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Abstract

The innate immune system provides the first line of defense against pathogens through the
recognition of non-specific patterns in RNA to protect the cell in a generalized way. The human
RNA-activated protein kinase, PKR, is a dsSRNA binding protein and an essential sensor in the
innate immune response, which recognizes viral and bacterial pathogens through their RNAs.
Upon activation via RNA-dependent autophosphorylation, PKR phosphorylates the eukaryotic
initiation factor elF2a leading to termination of translation. PKR has a well-characterized role in
recognizing viral RNA, where it binds long stretches of double-stranded RNA non-sequence
specifically to promote activation; however, the mechanism by which bacterial RNA activates PKR
and the mode by which self RNA avoids activating PKR are unknown. We characterized activation
of PKR by three functional bacterial RNAs with pseudoknots and extensive tertiary structure: the
cyclic-di GMP riboswitch, the g/mS riboswitch-ribozyme, and the twister ribozyme, two of which
are ligand-activated. These RNAs were found to activate PKR with comparable potency to long
dsRNA. Enzymatic structure mapping in the absence and presence of PKR reveals a clear PKR
footprint and provides a structural basis for how these bacterial RNAs activate PKR. In the case of
the cyclic di-GMP riboswitch and the g/mS riboswitch-ribozyme, PKR appears to dimerize on the
peripheral double-stranded regions of the native RNA tertiary structure. Overall, these results
provide new insights into how PKR acts as an innate immune signaling protein for the presence of
bacteria and suggest a reason for the apparent absence of protein-free riboswitches and ribozymes
in the human genome.

The first line of defense to invading organisms is the innate immune system, which involves
pattern recognition receptors (PRR’s) that detect molecular patterns in order to discriminate
between self and non-self.1 Many proteins are involved in the innate immune system
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including the RNA-activated Protein Kinase, PKR.2 This essential sensor is comprised of an
N-terminal double-stranded RNA binding domain (dsRBD) that contains two tandem
double-stranded RNA binding motifs (dsSRBMs), as well as a C-terminal catalytic kinase
domain.3 The dsRBM is found in a number of key proteins, including Dicer, Drosha, and
ADAR, and binds dsRNA in a non-sequence-specific fashion primarily in the minor
groove.34 The classical model of PKR activation involves its binding to long stretches of
dsRNA, where at least 16 bp are needed for PKR to bind and 30 bp for it to dimerize and
become active.>~’ Upon dimerization, PKR can autophosphorylate followed by
phosphorylation of elF2q, leading to inhibition of translation initiation.8 Because PKR must
dimerize to become active, too much RNA shuts off PKR activity by stranding PKR
monomers onto RNA islands.’

PKR is known to be classically activated by long dsRNA from viruses, but it is also known
to be activated by other structured RNAs.? More recently, PKR has been shown to be
activated by bacterial RNA, both from total RNA /n vivo as well as a discrete bacterial RNA
leader in vitro.1%11 /n vivo concentrations of Mg2* have a substantial effect on RNA folding
and function.12 Bacteria have physiological Mg2* concentrations of ~2-3 mM,12.13 while
human cells have physiological Mg2* concentrations of ~0.5-1 mM4 suggesting that
bacterial RNAs could refold in eukaryotic cells depending on local Mg2* concentrations. In
addition, standard PKR activation assays in the literature have been performed typically over
the range of 4-10 mM Mg?*-6 As such, the effects of prokaryotic and eukaryotic Mg2*
levels on PKR activation are important to test.

Key functional RNAs discovered in the last few decades include riboswitches and
ribozymes. Riboswitches are aptamers that control gene function by binding a metabolite,
which can be anything from a protein to a small molecule or ion.15 Ribozymes are catalytic
RNAs that can make and break chemical bonds under certain cellular conditions, typically to
regulate downstream gene function. Riboswitches and ribozymes are known primarily in
prokaryotes.16-18 An outstanding question is the reason for the apparent absence of
riboswitches and ribozymes in eukaryotes.

