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ABSTRACT

Protein kinase RNA-activated (PKR) is an interferon-inducible kinase that is potently activated by long double-stranded
RNA (dsRNA). In a previous study, we found that snoRNAs exhibit increased association with PKR in response to metabolic
stress. While it was unclear if snoRNAs also activated PKR in cells, activation in vitro was observed. snoRNAs do not exhibit
the double-stranded character typically required for activation of PKR, but some studies suggest such RNAs can activate
PKR if triphosphorylated at the 5′′′′′ terminus, or if they are able to form intermolecular dimers. To interrogate themechanism
of PKR activation by snoRNAs in vitro we focused on SNORD113. Using multiple methods for defining the 5′′′′′-phosphory-
lation state, we find that activation of PKR by SNORD113 does not require a 5′′′′′-triphosphate. Gel purification from a native
gel followed by analysis using analytical ultracentrifugation showed that dimerization was also not responsible for activa-
tion. We isolated distinct conformers of SNORD113 from a native polyacrylamide gel and tracked the activating species to
dsRNA formed from antisense RNA synthesized during in vitro transcription with T7 RNA polymerase. Similar studies with
additional snoRNAs and small RNAs showed the generality of our results. Our studies suggest that a 5′′′′′ triphosphate is not
an activating ligand for PKR, and emphasize the insidious nature of antisense contamination.

Keywords: PKR; snoRNA; dsRNA; antisense; T7 RNA polymerase; ss-dsRNA

INTRODUCTION

Protein kinase RNA-activated (PKR) is a ubiquitously ex-
pressed serine/threonine kinase that regulates transla-
tion in response to various cellular insults (Williams 1999;
Garcia et al. 2006). Commonly described as a cellular
RNA sensor for double-stranded RNA (dsRNA) produced
during viral infection, PKR recognizes RNA with its ami-
no-terminal dsRNA-binding domain (dsRBD) (Nanduri
et al. 1998). The mechanism of PKR activation, in vitro
and in vivo, has been predominantly interrogated by using
the canonical PKR activator, dsRNA [e.g., poly(I:C)] (Tian
and Mathews 2001; Cole 2007). Studies reveal that upon
binding dsRNA, PKR is activated by a conformational
change that promotes autophosphorylation via the car-
boxy-terminal kinase domain (Taylor et al. 1996; Romano
et al. 1998). PKR and other dsRNA binding proteins bind
dsRNA in a sequence-independent manner (Nanduri
et al. 1998; Saunders and Barber 2003).

Several reports indicate that small RNAs containing sin-
gle- and double-stranded regions (ss-dsRNA) can also ac-
tivate PKR (Bevilacqua et al. 1998; Zheng and Bevilacqua
2004; Nallagatla et al. 2007; Mayo et al. 2016). Indeed,
in previous studies we identified an interaction between

PKR and small nucleolar RNAs (snoRNAs), in mouse em-
bryonic fibroblasts, that is enhanced under conditions of
metabolic stress (Youssef et al. 2015). We also observed
that, at least in vitro, PKR is activated by both classes of
snoRNA, box H/ACA and box C/D, and further, that all
snoRNAs can activate PKR in vitro, even those that did
not exhibit enhanced binding to PKR under conditions of
metabolic stress. This led us to investigate the structural
properties of snoRNAs that contribute to PKR activation
in vitro.

In the absence of the conserved small nucleolar ribonu-
cleoproteins that interact with snoRNAs in the nucleolus,
predicted structures of snoRNAs show conformations
that resemble imperfect hairpins (Youssef et al. 2015).
Small hairpin RNAs are reported to activate PKR, and in
some cases this activation requires the presence of a 5′-tri-
phosphate (5′-ppp) (Nallagatla et al. 2007). Our initial in-
vestigation revealed that only some snoRNAs require a
5′-ppp to activate PKR, which we speculated reflected
the specific secondary structure of the RNA. Recently,
the dependence of PKR activation on the presence of a
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5′-ppp for ss-dsRNAs has been called into question (Mayo
et al. 2016).
In hopes of resolving existing controversies, and further

defining what is necessary for an RNA to activate PKR, we
performed detailed analyses of PKR activation in vitro. We
focused on activation by SNORD113, the snoRNA previ-
ously identified as having the strongest dependence on
the presence of a 5′-ppp (Youssef et al. 2015), but found
that other RNAs showed similar properties. We examined
the contribution of the 5′-ppp and RNA purification strate-
gies to PKR activation. Our studies revealed that, for all
tested RNAs, the 5′-ppp is dispensable for PKR activation.
Most importantly, we determined that a minor conformer
of SNORD113, which contains antisense SNORD113, is
largely responsible for the activation of PKR. Our studies
call into question the idea that PKR requires a 5′-ppp for
activation by certain substrates.

