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Abstract

The protein kinase PKR is a sensor in innate immunity. PKR autophosphorylates in the presence
of dsRNA enabling it to phosphorylate its substrate, elF2a, halting cellular translation. Classical
activators of PKR are long viral dsRNAs, but recently PKR has been found to be activated by
bacterial RNA. The features of bacterial RNA that activate PKR are unknown, however. We
studied the B. subtilistrp 5’-UTR, which is an indirect riboswitch with secondary and tertiary
RNA structures that regulate gene function. Additionally, the trp 5’-UTR binds a protein, TRAP,
which recognizes L-tryptophan. We present the first evidence that multiple structural features in
this RNA, which are typical of bacterial RNAs, activate PKR in TRAP-free and TRAP/L-Trp-
bound forms. Segments from the 5’-UTR, including the terminator, 5’-stem-loop, and Shine-
Dalgarno blocking hairpins, demonstrated 5’-triphosphate and flanking RNA tail dependence on
PKR activation. Disruption of long-distance tertiary interactions in the 5’-UTR led to partial loss
in activation, consistent with highly base-paired regions in bacterial RNA activating PKR. One
physiological change a bacterial RNA would face in a human cell is a decrease in the
concentration of free magnesium. Upon lowering the magnesium concentration to human
physiological conditions of 0.5 mM, the trp 5’-UTR continued to activate PKR potently.
Moreover, total RNA from E. coli, depleted of rRNA, also activated PKR under these ionic
conditions. This study demonstrates that PKR can signal the presence of bacterial RNAs under
physiological ionic conditions and offers a potential explanation for the apparent absence of
riboswitches in the human genome.
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Introduction

The first line of defense to pathogens is the innate immune system. One of the key ways the
body discriminates self and non-self is through molecular patterns involving RNA. PKR is
the RNA-activated protein kinase and it plays a key role in innate immunity [1-3]. In the
presence of pathogenic RNA, which serve as a pathogen-associated molecular pattern
(PAMP), PKR dimerizes and autophosphorylates, which activates it to phosphorylate
translation initiation factor elF2a, blocking viral replication and shutting down translation

[4].

PKR is comprised of a C-terminal kinase domain and two N-terminal dsSRNA-binding
motifs (dSRBMs) [5]. Long stretches of viral dSRNA bind to the dsSRBMs in a sequence-
independent fashion and activate PKR [6]. In addition, we and others have shown that many
other RNA motifs serve as PAMPSs to activate PKR. In particular, complex tertiary
structures including pseudoknots [7], IRESs [8], and UTRs [9] activate PKR, as well as a
number of misfolded or dimerized functional RNAs [10-12]. Multiple RNA secondary
structures have been reported to promote activation of PKR including stem-loops containing
defects such as smaller bulges [13]. Moreover, certain unstructured RNA regions promote
activation. In particular single-stranded regions with a 5’-triphosphate activate PKR,
especially when fused to short stem-loops [14,15], and they do so without specificity to the
5’-base to offer broad-spectrum protection [16]. We also found that activation of PKR is
abrogated by many covalent modifications of RNA, especially in single-stranded regions of
RNA [17,18].