Three representative functional bacterial RNAs are studied here: a 110 nt cyclic di-GMP
(cdiGMP) riboswitch from Vibrio cholerae, a 145 nt g/mS riboswitch-ribozyme from
Bacillus anthracis, and a 61 nt twister ribozyme from Clostridia bolteae. These RNAS span
different classes and sizes of functional RNAs. In addition, we tested PKR activation by the
full-length 5’UTR of the cdiGMP riboswitch, which is 350 nt in length and contains both the
aptamer and expression domains. All of these RNAs have pseudoknots and both of the
ribozymes are double-pseudoknotted, allowing the importance of RNA tertiary structure in
activating PKR to be tested.19-21 These particular bacterial RNAs were also chosen in part
on the basis of their diversity and their pathogenesis to humans: V/ choleraeis a gram-
negative bacterium that causes cholera, B. anthracisis a gram-positive bacterium that causes
anthrax, and C. bolteae is a gram-positive bacterium that causes bowel-related issues
associated with autism.

Cyclic-diGMP is a bacterial second messenger that activates extracellular polysaccharide
production and biofilm formation in addition to regulating motility and virulence.22
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Classically, cdiGMP was known to perform this function by binding protein enzymes, but
more recently it has been shown to bind certain riboswitches.2324 The cdiGMP riboswitch
from V/ choleraeis a class-1 cdiGMP riboswitch that controls the foX gene by an
antitermination mechanism (Figure 1).24 The cdiGMP signaling pathway is important in
controlling expression of the gene in a host cell, as cdiGMP levels are often decreased upon
infection allowing the bacteria to express virulence factors necessary to survive.2> Both
cdiGMP and Mg?* affect the fold of the riboswitch (Figure 1). In limiting Mg2* conditions
(0.5 mM Mg?2*) in the absence of cdiGMP, the aptamer adopts an undocked state.26:27 |n
excess Mg2* conditions, (4.0 mM Mg?2*) the aptamer assumes a pre-docked, but not fully
formed fold that upon addition of saturating cdiGMP forms a docked structure with an
antiterminator that allows the downstream gene to turn on.26:27 The g/mS riboswitch-
ribozyme regulates levels of glucosamine-6 phosphate (GIcN6P),28 which is the ligand that
it binds. The twister ribozyme was recently discovered and is one of the fastest self-cleaving
ribozymes, found in a large range of organisms (see structures below). Crystal structures are
available for both of these RNAs,19:21

In the present study, we conducted activation assays on the V. cholerae cyclic diGMP
riboswitch aptamer domain (\Vc2) and its full-length 5’UTR (Vc2FL) in the absence and
presence of cyclic-diGMP. We also removed key tertiary interactions in the Vc2 and Vc2FL
riboswitches by a G83C mutation to test whether tertiary RNA interactions play a role in
activation of PKR. Lastly we tested activation of PKR by the post-cleavage product of the
gImS riboswitch-ribozyme and twister ribozyme. To understand the potent activation of PKR
by these riboswitches and ribozymes, we conducted structure mapping and PKR
footprinting, which led to a structural model for how these functional bacterial RNAs
interact with and activate PKR.

RESULTS AND DISCUSSION
PKR is activated by both the Vc2 and Vc2FL forms of the cdiGMP riboswitch

The first of the three functional bacterial RNAs that was tested for activation of PKR is the
cdiGMP riboswitch from Vibrio cholerae. We tested both the aptamer domain alone (Vc2)
and the full-length 5’-UTR (Vc2FL), which contains both Vc2 and the terminator and
antiterminator hairpins, among other possible regulatory structure. These experiments were
conducted under both standard activation conditions of 4 mM Mg?2*, similar to prokaryotic
cell conditions, and human cellular salt conditions of 0.5 mM Mg?2* in the presence and
absence of saturating amounts of the metabolite, cdiGMP. These concentrations were chosen
to populate the undocked, pre-docked, and docked states, as described in Figure 1.26 Results
are summarized in Supplementary Table 1 and representative activation gels are provided in
Figure 2.