RESULTS

PKR activation by SNORD113 does not require
a 5′′′′′-triphosphate

We initially utilized two common methods to generate
SNORD113 with and without a 5′-ppp. We used T7 RNA
polymerase (RNAP) in in vitro transcription reactions to
produce SNORD113 with a 5′-ppp. SNORD113 with a 5′-
hydroxyl (5′-OH) was made by chemical synthesis. Each
species of SNORD113 was gel purified after denaturing
polyacrylamide gel electrophoresis (PAGE) prior to PKR ac-
tivation assays. PKR is subject to substrate inhibition, dis-
playing a bell-shaped curve of activation over a range of
RNA concentrations. To make meaningful comparisons,
we tested a range of RNA concentrations, allowing us to vi-
sualize at least part of the activation curve. In agreement
with our previous experiments (Youssef et al. 2015), we
saw strong activation of PKR with in vitro transcribed
SNORD113 (5′-ppp), but not synthetic SNORD113 (5′-
OH) (Fig. 1). To validate the importance of the 5’-ppp,
we treated in vitro transcripts with three different phospha-
tases. For each enzyme treatment, a portion of SNORD113
transcript was set aside and left completely untreated
(stock), incubated with buffer without phosphatase (mock
treated), or incubated with the phosphatase. Somewhat
surprisingly in light of prior studies (Nallagatla et al.
2007), treatment with calf intestinal phosphatase (CIP)
and Antarctic phosphatase (AnP), which remove all three
5′-phosphates to leave a 5′-OH, as well as RNA 5′ pyro-
phosphohydrolase (RppH), which removes the pyrophos-
phate to leave a 5′-monophosphate (5′-p), did not alter
the ability of the in vitro transcript to activate PKR
(Fig. 2A,B). T4 polynucleotide kinase (T4 PNK) catalyzes
the transfer of the ɣ-phosphate of ATP to a 5′-OH terminus
of DNA or RNA (Richardson 1981). Control experiments
showed that SNORD113 samples treated with phospha-

tase, but not those mock-treated, could be labeled with
a 5′-32P using T4 PNK and [ɣ-32P]ATP, suggesting phos-
phatase treatments were effective at removing phosphates
(Supplemental Fig. 1A). Additionally, stock- and mock-
treated SNORD113 were not substrates for terminator
5′-phosphate-dependent exonuclease, which processively
digests RNAonly with a 5′-monophosphate (Supplemental
Fig. 1B). Phosphatase-treated SNORD113 subsequently
subjected to T4 PNK treatment with ATP to generate
RNA species with a 5′-monophosphate was a substrate for
Terminator (Supplemental Fig. 1B). Taken together, these
results confirm that the majority of each of the RNA sam-
ples has the predicted 5′ termini after mock or phospha-
tase treatment and that a 5′-ppp is not required for
activation of PKR by in vitro transcribed SNORD113.

PKR activation is affected by gel purification
of SNORD113

After treatment with CIP or Antarctic phosphatase,
SNORD113 should have a 5′-hydroxyl, the same terminus
found on the chemically synthesized SNORD113. Yet,
only the phosphatase-treated SNORD113 was able to
activate PKR. Thus, we next focused on understanding why
phosphatase-treated SNORD113 activated PKR while
chemically synthesized SNORD113 did not, even though
both RNAs had a 5′-OH. Interestingly, studies from other

FIGURE 1. PKR is activated by in vitro transcribed SNORD113, but
not chemically synthesized SNORD113. Each SNORD113 species
was initially purified by denaturing PAGE prior to the PKR autophos-
phorylation assay. (A) Representative PhosphorImage of an autophos-
phorylation assay with in vitro transcribed SNORD113 (5′-ppp) and
chemically synthesized SNORD113 (5′-OH). SNORD113 concentra-
tions were 50, 100, 250, and 500 nM; perfectly duplexed RNA 106
bp in length (ds106) was 10 nM. (B) Activation data as assayed in A
were normalized to ds106 and averaged values were plotted. Error
bars± SD; n=3 with at least two biological replicates per sample.
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laboratories indicate that two RNAs, similar in structure,
show different PKR activation after CIP treatment, calling
into question the importance of the 5′-ppp (Nallagatla
et al. 2007; Mayo et al. 2016). Comparison of the CIP pro-
tocols used in these studies revealed twomain differences:
(i) quenching CIP activity with EDTA, and (ii) gel purifica-
tion after CIP treatment (Nallagatla et al. 2007; Mayo
et al. 2016). We tested each variable to understand the
downstream effect on PKR activation.

In vitro transcribed SNORD113 was purified from a
denaturing gel and then mock or CIP treated followed by
addition of EDTA or water. SNORD113 samples were
then gel purified a second time after denaturing or native
PAGE (Fig. 3A,B). SNORD113 from each treatment ran as
one band after denaturing PAGE (referred to as Den), and
two bands after native PAGE (referred to as N-Top and N-
Bot), as visualized by UV shadowing. Each of these bands
was extracted, and used for downstream experiments.

The first aspect wewanted to examine was RNA size and
conformer distribution after gel purification. During subse-
quent electrophoresis, each SNORD113 sample again ran
as one band of the same size by denaturing PAGE, indicat-
ing that CIP treatment and gel purification did not affect
the stability or purity of SNORD113 (Fig. 3C). Native
PAGE analysis after either denaturing or native gel purifica-
tion revealed that SNORD113 conformers are extremely
dynamic (Fig. 3C). SNORD113 conformers reequilibrated
to N-Top and N-Bot bands, regardless of which band
was initially purified.

