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CONSPECTUS

Pathogens are recognized by the innate immune system in part via their unique and complex RNA
signatures. A key sensor in human innate immunity is the RNA-activated protein kinase PKR,
which has two double-stranded RNA (dsRNA) binding motifs (dSRBMs) at its N-terminus. Early
studies described PKR as being activated potently by long stretches of perfect dsSRNA, a signature
typical of viruses. More recently, we and others have found that PKR is also activated by RNAs
having structural defects such as bulges and internal loops. This article describes advances in our
understanding of the ability of PKR to detect diverse foreign RNAs and how that recognition plays
significant roles in discriminating self from non-self. The experiments discussed employ a wide
range of techniques including activation assays, native polyacrylamide gel electrophoresis
(PAGE), protein footprinting, and small angle X-ray scattering (SAXS). We discuss how
misfolding and dimerization of RNA lead to activation of PKR. We also present recent findings on
the activation of PKR by varied bacterial functional RNAs including ribozymes and riboswitches,
which are among the few structured RNAs known to interact with PKR in a site-specific manner.
Molecular models for how these structured RNASs activate PKR are provided. Studies by SAXS
revealed that PKR straightens bent RNAs. Most external and internal RNA cellular modifications
introduced /n vitro and found naturally, such as the m7G cap and m6A group, abrogate activation
of PKR, but other modifications, such as 5’-ppp and 2’-fluoro groups, are immunostimulatory and
potential anticancer agents. Genome-wide studies of RNA folding /n vitro and in vivo have
provided fresh insights into general differences in RNA structure amongst bacteria, viruses, and
human. These studies suggest that /7 vivo, cellular human RNAs are less folded than once thought,
unwound by helicases, destabilized by m6A modifications, and often bound up with proteins—
conditions known to abrogate activation of PKR. It thus appears that non-self RNAs are detected
as unmodified, naked RNAs with appreciable secondary and tertiary structure. Observation that
PKR is activated by structured but otherwise diverse RNAs is consistent both with the broad-
spectrum nature of innate immunity and with the non-specific recognition of RNA by the dsSRBM
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family. These findings provide a possible explanation for the apparent absence of protein-free
structured human RNAs, such as ribozymes and riboswitches.

INTRODUCTION

One of the most important tasks any organism faces is defending itself against attack by
pathogens. Innate immunity is an ancient form of self-defense and provides an organism
with broad-spectrum protection against pathogens.! Discriminating self from non-self
requires detection of molecules possessing inherent diversity in their molecular
configuration and conformation. The innate immune system is comprised of pattern
recognition receptors (PRR’s) that recognize bacteria, viruses, fungi, and protozoa.2 These
receptors recognize specific pathogen-associated molecular patterns (PAMPs) that induce
signaling proteins, inflammatory cytokines, and type-I interferons (IFN-I), which ultimately
limit viral replication in cells.2 PAMPs can embrace any pathogen-associated molecular
motif including glycans, lipopolysaccharides, specific proteins, and nucleic acids.

Ribonucleic acid (RNA) is comprised of four similar nitrogenous heterocycles, A, G, C, and
U, and a sugar-phosphate backbone. It thus has limited covalent molecular diversity, and
moreover the intrinsic covalent makeup of RNA is shared among all forms of life. Where
then does RNA’s diversity come from? Because it is single stranded, RNA can fold back on
itself and form complex secondary and tertiary structures. This structural diversity is so rich
that RNA can be an enzyme (ribozyme) or a specific and high affinity small molecule sensor
(aptamer and riboswitch).#> Furthermore, RNAs can be modified both externally and
internally to enhance their covalent molecular diversity.5 As such, two ways to distinguish
self from non-self are through differences in the folds and covalent modifications of cellular
and pathogenic RNA.