Under standard activation conditions of 4 mM Mg?2*, which populates the pre-docked state
(Figure 1A), Vc2 potently activated PKR with a maximal activation level at ~140% that of
0.1 uM dsRNA-79 (Figure 2A). Activation was completely dependent on the presence of
RNA. As the concentration of RNA was increased, activation increased and then decreased,
with a bell-shaped dependence on RNA concentration, consistent with RNA-dependent
dimerization of PKR (Figure 2C). Upon lowering the Mg?* concentration to a physiological
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value of 0.5 mM, which populates primarily the undocked state, activation was still potent,
at ~110% that of 0.1 uM dsRNA-79. Upon adding 20 uM cdiGMP, the activation decreased
slightly for both 4 and 0.5 mM Mg?2* conditions, with both requiring more RNA to gain
activation and having a somewhat lower maxima of ~90% dsRNA-79 but which was strong
nonetheless. Note that cdiGMP alone does not activate PKR nor compete with activation by
dsRNA-79 (Supplemental Figure 1). (For evidence of cdiGMP binding, Vc2 folding, and
PKR binding to the natively folded riboswitch, see structure mapping data below.) These
ligand containing results, especially those in 4 mM Mg?2*, reveal that the fully docked state
also activates PKR. Overall, these results indicate that the bacterial Vc2 riboswitch is a
potent activator of PKR under prokaryotic and eukaryotic salt conditions and in the presence
and absence of bound ligand.

Next, the ability of the full length 5’UTR (Vc2FL) to activate PKR was tested. As shown in
Figure 2D, the results were quite similar to VVc2. Potent activation was observed in the
absence of ligand and under standard activation conditions of 4 mM Mg?*, which populates
the pre-docked state, with a bell-shaped dependence on RNA concentration. Lowering the
Mg?2* concentration to 0.5 mM, which populates primarily the undocked state, decreased
activation ~2-fold, somewhat more than for Vc2 but still with strong activation. Upon adding
cdiGMP in the presence of 4 mM Mg?* to force the fully docked state, activation was
affected only slightly, with maximal activation at ~110% dsRNA-79. (For evidence of
cdiGMP binding and accompanying changes in the secondary structure of the expression
domain, see Supplemental Figure 4). At eukaryotic Mg2* concentration, activation was
affected more significantly by ligand, where activation fell to ~20% that in dSRNA-79. All
four conditions for Vc2FL revealed bell-shaped activation curves that were ‘left-shifted’
compared to the aptamer alone: a lower molar concentration of RNA was needed to gain
activation and a lower concentration of RNA led to loss of activation. The bell-shape to the
RNA activation profile is again consistent with RNA-dependent dimerization of PKR, and
the leftward shift of the profile supports the longer VVc2FL (350 nt) requiring fewer moles of
transcript to both activate and inactivate PKR. We also note that both ligand-free and ligand-
bound Vc2 and Vc2FL compete with dSRNA-79 for activation (Supplementary Figure 1),
indicating that the riboswitches bind to the same, or overlapping, site(s) as dsSRNA on PKR.
Overall, in the majority of the cases tested, the Vc2 and Vc2FL 5-UTR strongly activate
PKR by RNA-dependent dimerization under diverse salt and ligand conditions and with
several different RNA constructs.

Tertiary interactions in Vc2 and Vc2FL contribute to PKR activation

As described in the previous section, both the aptamer domain alone (Vc2) and full-length
5-UTR (Vc2FL) of the cdiGMP riboswitch activate PKR potently under prokaryotic and
eukaryotic Mg2* conditions, in both the absence and presence of the cdiGMP ligand. The
aptamer domain contains tertiary interactions that form to various extents in so-called
undocked, pre-docked, and docked states under the Mg2* and cdiGMP concentrations
studied herein (Figure 1).26 In the previous section, we showed that under conditions in
which the ribozyme is fully folded and ligand bound, PKR is strongly activated. We wished
to test the extent to which PKR activation is affected by riboswitch tertiary interactions
because they assemble three A-form helical segments. To achieve this, we prepared G83C

ACS Chem Biol. Author manuscript; available in PMC 2017 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hull et al. Page 5

mutants of Vc2 and Vc2FL and tested them for activation of PKR in both 0.5 and 4 mM
Mg?2* and in the absence and presence of 20 pM cdiGMP. The G83 residue is located at the
center of the aptameric domain (Figure 1B) and changing it to a C has been shown to
prevent the pseudoknot-containing ligand-free pre-docked structure in the upper right-hand
corner of Figure 1A from forming.20:26

As shown in Figure 3, the four combinations of Mg2* concentration and cdiGMP for Vc2
and Vc2FL G83C constructs led to WT-like results of bell-shaped activation with maximal
activation at ~60-90% that of 0.1 pM dsRNA-79. These results indicate that removing
tertiary interactions does not enhance activation of PKR in either the aptamer alone or the
full length 5’-UTR. On the contrary, activation is more potent with wild-type than G83C
mutants for Vc2 and Vc2FL in 4 mM Mg2* with or without ligand, conditions under which
tertiary interactions are known to form in wild-type (Figure 2).