Recent reports indicate that bacterial RNAs activate PKR in human cells [19,20]. For
instance, transfection of human cardiac myocytes with total RNA from E. coli and S. aureus
leads to potent activation of PKR, while transfection with human RNAs does not. Similarly,
others reported and we confirmed [14] that PKR from E. coli cells is purified in a
phosphorylated form that must be dephosphorylated to make PKR responsive to RNA [21].
These observations support the ability of bacterial RNAs to activate PKR, although this
could also arise from high PKR concentrations that may be present during expression[22].
However, the molecular features of bacterial RNA that activate PKR have not been
identified, which motivated our present study.
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The trp 5’-UTR from B. subtilis, which regulates the biosynthesis of tryptophan, is known to
switch between several different conformations to regulate gene expression at the
transcription and translational levels (Fig. 1). At the transcription control level, an
antiterminator forms in the trp 5’-UTR. In the presence of excess tryptophan, TRAP binds
L-Trp. The Trp-bound TRAP then binds the 11 GAG/UAG single-stranded triplet repeats to
drive formation of an intrinsic terminator to promote attenuation (Fig. 1a). At the translation
control level, a large hairpin forms in the 5’-UTR that allows ribosomes access to the Shine-
Dalgarno (SD) sequence (Fig. 1b). Upon binding TRAP, the 5’-UTR refolds to form the SD
blocking hairpin to inhibit translation (Fig. 1) [23]. In regulating expression at the
transcription and translational levels, the trp 5’-UTR serves as an indirect riboswitch,
sensing tryptophan levels through binding of L-Trp to TRAP protein. In addition, the trp 5°-
UTR has a long-distance pseudoknot with a well-characterized Mg2* response that helps
promote translation (Fig. 1b, lower) [24]. Given the diversity of elements in the trp 5’-UTR
—multiple stem-loops, a long-range RNA tertiary structure, extensive dSRNA and ssRNA
regions, and an RNA-binding protein—it is an ideal system to investigate activation of PKR
by bacterial RNAs. Moreover, some of these RNA elements are quite unique to bacteria,
such as the terminator, SD blocking hairpin, and 5’-triphosphate, making our findings
applicable to other bacterial RNAs.

In the present study, we conducted PKR activation studies on the trp 5’-UTR in the presence
and absence of TRAP and investigated the secondary structural features of trp 5’-UTR
responsible for activating PKR. We also tested various RNA segments for 5’-triphosphate
dependence to activation and investigated the contribution of the long-distance tertiary
structure to activation. To generalize our findings, we conducted experiments under
physiological ionic conditions and investigated the ability of total bacterial RNAs to activate
PKR. Our study provides the first evidence that specific bacterial RNA motifs activate PKR
very strongly. These results support the ability of bacterial RNAs to activate PKR under
physiological conditions.

The trp 5’-UTR activates PKR in both its TRAP-free and TRAP-bound states

In an effort to assess whether the trp 5’-UTR can activate PKR, we conducted activation
assays with the RNA alone, the RNA with TRAP protein, or the RNA with TRAP plus L-
Trp. We began with the full-length translation control trp 5’-UTR shown in Figure 1b,
which we term ‘FL RNA (1-206)’. As shown in Figure 2, the trp 5’-UTR activated PKR
with a bell-shaped dependence on RNA concentration. The level of activation in the lowest
concentration of added RNA (0.02 uM) was similar to that in the negative control of no-
added RNA, as was the level of activation in the highest concentration of added RNA (10
uUM) (Fig. 2a). These data indicate that there is a low background overall and support the
bell-shaped dependence of PKR activation by RNA, where high concentrations of RNA
titrate PKR protein out into inactive monomers [25]. At intermediate concentrations of RNA
(~1.0 uM), PKR activation occurred with a maximum value of ~130% the level of the
reference activator, dsSRNA-79 (Fig. 2d). The trp 5’-UTR is thus a potent activator of PKR
in its ligand-free form.

J Mol Biol. Author manuscript; available in PMC 2016 November 06.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hull and Bevilacqua

Page 4

Next we tested whether TRAP (+/- L-Trp) altered the activation of PKR. When we added
TRAP in 5-fold excess over RNA to the activation mixture in the absence of L-Trp, there
was little to no effect on the activation profile. Maximal activation remained at ~125% (Fig.
2b and 2d). TRAP is known to be unable to bind the 5’-UTR in the absence of L-Trp [26],
consistent with no measurable effect on PKR activation. As a control we also tested whether
TRAP alone can activate PKR, and no activation was observed (Fig. S2), in agreement with
the observations above.