Each SNORD113 sample was then tested for PKR activa-
tion. We observed no significant difference in PKR activa-
tion when comparing the mock to CIP-treated RNAs (Fig.
3D), consistent with earlier results. However, we observed

a striking difference when comparing
the activation between RNAs purified
from the denaturing gel and those
purified from the native gel. RNA pu-
rified from a denaturing gel (Den)
retained potent PKR activation,
while RNA purified from a native gel
showed decreased activation, for
both the N-Top and N-Bot. These re-
sults confirmed that at the tested con-
centration, the presence or absence
of the 5′-ppp generated by mock/
CIP treatment has little to no effect
on PKR activation, but isolation of par-
ticular RNA conformers does.

Analytical ultracentrifugation
analysis of SNORD113

Previous studies report an RNA con-
former-dependent activation of PKR
after gel purification following native

PAGE (Heinicke et al. 2009; Heinicke and Bevilacqua
2012; Nallagatla et al. 2013). These studies concluded
that RNA dimerization, by increasing intermolecular
dsRNA, promotes PKR activation, whereas monomeric
RNA does not activate PKR. To test whether this is the
case for SNORD113, we used sedimentation velocity anal-
yses to determine the association state of each RNA. Since
we observed activation did not depend on a 5′-ppp, we
used our stock SNORD113. Untreated SNORD113 was
gel purified after denaturing PAGE (Den), or native PAGE
(isolating the N-Top and N-Bot bands), resuspended in
AU200 buffer (see Materials and Methods), and analyzed
via sedimentation velocity AUC (SV-AUC). The data from
three independent SNORD113 gel purifications were
each fit to a continuous sedimentation coefficient distribu-
tion [c(s)] using the program SEDFIT. Each RNA sample
(Den, N-Top, and N-Bot) had a predominant species with
a sedimentation coefficient of 5.0 corresponding to a
dimer, although its abundance differed slightly between
samples (83%±6%) (Table 1; Fig. 4A; Supplemental
Tables S1, S2). Two minor species (<10% on average)
were also detected with sedimentation coefficients of 3.5
(monomer) and ∼7.5 (>Dimer, approximately tetramer).
RNA samples were recovered after SV-AUC and analyzed
by native PAGE. As previously observed, SNORD113 N-
Top and N-Bot reequilibrated after PAGE purification.
The major species observed by SV-AUC was a dimer,
and since N-Top was the most abundant conformer on a
native PAGE (Fig. 4B), we predicted this band is likely a
dimer of SNORD113. The distribution of the monomeric
species in each sample correlated with the observed
abundance of the N-Bot, making this a good candidate
for monomeric SNORD113. Comparing our AUC results

FIGURE 2. PKR is activated by in vitro transcribed SNORD113 after phosphatase treatment.
SNORD113 was initially purified by denaturing PAGE followed by the indicated phosphatase
treatments. (A) Representative PhosphorImage of an autophosphorylation assay with in vitro
transcribed SNORD113 treated without (mock) or with the indicated phosphatase; (CIP) calf
intestinal phosphatase, (AnP) antarctic phosphatase, (RppH) RNA 5′ pyrophosphohydrolase.
SNORD113, 100 nM, 500 nM, 1000 nM; ds106, 10 nM. (B) Activation data as assayed in A
were normalized to ds106 and averaged valueswere plotted. Error bars± SD; n=3with at least
two biological replicates.
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to our activation data of PKR after gel purification (Figs. 3,
4B), it is of note that we see no correlation between the
presence of a SNORD113 dimer and PKR activation, in
contrast to prior studies of some other RNAs (Heinicke
et al. 2009; Heinicke and Bevilacqua 2012; Nallagatla
et al. 2013).

Isolation of a potent PKR activator from
SNORD113

We routinely relied on isolating abundant RNA species
that were visible by UV shadowing (Fig. 3B). However,
there was one species of SNORD113 that ran between
N-Top and N-Bot, not always visible by UV shadowing,
but sometimes apparent when staining with SYBR Gold

(Fig. 4B). In an attempt to fully under-
stand SNORD113 conformers, we
repeated the mock and CIP treat-
ments, and native gel purification as in-
dicated in Figure 3, including the
isolation of anything that ran in
between N-Top and N-Bot. The
newly isolated N-Mid was an extreme-
ly potent PKR activator (Fig. 5;
Supplemental Fig. S2). Importantly,
this activity was also independent of
mock or CIP treatment, and therefore
the presence of a 5′-ppp or 5′-OH.
SNORD113 N-Mid required signifi-
cantly lower concentrations to maxi-
mally activate PKR than stock
SNORD113 or SNORD113 purified
from a denaturing gel after mock/
CIP treatments (∼10–250 nM for
the N-Mid, and 500–1000 nM for
SNORD113 Den). We observed
variability in the concentration of
SNORD113 N-Mid required for maxi-
mum activation, and this likely reflect-
ed the variable composition of the
middle band we isolated after native
gel purification. Isolation of synthetic
SNORD113 RNA from the same “mid-
dle” region after native PAGE did not
enrich for a similar RNA conformer,
nor did it result in any PKR activation
(Supplemental Fig. S3).