The glmS riboswitch-ribozyme activates PKR

We next investigated regulation of PKR by two bacterial ribozymes, the larger g/mS
riboswitch-ribozyme and the smaller twister ribozyme. In both cases, one-piece versions
were used since these represent the forms of the ribozymes as they occur in nature; in
addition, multiple crystal structures are available for each ribozyme.1%:21 Like the cdiGMP
riboswitch, the g/mS riboswitch-ribozyme binds a metabolite, here GICN6P, to regulate
expression, but the g/mS riboswitch-ribozyme also self-cleaves to regulate gene
expression.28 Since the one-piece version of the ribozyme self-cleaved to a significant extent
during transcription (see Methods), we worked with the self-cleaved form of this RNA,
which is missing just a small single-strand extension on the 5’-end. The secondary structure
of the g/mS riboswitch-ribozyme is shown in Figure 4A where the nucleotides involved in
the double pseudoknot are highlighted, and long base-paired regions are apparent.

The self-cleaved g/mS riboswitch-ribozyme activated PKR potently, at 100% the level of 0.1
UM dsRNA-79, and did so similarly at 0.5 and 4 mM Mg?2* (Figure 4). The dependence of
activation on RNA concentration was bell-shaped, consistent with dimerization of PKR on
the glmS RNA (Figure 4). The shapes of the PKR activation curves for the g/mS riboswitch-
ribozyme were similar to VVc2, with onset of activation at ~0.1 pM RNA, maximal activation
~95% of 0.1 pM dsRNA-79 at ~1 pM RNA, and loss of activation beginning at ~10 pM
RNA (Figures 2A and 4B). Consistent with this similar behavior, the crystal structures of
Vc2 and the g/mS riboswitch-ribozyme reveal similar “Y-shaped’ overall architectures and
extensive tertiary structure. (For folding of the g/mS riboswitch-ribozyme and binding of
PKR, see structure mapping data below.)

PKR is activated by the small self-cleaving twister ribozyme by extending its 3’-end

The third and final bacterial RNA investigated for activation of PKR is the recently
discovered twister ribozyme. Unlike the prior two bacterial RNAs, twister is not a
riboswitch; moreover, it is a smaller RNA of just 66 nt that does not form an extensive and
homologous “Y-shaped’ tertiary structure. A one-piece version of the twister from
Clostridium bolteae was studied, along with various 3’-end extensions. Like the g/mS
riboswitch-ribozyme, all of the twister ribozyme constructs cleaved during transcription. The
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secondary structure of the twister ribozyme is provided in Figure 5, and the double
pseudoknot is highlighted.

We began with a self-cleaved version of twister with the minimal 3’-end needed to form the
secondary structure of the active ribozyme and tested its ability to activate PKR in 4 mM
Mg?2* (Figure 5A). This construct, which we denote as “T’, did not significantly activate
PKR (Figure 5B). We then lengthened the 3’-end of the ribozyme by 5, 10, or 15
nucleotides. The T+5 RNA also did not significantly activate PKR. Results on T and T+5
indicate that not all RNAs activate PKR.

The T+10 RNA, on the other hand, showed significantly more activation, up to 30% the
level of dsRNA-79, but at a high RNA concentration for maximal activity of ~3 pM.
Strikingly, the T+15 RNA gave substantial activation, at ~80% that of 0.1 uM dsRNA-79
and a lower RNA concentration for maximal activation, of ~0.6 pM. This T+15 RNA has the
ability to form a simple stem-loop at the 3’end.?® The T+15 RNA continues to activate PKR
under eukaryotic Mg2* conditions of 0.5 mM, albeit ~2-fold lower (Figure 5C). In sum, the
majority of the riboswitches and ribozymes tested activate PKR, and do so using a variety of
RNA secondary and tertiary structures, ranging from complex tertiary structures to simple
stem-loops.

Structure mapping and PKR footprinting reveal binding modes of PKR

In an effort to gain insight into the structural basis for activation of PKR by functional
RNAs, we performed structure mapping on the 5’-end labeled aptamer domain of the Vc2
riboswitch and the g/mS riboswitch-ribozyme in the absence and presence of PKR. These
two RNASs were chosen because crystal structures are available and they are large and
complex enough to potentially lock PKR into specific sites to offer footprinting.