A common way in which RNA is detected in the cell is via RNA-binding proteins. RNA
binding motifs run the gamut from sequence-specific motifs that bind single-stranded RNA
to non-sequence-specific motifs that bind double-stranded RNA. Single-stranded sequence-
specific RNA binding proteins are common in the human genome and include such motifs as
the KH and RRM. There are thought to be more than 420 RBPs in the human genome and
~270 of them are sequence-specific.” These proteins serve roles in gene regulation, splicing,
capping, modification and export/localization. In contrast, proteins involved in innate
immunity need to recognize a vast swath of RNAs and so are often comprised of non-
sequence specific motifs.® Key among these is the double-stranded RNA (dsRNA)-binding
motif (dsRBM) that recognizes RNA in the minor groove, which has the RNA-specific 2’-
hydroxyls but is generally devoid of sequence-specific information.® The dsRBM is present
in a number of dSRNA-binding proteins including Drosha, DGCRS, Dicer, and TRBP, which
are involved in miRNA maturation, and ADAR, which is involved in RNA editing.®

The RNA-activated protein kinase PKR is an innate immune sensor and has two dsRBMs at
its N-terminus and a set of kinase domains at its C-terminus. In the presence of long dsRNA,
typically of viral origin, PKR dimerizes via binding of RNA by its dSRBMs and
autophosphorylates to become activated.19 Once phosphorylated, PKR can phosphorylate
elF2a, which inhibits the initiation of translation and can lead to apoptosis.1® An overview
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of the roles of PKR in the cell is provided in Figure 1. Remarkably, PKR is evolving more
rapidly than other proteins in the human genome, apparently because the pathogens PKR
recognizes are themselves evolving rapidly.11

In the absence of pathogens, PKR exists in a latent non-phosphorylated state (Figure 1). The
latent state can be enforced by binding either short structured RNAs or inhibitory proteins
such as TRBP.12 Upon infection by pathogens, interferon is produced, which increases PKR
production. PKR is activated by binding RNA of a minimal length of ~33 bp required for
dimerization,13-15 which leads to an innate immune response.12 Although PKR is primarily
found in the cytoplasm where it regulates translation, about 20% of PKR is nuclear where it
has been shown to regulate RNA splicing, mRNA stability, and ribosome biogenesis and
affect diseases including acute myeloid leukemia AML.16-18

The focus of this review is the molecular discrimination of self and non-self at the level of
RNA recognition, with an emphasis on our recent studies in which RNA structure,
misfolding, and modification participate in this process. We also highlight recent studies on
the interaction of PKR with bacterial RNAs. It is our hope that this will lay a foundation to
help understand the varied functions of PKR as well as other dsSRBM-related proteins.

PKR IS ACTIVATED BY RNA MISFOLDING AND DIMERIZATION

Regulation of PKR by RNA secondary structure is not limited to perfectly double-stranded
RNA. Many complex functional RNAs with structural imperfections activate PKR, including
HIV-TAR (human immunodeficiency virus-trans activation response element), the HDV
(hepatitis delta virus) ribozyme, and tRNA, each of which contains multiple helical defects
(Figure 2).19-23 Studies from our lab with these RNAs revealed that activation of PKR is
dependent upon misfolding via RNA dimerization. In each case, monomeric RNA does not
activate PKR, either because it is globular, as in the HDV ribozyme and tRNA, or because it
has too few base pairs, as in HIV-TAR. Dimerization of nucleic acids is common and is
often, but not always, accompanied by loss in RNA function, where it serves as an example
of RNA misfolding.24:25

The HIV-1 TAR RNA resides in the 5’-end of the HIV-1 RNA genome and is known to
dimerize.8 Reports about the effect of TAR RNA on PKR activation were conflicting, with
some studies claiming it is an inhibitor of PKRZ7 and others that it is an activator.28 We were
able to isolate TAR RNA in non-interconverting monomeric and dimeric forms.1® This was a
key technical advancement and was accomplished using native polyacrylamide gel
electrophoresis (PAGE), with confirmation of the molecularity of the isolated RNA by
analytical ultracentrifugation (AUC). The monomeric form of TAR RNA inhibited PKR
autophosphorylation by competing for PKR that had dimerized on longer RNAs. In contrast,
the dimeric form of TAR RNA potently activated PKR at low to moderate RNA dimer
concentrations, and, like all RNA activators, inhibited PKR activation at high concentrations,
presumably by titrating PKR dimers out to monomers. Dimerization of TAR doubles the
number of base pairs per RNA from ~23 to ~46 (Figure 2A). Gain of activation upon RNA
dimerization could be understood in light of the classical activation of PKR requiring at least
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33 bp and reconciles the disagreement on the regulatory status of TAR-RNA by showing that
PKR is both inhibited and activated depending on the molecularity of TAR.