We also observed that PKR activa-
tion by another snoRNA, SNORA71,
as well as a previously reported ss-
dsRNA, ss-dsRNA(9,11) (Nallagatla
et al. 2007), did not require the pres-
ence of a 5′-ppp (Supplemental Fig.
4A,B). Rather, native gel purification
of each RNA revealed that, like

SNORD113, a minor species was responsible for PKR acti-
vation (Supplemental Fig. 4C–E).

Characterization of the activating SNORD113
conformer

The presence of an activating species in the in vitro tran-
scribed SNORD113 RNA but not in the chemically syn-
thesized SNORD113 RNA led us to carefully examine
the conditions used for the preparation of RNA in these
studies (Supplemental Fig. S5). All of our in vitro tran-
scription reactions were performed with T7 RNAP under
high yield conditions. These conditions occasionally
lead to aberrant side products such as untemplated 3′-ex-
tensions (Triana-Alonso et al. 1995; Gholamalipour et al.

FIGURE3. Activity of in vitro transcribed SNORD113purified fromdifferent PAGE systems. As
shown in panel A, SNORD113 was initially purified by denaturing PAGE (8% polyacrylamide, 8
M urea; see Materials and Methods) and then subjected to additional treatments (EDTA, CIP)
and subsequent gel purification (B). SNORD113 adopted twoprimary conformers visible by UV
shadow of the native gel, referred to as N-Top (top band), or N-Bot (bottom band); Den indi-
cates RNA purified from a denaturing gel. Each band imaged was extracted from the gel and
rerun on either a denaturing or native PAGE stained with Sybr Gold to visualize the RNA (C ), or
subjected to an autophosphorylation assay (D). Autophosphorylation activity was normalized
to activation by ds106. Average activation values±SD are shown below. n=3 with at least
two biological replicates. SNORD113, 500 nM; ds106, 10 nM; PKR, 100 nM.
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2018), longer than expected RNAs (Cazenave and
Uhlenbeck 1994; Rong et al. 1998), and generation of an-
tisense RNA (Konarska and Sharp 1989; Biebricher and
Luce 1996; Mu et al. 2018). A comparison of the isolated
N-Mid band of in vitro transcribed SNORD113 to perfect-
ly duplexed sense and antisense synthetic SNORD113 re-
vealed that these species comigrate in native PAGE (Fig.
6A). To test if N-Mid contains antisense SNORD113 we
performed a northern analysis on synthetic SNORD113
RNAs and in vitro transcribed SNORD113. We detected
a strong and specific signal with a probe designed to hy-
bridize with antisense SNORD113 using synthetic anti-
sense SNORD113 and synthetic dsSNORD113 as
positive controls (Fig 6B, lanes 3,4). Importantly, this
probe for antisense RNA did not hybridize with synthetic
sense SNORD113 (Fig. 6B, lane 2). However, we did
detect antisense SNORD113 in N-
Mid (Fig. 6B, lane 6, red asterisk).

Antisense RNA can be generated
during in vitro transcription with
T7 RNAP from either the sense RNA,
or the nontemplate DNA strand
(Konarska and Sharp 1989; Mu et al.
2018). We incubated synthetic sense
SNORD113 RNA in our reaction con-
ditions for high yield in vitro transcrip-
tion with and without T7 RNAP to
determine if the RNA itself could be
acting as a template for antisense
transcription. No PKR activation was
observed with untreated synthetic
sense SNORD113, or synthetic sense
SNORD113 after incubation without
T7 RNAP (mock). However, synthetic
sense SNORD113 gained the ability
to activate PKR after incubation in the
presence of T7 RNAP (Supplemental

Fig. S6A) suggesting that antisense RNA was gene-
rated from the sense RNA strand during in vitro
transcription.

Contamination of an RNA of interest with any level of
antisense transcript is undesirable because it will hybridize
with the sense strand, forming dsRNA, which potently
activates PKR. We therefore sought to identify con-
ditions that would prevent antisense transcription of
SNORD113. T7 RNAP has become the polymerase of
choice to produce large amounts of RNA, and various
methods have been described to either prevent aberrant
T7 RNAP activity during in vitro transcription, or to remove
contaminating dsRNA after in vitro transcription (Mellits
et al. 1990; Pe’ery and Mathews 1997; Gholamalipour
et al. 2018; Mu et al. 2018). Two other RNA polymerases,
T3 and SP6, are commercially available and can also be
used to generate RNA. We compared SNORD113 gener-
ated from our standard high yield in vitro transcription con-
ditions to SNORD113 generated from modified T7 RNAP
transcription conditions (reduced [Mg2+] or [UTP] concen-
trations) and SNORD113 produced by T3 and SP6 RNAPs.
Each RNA was gel purified after denaturing PAGE by visu-
alization with UV shadowing as in previous experiments.
SNORD113 generated under our standard in vitro tran-
scription conditions potently activated PKR and contained
an appreciable amount of N-Mid (Supplemental Fig. S6B).
SNORD113 generated by T7 RNAP with reduced [UTP]
and [Mg2+] activated PKR at levels above background, al-
beit at lower levels than standard SNORD113, and with
less N-Mid visible. SNORD113 produced by T3 or SP6 ac-
tivated PKR just above background levels, with no N-Mid
detectable by SYBR Gold staining. We observed slower
migrating species in the SNORD113 samples generated
by T3 and SP6. These possibly represent higher order