As shown in Figure 6, structure-mapping experiments on the VVc2 aptamer in the absence of
cdiGMP and PKR were consistent with the Vc2 crystal structure. Single strand-specific
RNases T1 and A largely cleaved in the expected single-stranded regions, whereas the
double strand-specific RNase V1 cleaved expected double-stranded regions. Under native
conditions, G-specific single-strand RNase T1 cleaved G67, G70, G105, and G110, which
are either in L3 or at the 3’-single-strand overhang (Figure 1), consistent with the crystal
structure whereas all of the other Gs are base paired. Pyrimidine-specific single-strand
RNase A cleaved C17, C22, C46, and C72, along with several positions in the 3’-single-
strand overhang. These cleavages are consistent with the crystal structure, except for C22
and C46, which are in the lower part of P2 in the crystal structure. However, this part of P2
is likely weak as it is only 2 base pairs in length and C22 and C46 are also cleaved by RNase
V1 suggesting pairing in a fraction of the strands. The double-strand specific RNase V1
cleaved at C17, C22, C27, A28, C46, C59, C64-C65, C72, U90, C92, C93, and A100,
which are in helical regions. Addition of cdiGMP gave rise to several changes in protection
consistent with published effects; in particular, G32 and G45 became protected from RNase
T1 cleavage, while A48 and C59 gained protection from RNase V1.2 These data support
native folding of the Vc2 riboswitch aptamer domain and proper binding of its cdiGMP
ligand.
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Effects of PKR on cleavage by RNases T1, A, and V1 were tested. PKR conferred
significant protection from RNase V1 cleavage, but only small protections from RNase T1
and no changes for RNase A, consistent with PKR’s known preference to bind dsRNA. For
instance, PKR protected RNase V1 from cleavage at positions C27, A28, A48 C59, C64—
C65, C72, U90, and U92, in pairings P1, P2, and P3. Protections from RNase T1 were found
at G32, G45, and G67, while no protections from RNase A were observed. Moreover, there
were no enhancements of RNA cleavage in the base pairing regions of the aptamer in the
presence of PKR, consistent with absence of large-scale conformational changes or
disruption of secondary structure, supporting the notion that PKR binds the natively folded
Vc2 aptamer structure. Interestingly, a subset of the protections--those at G32, G45, A48,
and C59--are the same as those with cdiGMP binding, suggesting that PKR also enforces
RNA tertiary structure. PKR may thus clamp down on the native tertiary structure of the
ribozyme. There are additional protections that are unique to PKR versus cdiGMP including
those at A48, C64-C65, G67, C72, U90, U92, and A100. These results indicate that PKR
footprints to the aptamer.

Given that there were no significant changes in tertiary structure, we modeled the RNase
protections onto the crystal structure of the VVc2 riboswitch aptamer domain. Nucleotides
that were protected from RNases in both the absence and presence of PKR, denoted with
pink spheres on the 2’OH, are in the pseudoknotted region of helical docking, further
supporting PKR binding the natively folded aptamer. Positions of RNase protection
dependent on the presence of PKR are denoted with black spheres. These positions line the
periphery of the riboswitch in the double-stranded regions (Figure 6B, C) and suggest
several PKR footprints as depicted in Figure 8 and discussed below. Native RNA tertiary
structure appears to be required for site binding of PKR, as the G83C mutant, which disrupts
tertiary structure, has no clear PKR footprint (Supplemental Figures 2 and 3) even though it
activates PKR (Figure 3). Apparently, loss of tertiary structure in G83C allows PKR to
access multiple activating helical regions, the average of which reveals no distinct footprint.

The g/mS riboswitch-ribozyme was also subjected to structure mapping in the absence and
presence of PKR (Figure 7). In the absence of PKR, the single and double strand-specific
RNases cleaved in the single and double stranded region expected from the crystal structure.
RNase T1 cleaved only two Gs significantly, G19 and G112, consistent with the crystal
structure of this highly structured RNA (Refer to Figure 4 for secondary structure). RNase A
strongly cleaved residues U41, C85, and C123, which are exposed in the crystal structure. In
addition, RNase A cleaved the AU- and GU-rich P4 region to some extent, consistent with
partial melting of P4. RNase V1 cleaved position C44, A46, G68, U70, C85, U91, and U105
in P2.1, P3, and P4, consistent with their base pairing in the crystal structure, and showing
that the P4 is also folded at least some of the time. Overall, these structure mapping data
support native folding of the g/mS riboswitch-ribozyme.