When TRAP was added to the activation mixture in the same five-fold excess over the RNA
but in the presence of 1 mM L-Trp, the maximum activation shifted to ~150% with a sharper
profile (Fig. 2c and 2d). These conditions were chosen to assure saturation of the RNA with
TRAP (see Materials and Methods). Overall, these data indicate that PKR is activated by the
trp 5’-UTR both in its ligand-free and ligand-bound states. Furthermore, these results
suggest that TRAP does not compete with PKR for binding to the RNA, which is consistent
with the opposite RNA binding preferences of these two proteins—TRAP is known to bind
to single-stranded segments of the RNA while PKR tends to bind double-stranded segments.
We next investigated which of the structured regions of the trp 5’-UTR are capable of
activating PKR.

Multiple secondary structural features in the trp 5’-UTR are capable of activating PKR

The previous section showed that PKR is activated potently by the trp 5’-UTR in both its
TRAP-free and TRAP-bound states. There have been no investigations in the literature,
however, of which bacterial RNA elements can activate PKR. We therefore did a systematic
analysis to determine which elements of the trp 5’-UTR are capable of activating PKR. As
described above, the full-length trp 5’-UTR activated PKR ~130% relative to dsSRNA-79.
Knowing that PKR generally prefers RNA substrates that are structured, we assessed
whether the large hairpin or ‘LH’ (nt 61-188) in the TRAP-free 5’-UTR is capable of
activating PKR. The results are summarized in Table 1 and the activation gels are provided
in Figure S3. The LH (61-188) potently activated PKR at a maximum value ~95% the level
of 0.1 uM dsRNA-79. Moreover, less of the LH (61-188) than full-length trp 5’-UTR was
required to activate PKR, with the maximum activation occurring at ~0.625 pM RNA versus
1.0 uM. This gave a combined effect that was similar (1.2-fold) to full-length 5’-UTR (Table
1). The combined effect is calculated by multiplying maximal PKR activation and minimal
RNA concentration to yield the overall potency of PKR activation, which accounts for the
bell-shaped profile of PKR activation.

Knowing that certain short hairpins with single-stranded tails can also activate PKR [14,15],
we next investigated activation of PKR by the terminator hairpin, ‘T’ both with and without
its flanking tail sequences, which we termed ‘tails’. The RNA segment from 89-159
contains the 11 bp terminator hairpin and both its 5°- and 3’-tails. This construct activated
PKR potently, at a maximum value ~90% relative to that of dSRNA-79. Again, less of T +
tails (89-159) RNA than full-length trp 5’-UTR was necessary to activate PKR at this
maximum value, at only ~0.625 uM RNA. Together, the maximum activation and RNA
requirement gave a combined effect of approximately equal to full-length trp 5’-UTR. Next,
the dependence of activation on the tails flanking the terminator hairpin was determined,
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where construct 89-133, termed ‘T + 5’ tail’, contains the terminator hairpin and the 5’ tail,
and construct 108-159, termed ‘T + 3’ tail’, contains the terminator hairpin and the 3’ tail. It
was found that T + 5’ tail (89-133) only slightly activated PKR, at ~10% maximum activity,
and that this occurred only at the highest RNA concentration of 10 pM, giving a very weak
total combined effect of ~0.01-fold relative to the full-length trp 5’-UTR. Conversely, the T
+ 3’ tail (108-159) construct displayed a high maximum activation of PKR was at ~100%
relative to dsRNA-79, and the concentration of RNA at this maximum activation was low
~0.39 uM. This leads to a total combined effect that was 2.6-fold greater than the full-length
5’-UTR. It was also determined that when both tails were removed from the terminator
hairpin, in the 108-133 (T) construct, all PKR activity was lost (Table 1). Apparently, the
3’-tail is an important and essential contributor to activation by the terminator hairpin.
Promotion of activation by a single stranded 3’-tail is consistent with previous observations
[14], although preference for the 3’-tail is stronger in this bacterial RNA. This may be due to
the stem being only 11 bp in the present study, while it was 16 bp in the earlier work.