TABLE 1. Hydrodynamic properties and molecular weights of
SNORD113 conformers

RNA
sample

Monomer
(MWa; sb; %
of total)

Dimer (MSa;
sb; % of
total)

>Dimer
(MWa; sb;
% of total) RMSc

Den 28,777 Da;
3.51; 4%

49,343 Da;
5.03; 89%

93,262 Da;
7.77; 5%

0.005973

N-Top 28,847 Da;
3.52; 1.5%

48,925 Da;
5.00; 92%

87,683 Da;
7.38; 4%

0.005757

N-Bot 28,582 Da;
3.50; 8%

49,138 Da;
5.02; 89%

90,056 Da;
7.51; 2%

0.005654

Parameters obtained by SEDFIT. All data were collected in AU200 buffer.
aMW, determined molecular weight.
bs, uncorrected sedimentation coefficient (Svedbergs).
cRMS of the fit.

FIGURE 4. Sedimentation velocity analytical ultracentrifugation (SV-AUC) analyses of
SNORD113. (A) Sedimentation coefficient c(s) distribution analysis of SNORD113 conformers.
[RNA] was 0.5 µM in AU200 buffer. Peaks corresponding to monomer, dimer, and >dimer
species of SNORD113 are indicated. (B) Native PAGE analysis of SNORD113 recovered after
SV-AUC. RNA was visualized with SYBR Gold. Below the gel are the amounts of SNORD113
monomer, dimer, and >dimer as determined by SV-AUC; the average PKR activation by
each RNA sample is indicated in the bottom row. The SV-AUC results from two additional
SNORD113 purifications are shown in Supplemental Tables S1 and S2.
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oligomers or alternate SNORD113 conformers, and, im-
portantly, did not activate PKR. We attempted to remove
contaminating antisense RNA after standard in vitro tran-
scription by annealing SNORD113 with full-length DNA
oligos and treating the samples with RNaseH (Supplemen-
tal Fig. S6C). We were not able to identify any conditions
that led to antisense removal by RNaseH, perhaps because
the sense and antisense duplex was resistant to the refold-
ing conditions tested.

DISCUSSION

We previously reported that PKR bound snoRNAs in vitro
and in vivo (Youssef et al. 2015). In this previously published
study we were unable to definitively show that snoRNAs
could activate PKR in vivo, but for certain snoRNAs we ob-
served activation in vitro. Here we report follow-up studies
designed to understand the mechanistic basis of this in vi-
tro activation. snoRNAs do not fold into the rod-like dsRNA
shape typically associated with PKR activation, so we con-
sidered features reported to allow activation of RNAs with
single-stranded and double-stranded character, such as a

5′-ppp (Nallagatla et al. 2007) or dime-
rization between two RNAs (Heinicke
et al. 2009; Heinicke and Bevilacqua
2012; Nallagatla et al. 2013). We
compared synthetic transcripts with
5′-OH, to those synthesized with T7
RNAP and exposed to various phos-
phatases to remove the 5′-ppp. Our
studies largely focused on a represen-
tative box C/D snoRNA, SNORD113,
but were extended to multiple
snoRNAs as well as a previously re-
ported ss-dsRNA (Supplemental Fig.
S4). In all cases we observed that acti-
vationdid not require a 5′-ppp (Figs. 1,
2; Supplemental Fig. S4). Using native
gel purification followed by analytical
ultracentrifugation, we found that
dimerization was also not required for
activation (Fig. 4). However, using suc-
cessive gel purifications of the in vitro
transcribed RNA, we were able to iso-
late a potent activator and found that
this sample contained antisense RNA
(Figs. 5, 6). Our studies provide yet an-
other cautionary tale to the myriad ex-
amples of dsRNA binding proteins
reported to have an expanded sub-
strate repertoire, only to find that in
the end the results could be explained
by contaminating dsRNA.

Do snoRNAs bind PKR in vivo?

Using RNA immunoprecipitation, as well as UV-crosslink-
ing in cells, we previously concluded that snoRNAs bind
PKR in vivo. At present we have no reason to question
this conclusion, although the conditions that allow PKR
to bind snoRNAs, andwhether the binding has a biological
function, is unclear. Indeed, our previously reported stud-
ies included gel-shift analyses showing that SNORD113
binds PKR in vitro with a relatively high affinity (∼16 nM),
and this binding is dependent on functional dsRNA bind-
ing motifs. Notably, in the absence of purification of
the activating species, a much higher concentration of
SNORD113 (∼1 µM) is required for maximal activation.
Taken together these observations suggest that
snoRNAs can indeed bind PKR, but they cannot activate
PKR. Rather, our studies described here indicate the ob-
served PKR activation by in vitro transcribed snoRNAs is
entirely due to contaminating dsRNA.
snoRNAs are abundant noncoding RNAs that reside in

the nucleolus. Basedonmfold predictions, snoRNAs adopt
hairpin-like structures in the absenceof proteins, albeitwith
some helical imperfections (Youssef et al. 2015). Many of