Upon addition of PKR, significant protections from RNase V1 but not RNases T1 and A
were observed, supporting PKR binding to double-stranded regions of this functional
bacterial RNA. In particular, RNase V1 protections by PKR were found at C44 and A46 in
P2.1, A68 and U70 in P3, and C85 in J3/4. There were also no clear enhancements of RNA
cleavage in the presence of PKR, consistent with PKR binding to the fully folded g/mS

ACS Chem Biol. Author manuscript; available in PMC 2017 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hull et al.

Page 8

riboswitch-ribozyme. Modeling of the RNase protections onto the crystal structure of the
g/mS riboswitch-ribozyme was then performed as described above. Positions of protection
in both the absence and presence of PKR are again found in helical docking area (pink
spheres), while positions of protection dependent on PKR are found on the peripheral
double-stranded regions of the riboswitch (Figure 7B-D, black spheres) suggesting several
PKR footprints (Figure 8).

Conclusions

We tested three different functional bacterial RNAs for their ability to activate PKR: the Vc2
riboswitch, the g/mS riboswitch-ribozyme, and the twister ribozyme. Most constructs
derived from these RNAs activated PKR, provided they were long enough to form sufficient
RNA structure. In the case of the VVc2 aptamer and g/mS riboswitch-ribozyme, RNA folding
and PKR protection were examined by structure mapping. Footprints of PKR are provided in
Figure 8, along with a model of 16 bp dsSRNA. Prior studies revealed that 16 bp is the
minimal length of dsRNA required to bind one protomer of PKR, but that 30 bp is the
minimal length needed for potent activation of PKR.56 Work from Cole and co-workers
showed that 30 bp is the minimal length to dimerize PKR,” consistent with a PKR
dimerization model of autophosphorylation. Along these lines, the 23 bp hairpin inhibitor of
PKR, HIV-1 TAR RNA, becomes an activator when it dimerizes, as it is then long enough to
dimerize PKR.30

Two footprints of PKR are found on the Vc2 aptamer and g/mS riboswitch-ribozyme that are
A-form-like and similar in length to 16 bp dsSRNA (Figure 8). This suggests that PKR
dimerizes on functional bacterial RNAs, which leads to its activation, a notion further
supported by the bell-shaped dependence of PKR activation on the concentration of these
RNAs (Figures 2 and 4). The two PKR footprints on these functional RNAs are parallel to
one another, or nearly so. Observation that PKR is activated by these two functionally
distinct RNAs, which are structurally similar only in their “Y-shaped’ architecture, is
consistent with PKR having a broad-spectrum response to accessible structured RNA.
Moreover, activation of PKR by RNAs with unrelated tertiary structures—those from
cdiGMP riboswitch, g/mS ribozyme, and twister ribozyme in this study, and that of the #p
5'UTR from B. subtilist!—provides overwhelming support that a specific tertiary structure
is not needed to activate PKR. Rather, it appears that duplexed regions, exposed upon
tertiary folding, are the key elements for activating PKR. This is as expected for an innate
immune sensor and consistent with the non-specific recognition of bacterial RNA by the
dsRBD.10.11