There are several other hairpins that can form in the trp 5’-UTR. Upon binding of Trp-
bound TRAP, the full-length trp 5’-UTR can switch its conformation between two very
different folds (Figure 1b). In this conformational switch, the large hairpin (61-188) region
refolds to release a complement to the Shine-Dalgarno (‘anti-SD”) that sequesters the SD
sequence to form an 11 bp stem-loop termed the *SD-blocking hairpin’ or ‘SD SL’. We first
tested an RNA segment that spans from 142—206 that contains the SD blocking hairpin, a
long 5’-tail (30 nt) and a shorter 3’ tail (6 nt), termed ‘SD SL + tails’. This RNA potently
activated PKR at a maximal level of ~170% that of dSRNA-79. The relative amount of this
RNA necessary to activate PKR was 2.5 pM, however, which was one of the higher values
of all the RNAs tested. This led to a slightly diminished combined effect of 0.5-fold that of
the full-length 5’-UTR. One possibility is that such an element could be a potent activator of
PKR if it accumulates to high concentrations. We also tested the contribution of the tails to
activation of PKR by the SD blocking hairpin. The construct SD SL (172-200) has both the
5’- and 3’-tails removed. This RNA was an exceptionally poor activator of PKR with a
maximal activation level of just ~6% and a very high RNA requirement at 6.25 uM. The
inability of the SD blocking hairpin alone (172-200) to activate PKR is similar to the
inability of the terminator hairpin alone (108-133) to activate PKR.

The final hairpin that we studied is the 5’-stem-loop (5°-SL). The 5’-SL is comprised of 9 bp
and resides at the very 5’-end of the transcript. One of its functions is to increase the affinity
of the interaction between TRAP-Trp and the 5’-UTR [27]. We prepared an RNA segment
from 1-60 that contains the 5°-SL and 28 downstream nucleotides, termed ‘5’-SL + tails’.
This RNA activated PKR very well, at a maximum value that was ~70% that of dSRNA-79.
The relative amount of 5’-SL + tails (1-60) RNA necessary to activate PKR at this
maximum value was the lowest of any trp 5’-UTR segments at just ~0.16 uM. These two
values lead to a combined effect of ~3.2-fold greater than that of the full-length 5’-UTR,
which is the most potent of the trp 5’-UTR segments studied. Furthermore, this combined
effect for the 5°-SL + tails (1-60) RNA is within 2.5-fold the combined effect of dsSRNA-79.
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Various trp 5’-UTR segments display a 5’-triphosphate dependence for PKR activation

We previously reported that short hairpins with single-stranded tails activate PKR in a 5’-
triphosphate dependent fashion [15]. Given that several of the PKR-activating trp 5’-UTR
segments discussed in the preceding section are hairpins that depend on single-stranded tails
for activation, we tested whether these also activate PKR in a 5’-triphosphate dependent
fashion. The terminator with both 5’- and 3’-tails, ‘T + tails (89-159)’, was prepared with
and without treatment by calf intestinal phosphatase (CIP), which removes the 5’-
triphosphate (Fig. 3a) [28,15], and tested for PKR activation. As shown in Figure 3b, upon
treatment with CIP, T + tails (89-159) became a poor activator of PKR, with a ~5-fold loss
in activation. Even larger effects were obtained with the SD blocking hairpin with 5’- and
3’-tails, SD SL + tails (142-206), in which activation diminished by nearly 25-fold upon
CIP treatment (Fig. 3c, Table 1). A much more subtle triphosphate effect was seen with the
5’-SL and tails (1-60) where the CIP-treated construct still activated PKR at around 40% of
untreated, which yielded only a 1.7-fold loss in activation of PKR (Fig. 3d, Table 1).