FIGURE 5. Minor SNORD113 species is a potent PKR activator. SNORD113 species were gel
purified after 8% denaturing-PAGE or 8% native-PAGE prior to the following experiments.
(A) Representative PhosphorImage of an autophosphorylation assay with SNORD113 Den,
N-Top, N-Bot at 10 nM, 100 nM, 500 nM; N-Mid 10 nM, 100 nM, 250 nM; ds106, 10 nM.
(B) 8% native-PAGE analysis of SNORD113 species. (C ) Averaged activation data as assayed
in A. Error bars ± SD; n=3 with at least two biological replicates. We believe the large error
bars reflect differing amounts of contaminating antisense RNA produced by T7 RNAP in differ-
ent in vitro transcription reactions. At present we do not know the parameters that affect this
variable.
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these predicted hairpins include 11–16 contiguous base
pairs of dsRNA, the minimum length required to bind the
dsRBD of PKR (Manche et al. 1992; Bevilacqua and Cech
1996). The ability of PKR to accommodate helical imperfec-
tions (Zheng and Bevilacqua 2000), and the localization of
PKR to thenucleus inmouse embryonic fibroblasts (Youssef
et al. 2015),mayaccount for the associationweobservebe-
tween snoRNAs and PKR in cells. However, howPKRwould
effectively compete for binding snoRNAs in the presence
of their cognate snoRNA binding proteins is entirely un-
clear (Bachellerie et al. 2002).

Do RNA dimers promote PKR activation?

RNA is structurally dynamic, adopting different secondary
and tertiary conformations in solution based on the buffer
conditions. Indeed, several prior studies conclude that
particular conformers of RNA display different potentials
for activating PKR. The HDV ribozyme, HIV-TAR RNA,
and unmodified tRNAs (Heinicke et al. 2009; Heinicke
and Bevilacqua 2012; Nallagatla et al. 2013), have all
been shown to adopt monomers and homodimers in solu-
tion. In these studies, PKR activation assays following puri-
fication from a native gel allowed the authors to conclude
that dimeric conformers are responsible for PKR activation,
while monomeric species are inhibitory to PKR activation.
For these RNAs, dimerization allows the length of dsRNA
to approach 33 bp, the minimum dsRNA length for PKR
activation, thus facilitating PKR dimerization and auto-

phosphorylation.While RNAproducedby T7 RNAPpoten-
tially contains contaminating antisense RNA, our studies
indicate that at least for some RNAs, gel purification after
native PAGE effectively separates sense-antisense duplex-
es from sense homodimers. This observation, and the
fact that the prior studies included gel purification from a
native gel, substantiates that in some cases homodimeriza-
tion of an RNA can promote PKR activation. However,
while our SV-AUC analyses indicated that the N-Top con-
former of SNORD113 was a homodimer (Fig. 4), we found
that this SNORD113 species does not activate PKR. This
difference may indicate that the SNORD113 homodimer
does not adopt a structure that increases the amount of
dsRNA available to PKR above 33 bp. Importantly, the
presence of a 5′-ppp on the monomer or homodimer of
SNORD113 is not enough to trigger PKR activation.

What is the best way to ensure RNA samples
do not contain antisense RNA?

Our use of successive gel purifications allowed us to
isolate a potent PKR activator, the N-Mid conformer of
SNORD113. Multiple observations indicate this conformer
is dsRNA formed from contaminating antisense RNA
produced during in vitro transcription. For example, N-
mid comigrates during native PAGE with dsRNA formed
between synthetically prepared sense and antisense
SNORD113, andhybridizes to sense oligos used as aprobe
in northern analyses (Fig. 6). The presence of SNORD113
dsRNA due to contaminating antisense SNORD113 ex-
plains the increased stabilityof theN-mid conformer, which
is resistant to hybridization with DNA in RNaseH assays
(Supplemental Fig. S6). Additionally, N-Mid potently acti-
vated PKR at concentrations close to those required for ac-
tivation by ds106 (10–50 nM), a perfectly base-paired
dsRNA. The characterization of the N-mid conformer of
SNORD113 as dsRNA makes our studies completely con-
sistent with previous studies showing that PKR activation
by perfectly duplexed RNA is unaffected by the presence
or absence of a 5′-ppp (Nallagatla et al. 2007).

Our results appear broadly applicable to RNA made by
T7 RNAP. For two additional snoRNAs and ss-dsRNA(9,11)
(Nallagatla et al. 2007), we were able to isolate a minor
species after native PAGE that strongly activated PKR at
lower concentrations than the same RNA purified after
denaturing PAGE (Supplemental Fig. S4C–E). This sug-
gests that contaminating antisense RNA produced by T7
RNAP is a confounding factor when analyzing RNA in vitro,
as emphasized in a previous study focused on the immuno-
genicity of in vitro transcribed RNAs in cells (Mu et al.
2018).