Transcriptome-wide mapping of RNA structure has been recently developed in several
labs.31-33 Comparison of Jn vitro and in vivo transcriptome-wide RNA structure mapping
data sets in yeast and human reveals that much of the RNA in the human genome is either
unwound by ATP-dependent helicases or bound with proteins.32:34 Other studies show that
RNA secondary structures that are nearby on a transcript exchange faster /n vivothan in
vitro,3° and that RNA secondary structure is destabilized in the presence of many cosolutes,
which may be related to the cosolute-rich cytoplasm of a cell.36:37 Despite extensive
efforts, 1718 no riboswitches have been identified in the human genome21:22 and the few
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known ribozymes are present either in RNPs, as in the case of the ribosome and
spliceosome, 16 poorly reactive, as in the CPEB3 HDV-like ribozyme with a one-base pair
P1.1 pseudoknot,38 or discontinuous, as in the hammerhead ribozyme 39, Internal RNA
modifications, including pseudouridine*®4! and m6A,*1-43 have been identified
transcriptome-wide in numerous mRNA and ncRNAs. In particular, m6A modification,
which is the most common modification of mMRNA and ncRNA, has been shown to
destabilize model RNA duplexes,** affect mRNA stability, destabilize mMRNA and ncRNA
secondary structure /n vivo to facilitate protein binding,*¢ and abrogate PKR activation both
in vitroand in vivo.11-1547-49 External modifications, such as the 7mG cap, also prevent
PKR activation by the default 5’-triphosphate present in certain viral and bacterial
transcripts.>® The innate immune system may thus distinguish self RNA from non-self RNA
by a combination of unwinding cellular RNAs, destabilizing them with modifications and
cellular conditions, and cloaking structured self-RNAs with proteins and modifications.
Non-self RNAs may then be detected as those naked RNAs with appreciable secondary and
tertiary structure. This may account, at least in part, for the apparent absence of protein-free
riboswitches and ribozymes in the human genome.

METHODS

Design of RNAs; PCR primers, hemiduplex templates, and RNA sequences; RNA
preparation and purification; protein expression and purification; PKR activation assays; and
structure mapping and PKR footprinting are available as Supporting Information online.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Full length 5UTR (Vc2FL) and aptamer-only (Vc2) constructs of the cdiGMP riboswitch

from Vibrio cholerae. a) Effect of Mg2* and cdiGMP on docking of the aptamer region of
the cdiGMP riboswitch leading to the formation of an antiterminator, ‘AT’, from a
terminator, “T’. Structure mapping and prediction of the terminator and antiterminator are
provided in Supplemental Figure 4. The upper left, upper right and lower right states are
referred to in the literature as ‘undocked’, ‘pre-docked’, and ‘docked’, respectively;28 the
latter two states contain the pseudoknot. Brackets in lower left figure indicate structural
dynamics. b) Secondary and tertiary structure models of V¢2.20:26 Nucleotides in the dashed
region of the secondary structure were replaced with the U1A binding site during
crystallization.
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Figure 2.

Activation of PKR by Vc2 & Vc2FL at 0.5 and 4 mM Mg?* in the absence and presence of
cdiGMP. a,b) SDS-PAGE gels for a) Vc2 at 0.5 and 4 mM Mg?2* and b) Vc2FL at 0.5 and 4
mM Mg?2*. Bands indicate phosphorylated PKR, ‘p*PKR’. Percent PKR activation was
normalized to that of 0.1 pM dsRNA-79 in 4 mM Mg?* conditions. c,d) Percentage of PKR
activation versus the concentration of RNA for ¢) Vc2 and d) Vc2FL at 0.5 mM and 4 mM
Mg?2* and in the absence and presence of cdiGMP (denoted cdiG in legends). Plotted are the
averages of two trials and all values can be viewed in the supplementary information. Note
Vc2 +cdiGMP, 0.5 mM Mg?* 2.5 and 0.625 uM points were offset slightly so they were not
hidden behind the 4 mM Mg?* data points.
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Activation of PKR by Vc2 & Vc2FL G83C mutants at 0.5 and 4 mM Mg?2* in the absence
and presence of cdiGMP. a,b) Percentage of PKR activation versus the concentration of
RNA for a) Vc2 and b) Vc2FL at 0.5 mM and 4 mM Mg?2* and in the absence and presence
of cdiGMP (denoted cdiG in legends). Plotted are the averages of two trials and all values
are provided in Supplementary Table 1. Percent PKR activation was normalized to that of

0.1 uM dsRNA-79 in 4 mM Mg?2* conditions.
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[RNA], uM

Dependence of activation of PKR on Mg?* concentration for the g/mS ribozyme. a)
Secondary structure of the 145 nt self-cleaved B. anthracis gimS ribozyme. The double
pseudoknot interactions are shown in green. Nucleotides were inserted into the loop in P1
between nt 16-17 for a U1A binding site to aid in crystallization (dashed circle). b)
Percentage of PKR activation versus concentration of g/mSRNA at 0.5 and 4 mM Mg?2*.
Plotted are the averages of two trials and all values can be viewed in the supplementary
information. Percent PKR activation was normalized to that of 0.1 uM dsRNA-79 in 4 mM

Mg?2* conditions.
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Figure5.