Hepatitis delta virus (HDV) is a 1.7 kb single-stranded RNA that replicates by a double
rolling circle mechanism.2%:30 Both the genomic and antigenomic forms of HDV contain
ribozymes, which linearize the genome during replication. Earlier studies showed that a
ribozyme-containing segment of the genomic viral RNA, which folds back on itself to form
a ribozyme-inactivating rod, activated PKR.22:23 \We isolated monomeric and dimerized
forms of ~100 nt ribozyme-containing constructs by native PAGE and found that monomeric
RNA, which folded into the native structure of the ribozyme according to structure mapping,
did not activate PKR whereas the dimer, which folded into an extended species (Figure 2B),
potently activated PKR.20 Sample native gel and activation data are provided in Figure 2D
and E. The dimer prevents native tertiary structure and approximately doubles the number of
contiguous base pairs, approaching the activating length of 33 bp, which can be augmented
by peripheral helices (Figure 2B).

In a third effort to test the generality of RNA dimers to activate PKR, we examined the
A14G pathogenic mutant of mitochondrial tRNA-leucine mt-tRNALEY, which dimerizes via
its D stem-loop (Figure 2C).31 We isolated monomeric and dimeric forms of an unmodified
version of this tRNA by native PAGE and again found that dimeric RNA is a potent activator
of PKR, inducing phosphorylation levels similar to those of long perfectly double-stranded
RNA. Monomeric tRNA, on the other hand, did not activate PKR even at high
concentrations.2 The dimer disrupts native tertiary structure and approximately doubles the
number of base pairs, from 20 to 42 bp (Figure 2C).32 As described below, covalent RNA
modifications occur much less frequently in mitochondrial tRNAs than cytoplasmic tRNAs.
Since tRNAs are prone to misfold, modifications in cytoplasmic tRNAs, which are known to
favor native tertiary structure, may function, at least in part, to suppress tRNA dimerization
thereby preventing an unprovoked innate immune response.2!

Each of the structures for these three dimer RNAs contains helical imperfections such as
bulges and internal loops (Figure 2A-C). We conducted a systematic analysis of the effect of
bulges and internal loops on the activation of PKR.33 Overall, bulges decreased activation of
PKR by ~2- to 10-fold, although effects were generally rescuable by higher concentrations
of RNA or longer times of incubation. In the background of dsRNA, larger bulges disfavored
PKR activation more strongly, and centrally located bulges were most detrimental. For
multiple bulges, those that were cisto each other (i.e. on the same strand) activated PKR
more potently than bulges that were trans, while higher ionic strength increased
discrimination against RNA structural defects. Finally, we note that helical defects are
tolerated by being extruded, with PKR straightening any bulge-induced bending of the RNA.
This notion is supported by early native PAGE results and more recent SAXS studies from
our lab.3435

There is a strong link between protein misfolding and human disease, for example in
transmissible spongiform encephalopathies (TSEs) and Alzheimer’s disease.36 Links
between RNA misfolding and disease are less well established. Nonetheless, tRNA
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mutations in the mitochondria are associated with devastating human disease,3” and many
viruses are known to dimerize their genomes during replication.38

COVALENT MODIFICATIONS OF RNA REGULATE PKR ACTIVATION

Covalent modifications are widespread in RNA. They are most abundant and diverse in
tRNA, but also occur in rRNA, and more recently have been found throughout mRNA.39
Naturally occurring modifications occur at the 5’-end of the RNA and internally at the ribose
sugar and nucleobases (Figure 3A). Modifications to RNA can also be introduced
synthetically and have been used to prepare immunostimulatory RNAs (iSRNA) for turning
on the innate immune system to treat cancer and chronic infections.#0:41

Effects of a large number of covalent RNA madifications on PKR activation have been
tested (Figure 3).4042-44 Several studies investigated the activation of PKR by external
modifications. We reported that short unstructured RNAs could activate PKR just as strongly
as long dsRNA4 provided a 5’-triphosphate (ppp), which is found in many pathogenic
RNAs, was present.*2 A m7G cap, which is found in most human cellular RNAs, did not
activate PKR. A recent investigation by Toroney et. al. focused on overlap of the binding
sites for 5°-triphosphate, dsRNA, and ATP. We found absence of selectivity for the 5’-most
nucleobase, consistent with broad-spectrum protection, but strong selectivity for ATP,
indicating that the 5’-ppp and ATP binding sites do not overlap.#4 Lastly, evidence was
provided that ppp-ssRNAs interact with multiple domains of PKR according to activation,
binding, and crosslinking studies.