T7 RNAP is commonly used by researchers to generate
large amounts of RNA, despite numerous reports of un-
wanted side products. Indeed, after incubation with T7
RNAP under high-yield transcription conditions, synthetic

FIGURE 6. SNORD113 N-Mid contains antisense RNA. (A) Native
PAGE comparison of dsSNORD113 (generated by annealing synthet-
ic sense and synthetic antisense RNA) to in vitro transcribed middle
band (IVT N-Mid). A total of 200 nM of each RNA was subjected to
8% native PAGE and visualized with SYBR Gold. (B) RNA samples
(500 ng) were separated by denaturing PAGE and subjected to a
northern blot analysis with a 32-P-labeled probe designed to detect
antisense SNORD113. A representative blot (n=3, two biological rep-
licates with an additional technical replicate) is shown. (Lane 1)
Labeled RNA decade marker (Thermo Fisher); (lane 2) synthetic sense
SNORD113 RNA; (lane 3) synthetic antisense SNORD113 RNA; (lane
4) dsSNORD113; (lane 5) empty; (lane 6) in vitro transcribed
SNORD113 N-Mid. Red asterisk indicates detection of antisense
SNORD113 in the N-Mid lane.
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sense SNORD113 RNA activated PKR (Supplemental
Fig. S6A), indicating T7 RNAP can use ssRNA as a tem-
plate to make antisense RNA. This suggests that during
T7 transcription the desired sense RNA accumulates
and can serve as a template for antisense transcription.
While denaturing gel purification will remove longer
and shorter RNAs generated by template switching and
early abortive cycling of T7 RNAP, respectively, it will
not remove an antisense transcript that is identical in
length to the sense strand (Milligan and Uhlenbeck
1989; Cazenave and Uhlenbeck 1994). Numerous meth-
ods have been proposed to reduce or abolish production
of antisense RNA that is not removed by purification after
denaturing PAGE, ranging from attention to template
DNA structure, modified transcription conditions, and en-
zymatic removal of dsRNA. Our studies indicate that gel
purification after native PAGE can allow for separation
of sense-antisense duplexes from sense homodimers and
monomers.
Our findings add to numerous reports over many years

documenting examples where aberrant production of an-
tisense RNA confounded interpretation of experimental
results, emphasizing the insidious nature of this problem.
Indeed, unexpected activation of PKR with a known RNA
inhibitor, VAI, led to the identification of contaminating an-
tisense RNA as a product of T7 transcription (Mellits et al.
1990; Pe’ery and Mathews 1997). RIG-I, a cytosolic protein
involved in innate immune sensing of viral infections was
initially thought to be activated by ssRNA containing a
5′-ppp (Hornung et al. 2006; Pichlmair et al. 2006). The
RNAs used were generated by T7 RNAP; analysis of the
purity and identity of the activating RNAs revealed that
the RNA was actually double-stranded with a 5′-ppp on a
blunt terminus (Schlee et al. 2009; Wang et al. 2010). The
discovery of dsRNA in transcription reactions eventually
led to understanding in the RNA interference field of why
both sense and antisense preparations could induce
mRNA silencing (Fire et al. 1998). In future studies it will
be essential to completely remove contaminating anti-
sense RNA from PKR-activating RNAs, such as ss-dsRNAs.
While these side products can account for <1% of a tran-
scription reaction, our data indicate this is enough to ro-
bustly activate PKR.

MATERIALS AND METHODS

PKR expression and purification

For PKR expression, pPET-PKR/PPase plasmid (Addgene #42934,
Lemaire et al. 2005) was transformed into Escherichia coli BL21
(DE3) Rosetta cells. Cells were grown in LB medium at 37°C until
OD600∼0.6. PKR expression was induced with IPTG (0.5 mM) for
16 h at 19°C. Cells were lysed by sonication, and the lysate was
centrifuged for 30 min at 17,000g. PKR was purified from clarified
lysates as previously described (Lemaire et al. 2005; Anderson

et al. 2011). Peak fractions were pooled, glycerol was added to
a final concentration of 20%, and samples were flash frozen and
stored at−80°C. Aliquots were thawed and subjected to gel filtra-
tion chromatography prior to use. PKR was eluted from the gel fil-
tration column in buffer A (20 mM HEPES buffer pH 7.5, 150 mM
NaCl, 0.1 mM EDTA, 10% glycerol, and 10 mM β-mercaptoetha-
nol [BME]). Peak fractions from the gel filtration column were
stored in buffer A supplemented with glycerol to a final concen-
tration of 20%, at 4°C, for up to 2 wk.

PKR autophosphorylation assay

PKR (100 nM) was incubated with specified concentrations of
RNA for 10 min at 30°C in 20 mM HEPES (pH 7.5), 100 mM
NaCl, 4 mM MgCl2, 1.5 mM DTT, 0.1 mM ATP and 1.5 µCi
[ɣ-32P]ATP (PerkinElmer). Reactions were quenched by addition
of SDS-sample buffer (188 mM Tris-Cl pH 6.8, 3% SDS, 30% glyc-
erol, 0.01% bromophenol blue, 15% BME) and resolved on
4%–15% PAGE (BioRad). After electrophoresis, gels were fixed
in 7% acetic acid for 15 min and then dried. Gels were exposed
to a PhosphorImage screen and quantified on a Typhoon Trio
PhosphorImager or an Amersham Typhoon (GE Healthcare). Val-
ues were normalized to autophosphorylation reactions performed
with perfectly duplexed RNA of 106 bp at 10 nM. Autophosphor-
ylation assays were repeated at least three times for each RNA.