Activation of PKR by a twister ribozyme is dependent on flanking-tail length and

concentration of Mg2*. a) Secondary structure of the C. bolteae twister ribozyme (black)
with the double pseudoknot interactions shown in yellow and orange. b) Percentage of PKR

activation versus concentration of twister RNA for varying length flanking tails under

standard PKR activation conditions (4 mM Mg?*, 10 min). c) Percentage of PKR activation
for the highest activating twister construct, T +15, at 0.5 and 4 mM Mg?2*. Plotted are the
averages of three trials, and all values can be viewed in the supplementary information.

Percent PKR activation was normalized to that of 0.1 pM dsRNA-79 in 4 mM Mg?*

conditions.
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Figure 6.
Structure mapping and PKR footprinting of VVc2. a) 5’-end labeled RNA at 4 mM Mg?* was

incubated alone or with cdiGMP or PKR, subjected to limited nuclease digestion, and
fractionated by 12% denaturing PAGE. Leftmost lanes are controls in the absence of
nuclease; underlined lanes were incubated at 37°C for 15 min to simulate the RNase activity.
‘OH~"is a limited alkaline hydrolysis ladder and ‘den T1’ is RNase T1 in denaturing
conditions; these yield a ladder of all nucleotides and all Gs, respectively. The right side of
the gel displays RNase digestion in native conditions for RNases T1, A and V1 for 15 min at
the temperature noted. The following were probed: Vc2 RNA bound to cdiGMP (‘RNA
+CDG’), RNA only, and RNA with PKR titrated from 0.44 to 7 uM. Gray dashed line
depicts gel defect. Black dots denote PKR footprinting. b) Structure mapping and PKR
footprinting data placed on the crystal structure of Vc2 (PDB ID: 3MXH). Spheres are 2’-
hydroxyls that are either always protected (light pink) or PKR protected (black). cdiGMP is
shown as a red stick model. Figure 1 provides the secondary structure. Dashed line
represents the ULA binding site. ¢) 90° rotation.
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Figure7.
Structure mapping and PKR footprinting of the g/mSribozyme. a) 5’-end labeled RNA at 4

mM Mg?2* was incubated alone or with PKR, subjected to limited nuclease digestion, and
fractionated by 12% denaturing PAGE. Leftmost lanes are controls in the absence of
nuclease; underlined lanes were incubated at 37°C for 15 min to simulate the RNase activity.
‘OH~ " is a limited alkaline hydrolysis ladder and ‘den T1” is RNase T1 in denaturing
conditions; these yield a ladder of all nucleotides and all Gs respectively. The right side of
the gel displays RNase digestion under native conditions for RNases T1, A and V1 for 15
min at the temperatures noted. The following were probed: g/mS RNA only, and RNA with
PKR titrated from 0.44 to 7 M. The lane with an asterisk was not used in our data analysis
because it seemed to be overdigested. Black dots denote PKR footprinting. b) Structure
mapping and PKR footprinting data mapped onto the crystal structure of self-cleaved g/imS
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(PDB ID: 3G9C) using the cleavage data. Spheres are 2’-hydroxyls that are either always
protected (light pink) or PKR protected (black). Figure 4 provides the secondary structure.
Dashed line represents the U1A binding site. c) A 180° rotation. d) 90° rotation. Absence of
RNase V1 cleavage in P2 is consistent with the inability of this nuclease to cleave all dSRNA
sites.51:52
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Figure 8.
Footprints of PKR (lilac transparent cylinders) mapped onto 16 bp of A-form dsRNA, the

V2 riboswitch, and the g/mS riboswitch-ribozyme. Positions of PKR-mediated RNase
protection for the VVc2 riboswitch and the g/mS riboswitch-ribozyme are from the structure
mapping experiments displayed in Figures 6B and 7C, respectively. The 16 bp of A-form
dsRNA are modeled as a cylinder that is superposed onto the V¢2 and g/mS structures
covers the majority of PKR-mediated RNase protections. Two footprints are possible for the
V2 riboswitch and g/mS riboswitch-ribozyme which may drive PKR dimerization and
activation. Note that g/mSis large and rotating the bottom cylinder counterclockwise by
~45° may afford an additional helical binding site.
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