the uninfected cell will also be critical.
In collaboration with research groups from around the world, we helped identify the possible
molecular mechanism responsible for immune system dysregulation caused by four human
heterozygous missense OAS7 mutations that result in four different amino acid substitutions
(A76V, C109Y, V121G, and L198V; Magg et al., submitted). These mutations cause lethal early-

onset symptoms linked to a previously uncharacterized autoinflammatory immunodeficiency
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syndrome: OAS1-associated polymorphic autoinflammatory immunodeficiency disorder
(OPAID). We speculate that such OAS1 mutations in genomic databases are underrepresented
due to the lethal nature of the phenotype. Our mechanistic insights based on in vitro OAS1
activation assays coupled with in silico modeling and MD simulations suggest that these patient
mutations conferred a dsRNA-independent mechanism of activation via common allosterically
induced changes in OAS1 protein dynamics (Figure 2). Therefore, these symptoms likely arise
from unconstrained regulation of OAS1 in the uninfected cell, where OAS1 exhibits a low level
of basal activation without the need of a dsRNA allosteric activator.

As discussed previously, dsRNA is required to drive conformational changes necessary
to form the OAS1 catalytic triad for ATP binding and 2-5A synthesis (1,2); however, the patient
mutations identified in this particular study resulted in proteins able to partly undergo these
structural rearrangements in the absence of dsRNA (Figure 2). These patient variants are yet
another example underscoring the importance of the need for OAS1 activity to be tightly
regulated. These studies should be followed up with additional biochemical, biophysical, and
structural approaches to define the molecular mechanism(s) by which these OAS1 clinical
variants act independently of dsRNA allosteric regulation. Defining the molecular details that
dictate unconstrained OAS1 regulation will also help us understand more about general OAS
function and could serve as an excellent candidate for the development of novel therapeutics

against OAS1 gain-of-function phenotypes.

Develop novel OAS1 inhibitors (and activators) for therapeutic implementation.

As discussed in the previous section, OAS1 patient mutations were recently identified and
shown to cause immune system dysregulation via OAS1 activation independent of dsRNA or
viral infection (Magg et al., submitted). OAS proteins are essential effectors of the cellular
response to viral infections. However, OAS has also been implicated in other human diseases,

including autoimmune disorders (14-17), cancer (18,19), tuberculosis (20,21), malaria (22), and
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Figure 2. dsRNA-independent OAS1 gain-of-function activity is favored by allosteric loss of
structural constraints.

MD simulation analysis of wild-type OAS1 (WT) and OAS1 clinical variants (A76V, C109Y, V121G,
and L198V): A, overall protein root-mean-square deviation (RMSD) over the 100 ns MD production
run, B, residue backbone atom root-mean-square fluctuation (RMSF), and C, difference RMSF (wild-
type OAS1 subtracted from each clinical variant). Individual proteins are as noted in the plot legends
(left to right): A76V (blue), C109Y (orange), V121G (purple) and L198V (green); wild-type OAS1
(black) is shown in panels A and B for comparison. Shaded regions on plots in panel B represent the
error in each value (SD). In panel C, dotted lines denote two standard deviations (+/- 20) from the
average difference RMSF for each protein (i.e. the most significant changes in residue dynamics). D
Residues with most significant changes in dynamics mapped onto OAS1 structure (shown in the
dsRNA-bound conformation; PDB code 4RWN) as Ca spheres; color coding denotes increased
dynamics (> 20; red) and decreased dynamics (< -20; blue) compared to wild-type OAS1. E,
Locations of substituted residues are shown in the same views as panel D. F, Model for common
action of OAS1 gain-of-function (GoF) variants. Wild-type OAS1 (left) strictly regulated by dsRNA
binding-induced conformational changes, whereas amino acid substitutions (right) relieve this strict
control by allosteric induction of changes around the enzyme catalytic center (red dotted lines) and
mirroring changes that occur upon dsRNA binding (blue dotted lines). These changes promote low-
level gain-of-function activity in the absence of dsRNA. MD simulations were run and analyzed, and
figures prepared by Drs. Debayan Dey and Graeme L. Conn (Magg et al. submitted).



166

linked to resistance for the only approved treatment for gastric cancer (23). The importance of
OAS in these human diseases and resistance to treatments cannot be overlooked, and the OAS
proteins should be considered viable drug targets to improve immune modulation and existing
treatments.

A recent report used homology modeling and high-throughput virtual screening to
identify potential OAS1, OAS2, and OAS3 inhibitors (24). The thirty-seven small molecule drug
targets identified in this study were proposed to act as competitive inhibitors of ATP, blocking
substrate binding, and thus limiting 2-5A synthesis. The molecules were computationally
predicted to bind to one of the two ATP binding sites (donor or acceptor) interacting with the
same residues independent of the OAS activation state: Asp75, Asp77, GIn194, GIn229, and
Tyr230 in OAS1 and analogous amino acids in OAS2 and OAS3. However, there was little
correlation between specific chemical fragments and their intermolecular interactions with the
OAS catalytic triad. This study provides candidates of possible OAS inhibitors that could be
used as a jumping off point for future rational design and optimization. These OAS inhibitors
would be essential for the treatment of patients with OAS1 gain-of-function mutations prior to
stem cell transplant; however, one caveat to developing therapies that inhibit OAS activation
would be the potential adverse effect of increasing patient susceptibility to viral infection.

Viruses have developed unique ways of evading the OAS/RNase L pathway, yet
developing compounds to specifically target OAS regulation to treat patients has been severely
under researched. Thus, | envisage another growing area of study would be to use OAS1 as a
target for identifying novel small molecule inhibitors, or even activators, depending on
therapeutic need. OAS1 inhibitors would be required for patients that have mutations in OAS1
that result in hyperactivity and/or lead to immune dysregulation. OAS1 activators may serve as
broad-spectrum antivirals required to supplement the immune system of immunocompromised
individuals at increased risk or susceptibility to viral infections. These drugs would serve as

important modulators of OAS1 activity protecting the cell from spurious activation or aiding the



167

cell in viral takeover, respectively. Based on current knowledge of OAS1 structure and function,
we can begin using computational approaches to design small molecule leads that target
different parts of the enzyme, including the catalytic site, dsRNA binding surface, or other
regions responsible for allosteric regulation. A useful tool to implement testing of OAS1
inhibitors is a high-throughput system that can effectively screen small molecule libraries using
mammalian cells expressing OAS1 variants that are constitutively active in the absence of
dsRNA. The OAS1 clinical mutations outlined in the previous section would be perfect

candidates for such studies.

Final remarks

Prior to starting this work, there was little known about what features within a dsRNA constitute
an activating or non-activating OAS1 binding site. My work has thus contributed to our essential
understanding of how specific RNA sequence(s) and their context tune the level of OAS1
activation. | also identified the importance of dsRNA shape and flexibility (as dictated by
nucleotide content) as an additional set of criteria that should be taken into consideration when
probing for potent dsRNA activators. My thesis work began to fill in outstanding gaps, but
moving forward, a complete understanding of the dsRNA features and their molecular
mechanism(s) controlling OAS1 regulation will be critical for the development of essential

therapeutic strategies.
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