Several studies from our lab sought to understand whether internal modifications affect
activation of PKR by RNA. We found that activation is abrogated when ssRNA and dsRNA
are fully substituted with diverse modifications, including 2’-deoxy sugar substitutions and
s2U, s4U, y, m5U, 15U, and m6A nucleobase substitutions.* We also tested modified
tRNAs for their ability to activate PKR, including naturally occurring cellular tRNAs, which
are heavily modified, and mitochondrial tRNA (mt-tRNA), which are modestly modified.2!
We found that T7-transcribed yeast tRNA (unmodified) and total mt-tRNA activated PKR
potently /n vitro, whereas total tRNAs from £. coli, yeast, and wheat did not. Likewise, PKR
was activated by unmodified tRNAP but not by naturally modified yeast tRNAP"® both in
vitroand in vivo.21 Modifications in yeast tRNAPM include m1A, , T, m5C, m7G, Y, 2’-
methoxyC, 2’-methoxyG, di-m2G, D, and m2G. In collaboration with Kariko and
Weissman, we obtained similar results with pseudouridine (), where  incorporation into
mRNA enhanced translation by diminishing PKR activation.> Overall these findings
support suppression of PKR and the innate immune system by cellular RNA modifications.

Two recent studies provide additional support of a role for covalent modification of cellular
RNAs in suppression of PKR function. Yuen and co-workers found that suppression of m6A
epigenetic marks on mRNA via mutations in NM/PBL, a cohesin loader, led to activation of
PKR,*6 while George and co-workers reported that suppression of ADAR1, which performs
most A-to-1 deaminations in RNA, led to enhanced phosphorylation of elF2a.4” An
emerging view is that RNA modifications are marks that differentiate cellular self-RNAs

Acc Chem Res. Author manuscript; available in PMC 2017 June 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hull and Bevilacqua

Page 6

from pathogenic non-self RNAs, thus keeping PKR in a latent state. This is reminiscent of
the restriction-modification immune systems of bacteria.48

While most covalent modifications of RNA abrogate activation of PKR, certain
modifications maintained or enhanced activation of PKR. As mentioned, a 5’-triphosphate
leads to enhanced levels of PKR activation.3 In addition, we showed that phosphorothioates
and 2’-fluoro modifications of uridine lead to activation of PKR.40 A 2’-fluoro group can
serve as a hydrogen bond acceptor in the minor groove of dsSRNA where the dSRBM of PKR
binds, providing a molecular rationale for this observation. We previously proposed that
such modified RNAs, which have enhanced stability /n vivo, might serve as
immunostimulatory RNAs (isRNA) for treating cancer.? Notably, recent work from Lee,
Sullenger, and co-workers illustrates that RNAs containing both 2’-fluoro pyrimidines and a
5’-triphosphate (so-called “2’F5’ppp RNA”) increase cell death in human cancer cells and
that innate immune-sensing PRRs, including PKR, are strongly upregulated in this
process.?!

BACTERIAL RNA ACTIVATES INNATE IMMUNITY VIA PKR

To date, PKR has been principally recognized as being activated by viral RNAs. However,
recent reports indicate that PKR is phosphorylated in cells, either human cardiac myocytes
or a fibrosarcoma cell line, that are infected with RNA from bacteria, which can lead to
apoptosis.4950 For certain bacteria, molecules are secreted into the cytoplasm of the host
during the early stage of infection, and it has been proposed that these molecules could
include nucleic acids, providing the potential for PKR to detect bacterial RNAs through this
mechanism.51:52 |n addition, RIG-I, another PRR, is activated by RNA secreted from
Listeria, suggesting a general role for the innate immune system in protection from bacterial
pathogens.>3 Lastly, certain bacteria undergo a lytic stage in which their RNA contents are
released into the infected cell, providing another means of detection.>*