RNA synthesis and purification

RNAs were in vitro transcribed under high yield conditions (4 mM
of each NTP) with T7 RNA polymerase using PCR templates
(Phusion, NEB). Our standard T7 transcription buffer was 40 mM
Tris pH 8.1, 2 mM Spermidine, 20 mM DTT, 20 mM MgCl2,
0.1% Triton X-100. In all cases, RNA was subsequently gel-puri-
fied after denaturing PAGE (8% polyacrylamide, 8 M Urea) prior
to additional treatments. RNA bands were identified by UV shad-
owing, excised from the gel, and eluted by crushing and soaking
overnight at 25°C in 0.5 M NH4OAc, 0.1 M EDTA, 0.1% SDS.
Acrylamidewas removed using Spin-x columns, and RNAwas eth-
anol precipitated. Chemically synthesized sense SNORD113 con-
taining a 5′-OH was prepared by the University of Utah DNA/
peptide synthesis core. Chemically synthesized antisense
SNORD113 containing a 5′-OH was obtained from Integrated
DNA Technologies (IDT). Synthetic RNAs were gel-purified after
denaturing PAGE as described for in vitro transcribed RNA.
Modified T7 in vitro transcription reactions had [Mg2+] reduced

to 5 mM, or [UTP] reduced to 0.5 mM. All other reagent concen-
trations were as described above for high yield. We designed
primers which modified the promoter sequence to generate
PCR templates for in vitro transcription with either SP6 or T3.
T3 and SP6 enzymes were purchased from Thermo Fisher
Scientific. SNORD113 in vitro transcription by T3 and SP6 was
carried out using the provided 5× transcription buffer and [NTP]
of 4 mM.

Phosphatase treatment

To remove the 5′-ppp generated during in vitro transcription, a fi-
nal concentration of 2 µM RNA in 100 µL was incubated with 10U
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of phosphatase (CIP, AnP, or RppH) for 1 h at 37°C. The RNA
was purified by phenol–chloroform extraction, ethanol precipita-
tion, and PAGE purification as indicated. To confirm the removal
of the 5′-ppp, RNA samples treated with and without phospha-
tase were subsequently treated with T4 PNK in the presence
of [ɣ-32P]ATP. RNAs were electrophoresed on native and denatur-
ing gels, which were dried and exposed to PhosphorImage
screens and imaged on a Typhoon Trio PhosphorImager (GE
Healthcare). RNA samples were additionally treated with T4
PNK in the presence of only unlabeled ATP, followed by treat-
ment with terminator exonuclease. RNAs were separated on na-
tive and denaturing gels, and visualized with SYBR gold stain.

RNase H treatment

DNA oligos corresponding to the full-length sequence of
SNORD113 were ordered from IDT. RNA and DNA were mixed
in 10 µL at a 1:4 pmol ratio (RNA:DNA) in 20 mM Tris pH 7.5,
100 mM NaCl, 0.5 mM EDTA, and refolded by boiling at 95°C
for 5 min before placing on ice. RNA/DNA hybrids were mock
or RNaseH treated for 1 h at 37°C. The RNaseH reaction was ter-
minated by phenol–chloroform extraction followed by ethanol
precipitation. Samples were resuspended in 20 µL H2O and either
mock or DNAse I treated for 30 min at 37°C; RNAwas purified us-
ing Zymo RNA clean and concentrate columns.

Analytical ultracentrifugation

SNORD113 oligomeric state was determined by sedimentation
velocity analytical ultracentrifugation (Beckman Coulter Optima
XL-I) after purification on either denaturing or native PAGE in
AU200 buffer (20 mM HEPES pH 7.5, 200 mM NaCl, 0.1 mM
EDTA, 0.1 mM TCEP). Samples (420 µL) and matching AU200
buffer (440 µL) were centrifuged at 50,000 RPM in carbon epon
2-sector centerpieces loaded in an An60-Ti rotor. To preserve
RNA integrity, centerpieces and quartz windows were first rinsed
with RNaseZap and then sterile deionized water. Radial distribu-
tions were recorded via absorbance at 260 nm (0.003 radial
step size, one replicate) at 20°C. The c(s) continuous sedimenta-
tion distribution function of the data were determined via analysis
by SEDFIT (Schuck 2000). Density (ρ) of AU200 was calculated
with SEDNTERP (1.008 g/mL) (Laue et al. 1992). The partial spe-
cific volume (vbar) for SNORD113 (0.5 mL/g) was calculated after
identifying the buoyantmolecular weight (M∗) of themajority spe-
cies (dimer) from the sedimentation velocity data using the formu-
la: M∗ =M (1− vbar∗ρ).

Northern blot

SNORD113 samples were subjected to denaturing PAGE and
transferred to a nylon membrane. RNAs were crosslinked to the
membrane with UV using a Stratagene Stratalinker set to
120,000 µJ. DNA probes were chemically synthesized at the
University of Utah DNA/peptide synthesis core, purified after
denaturing PAGE prior to 5′-end labeling with γ-[32P]-ATP and
T4 PNK. Membranes were prehybridized at 43°C in ExpressHyb
hybridization solution (Clontech) for 30 min. Hybridization of
32P-labeled probes to SNORD113 was performed in ExpressHyb

hybridization solution overnight at 43°C. Membranes were
washed once in 2× saline sodium citrate (SSC), 0.1% SDS buffer
for 15 min at room temperature followed by one wash in 0.5×
SSC, 0.1% SDS buffer for 15 min at room temperature.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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