In order to better understand how PKR is activated by bacterial RNA, effects of the #rp5°-
UTR translation control RNA from B. subtilis were investigated.>® This RNA contains many
elements typical of a structural, regulatory bacterial RNA including stem-loops, competing
terminator and antiterminator hairpins, long-range tertiary structure, and extensive dsRNA
and ssRNA regions (Figure 4). In addition, this RNA regulates L-trp levels in Bacillus
subtilis through structural rearrangement mediated by the RNA-binding protein, TRAP,
which itself binds L-trp. These structural rearrangements lead to formation of a Shine—
Dalgarno blocking hairpin, providing additional elements typical of bacterial RNA.

Studies on this system provided the first evidence that multiple structural features of this
prototypical bacterial leader potently activate PKR.%® The 5’-stem loop, terminator hairpin,
and Shine-Dalgarno blocking hairpin all activated PKR and displayed flanking tail and 5’-
triphosphate dependence. Disruption of a long-range tertiary interaction had little effect on
PKR activity. Moreover, potent activation of PKR by the #p5’-UTR and by total £. coli
RNA was maintained upon lowering magnesium concentrations to human physiological
levels.5®
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To more broadly understand PKR’s interaction with bacterial RNA, we recently investigated
its interaction with three functional bacterial RNAs with extensive secondary and tertiary
structures and diverse regulatory mechanisms: the V/ cholerae cyclic-di GMP riboswitch, the
B. anthracis g/mS riboswitch-ribozyme, and the C. bolfeae twister ribozyme, where the
riboswitches change structure upon ligand binding.>® We found that all of these bacterial
RNAs activate PKR under both human and bacterial physiological magnesium conditions
with remarkably high potency considering their complex structures. Maximal PKR activity
ranged from 80-140% that of long dsRNA, requiring just 5-10-fold higher RNA levels.

To understand structurally how these RNAs interact with PKR, we conducted ribonuclease
structure mapping and PKR footprinting studies. Results suggested that PKR dimerizes on
the peripheral helices of the natively folded cyclic-di GMP riboswitch and g/mS riboswitch-
ribozyme (Figure 5). We modeled the length of dsRNA required for each monomer of PKR
to bind (~16 bp)1° onto the structure mapping/PKR footprinting data of the cyclic di-GMP
riboswitch and g/mS riboswitch-ribozyme. Remarkably, two footprints were found in A-
form-like helical segments on each of the RNAs (Figure 5). We also attempted to map PKR
onto the VVc2 cdiGMP riboswitch G83C mutant, which inhibits tertiary interactions and
leaves the RNA in an extended undocked conformation. No apparent footprinting was found,
most likely due to PKR not being locked onto a single binding site. This suggests that PKR
does indeed dimerize on the tertiary structures of intact functional bacterial RNAs, leading
to its activation.>® These are among the first reports of RNAs that activate PKR via their
tertiary structure.®’

CONCLUSIONS

The innate immune system is the first line of defense against invading pathogens. It is both
ancient in origin and general in recognizing pathogens. RNA is also ancient according to the
‘RNA World Hypothesis” where self-replicating RNA molecules are thought to be the
precursors to all life on Earth. It is thus possible that RNA and the innate immune system co-
evolved. Some of the biggest questions regarding the mechanism of innate immunity are
ones of molecular recognition: How is self differentiated from non-self in terms of species-
specific molecular patterns?

Genome-wide studies of RNA folding have emerged in the last few years, and fresh insights
into general differences in RNA structure among bacteria, viruses, and human are being
generated.58-81 These studies have revealed that i vivo, eukaryotic RNAs are less structured
than once imagined owing in part to the presence of helicases and m6A epigenetic
modifications, each of which unfolds RNA. Since activation of PKR is generally promoted
by RNA structure, this view provides a molecular model for why these cellular
modifications suppress PKR activation. Pseudouridine also suppresses PKR activation,21:45
but in fact y stabilizes RNA structure, including all mismatches.%2:63 Given the extra
hydrogen bonding group in , these modifications may drive RNA into non-A-form
geometries, which disfavor canonical positioning of a dsSRBM. In addition, covalent RNA
modifications that favor compact native tertiary structure, especially for tRNA, may disfavor
competing RNA dimerization, thereby preventing an autoimmune response. An important
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future direction will be understanding the molecular bases for how RNA modifications affect
PKR activation.

A model emerges in which non-self RNAs are detected as those naked, unmodified RNAs
with appreciable secondary and tertiary structure. Observation that PKR is activated by a
diverse set of structured, unmodified RNAs—including bacterial leaders, riboswitches, and
ribozymes— is consistent with the broad-spectrum response nature of innate immunity and
with the nonspecific recognition of RNA by the dsRBM family. Exogenous mRNAs and
aptamers can be modified covalently to either avoid or stimulate the immune systems, as
desired.40:41.45 We suggest that the apparent absence of protein-free ribozymes and
riboswitches in the human genome may be because such RNAs trigger innate immunity and
so are under negative selection.
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Figure 1.
Roles of PKR in the cell. PKR is latent in healthy cells and upon pathogen infection

interferons are produced, which upregulate PKR. These pathogens release their RNAs,
which promote PKR dimerization and autophosphorylation. PKR autophosphorylates
eukaryotic initiation factor 2a (elF2a), which leads to inhibition of protein synthesis and
apoptosis. PKR is inactivated by smaller RNAs, potentially from self- or non-self.
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Figure2.

Activation of PKR by RNA dimers. (A) HIV-1 TAR RNA dimer, which is ~23 bp as a
monomer and ~46 bp as a dimer. (Adapted with permission from ref. 19. Copyright 2009
Elsevier.) (B) HDV ribozyme dimer, which has 14 bp in the intramolecular hairpin regions
and 26 bp in the intermolecular double-stranded region. (C) tRNALeY dimer, which has 20
bp total as a monomer and 42 bp as a dimer. (Adapted with permission from ref. 21.
Copyright 2013 Creative Commons.) (D) Native PAGE gel showing the migration of the
HDV ribozyme monomer and dimer. ‘h’ is heat treatment; ‘s’ is high salt treatment. (E) PKR
activity assay for HDV ribozyme monomeric and dimeric forms in comparison to 79 bp
dsRNA. Shown is an SDS-PAGE gel and ‘p-PKR’ is phosphorylated PKR. (Panels B, D, and
E are adapted with permission from ref. 20. Copyright 2012 Elsevier.)
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Figure 3.

Naturally occurring chemical modifications that regulate activation of PKR. (A) Internal and
external modifications discussed herein. (B) Naturally occurring RNA modifications in yeast
tRNAPNe tested en masse. (C) Modifications of the four nucleobases in panel A. Also listed
are several additional modifications only in panel B: Y (wyosine), D (dihydrouridine), and

¥ (pseudouridine).
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Figure 4.
Multiple folds of the B. subtilis trp 5’UTR RNA lead to activation of PKR. A 206 nt

transcript with multiple features including a 5’-stem loop, long dsRNA region, and a
terminator hairpin. This RNA binds the protein TRAP, which is activated by excess L-trp,
and leads to the translation control structure shown at the right, where the Shine-Dalgarno
sequence is blocked. In addition, the naked RNA has a magnesium-dependent tertiary
(pseudoknot) feature shown in blue and pink in the lower panel. (Adapted with permission
from ref. 55. Copyright 2015 Elsevier.)
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Figureb.
Footprinting of PKR onto riboswitches. (Left) Model of 16 bp dsRNA, the minimal length

needed to bind a PKR monomer. (Middle and Right) A cylinder representing the 16 bp
dsRNA is placed twice onto bacterial RNAs that activate PKR. V¢2 cdiGMP riboswitch
(middle) and g/mS riboswitch-ribozyme (right) are modeled according to structure mapping
and PKR footprinting data. Pink balls are 2°OHs that are always protected and black balls
are 2’OHs that are protected by PKR. Two footprints are possible for each RNA. Another
potential binding site on the g/mS riboswitch-ribozyme is found by rotating the bottom
cylinder ~45° counterclockwise about the axis coming out of the page.>6
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