We previously reported that RNA activators with extensive double-stranded structure do not
show dependence on a 5’-triphosphate [15]. For instance, activation of PKR by dsSRNA-79 is
not diminished upon CIP-treatment [25]. Consistent with this, the more structured activating
RNA constructs of full-length trp 5’-UTR (1-206) and large hairpin construct (61-188)
continued to activate PKR potently after CIP treatment (Fig. 3b,c and Table 1). Importantly,
observation of full activation by CIP-treated 1-206 and 61-188 RNA indicates that loss of
activity upon CIP treatment in the 89—-159 and 142—206 constructs is not due to inhibition of
PKR activity by CIP treatment. Overall, the above results indicate that the 5’-UTR of a
bacterial RNA can activate PKR both with and without a 5’-triphosphate.

Tertiary structure in the trp 5’-UTR contributes to PKR activation

Prior investigations from our lab identified a long-distance Mg2*-dependent pseudoknot in
the trp 5’-UTR that functions to limit binding of TRAP [24]. The 5’-half of the purine-rich
single-stranded triplet repeat region (nt 36—60) was shown to base pair with both strands of
the pyrimidine-rich internal loop in the large hairpin (Fig. 4a). The base pairing of these
triplet repeats is more extensive with the 5’-strand of the internal loop than the 3’-strand.
Pairing with the 5’-strand of the internal loop consists of 13 base pairs with just one single-
nucleotide bulge, while pairing with the 3’-strand has only 11 base pairs and these are
interrupted by two defects— a single-nucleotide bulge and a 1x1 internal loop (Fig. 4a). We
also demonstrated that this tertiary structure could be disrupted by DNA blocking
oligonucleotides (BOs) directed to either the 5°- or 3’-pyrimidine-rich internal loops, with
more potent disruption by the 5’-BO, as expected given the stronger long-distance base
pairing of this element [24]. Controls clearly showed binding of both BOs to the trp 5’-UTR
[24]. Given that this long-distance tertiary structure substantially increases the number of
base pairs in the trp 5’-UTR, it seemed possible that activation of PKR would increase upon
its formation.

We began by investigating the effect of the BOs on the full-length trp 5’-UTR.
Representative activation gels are provided in Figure S4 and the average data are plotted in
Figure 4. Addition of the 3’-BO had little to no effect on activation of PKR (Fig. 4b). This is
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consistent with our earlier studies that the 3°-BO is not highly effective in disrupting the
pseudoknot. Addition of the 5’-BO, on the other hand, led to a flattened profile with a ~40%
reduction in activation at the RNA concentration corresponding to the activation maximum
(Fig. 4b). Because the 5’-BO fully disrupts the pseudoknot [24], this finding suggests that
the longdistance tertiary structure aids in activating PKR.

Next, we describe control experiments for any direct effects of the BOs on PKR activation.
Addition of either the 3’- or 5’-BO’s to PKR in the absence of any RNA did not activate
PKR (Fig. S2). Furthermore, addition of either BO to just the large hairpin structure (61—
188) led to minimal effects on activation, with perhaps slight enhancement rather than the
loss of activation seen with the full-length trp 5’-UTR (Fig. 4c). These controls suggest that
the loss of activation upon addition of 5’-BO to the full-length trp 5’-UTR is not due to
direct effects of the BO with PKR.

Lastly, we tested the effect of the BOs on the terminator hairpin plus its 5’- and 3’- tails (89—
159). As shown in Figure 4d, addition of either BO led to a ~50% reduction in activation. As
presented above, activation of PKR by the terminator is dependent on single-stranded tails.
Observation of substantial loss in activation upon addition of the BOs is consistent with this
single-stranded tail requirement along with possible blockage of 5’-triphosphate
accessibility by the 5’-BO. Moreover, addition of blocking oligonucleotides leads to RNA-
DNA hybrids in the tail regions, and such hybrids have been shown to not activate PKR
[29].

Bacterial RNAs activate PKR under physiological magnesium concentrations

The concentration of Mg2* in human cells, where PKR would be exposed to bacterial
RNAs, is relatively low at ~0.5 to 1.0 mM [30,31]. Standard PKR activation assays in the
literature have been typically conducted over a range of 4-10 mM Mg2*[14,22,32]. This is
much higher than the human physiological concentration of Mg?* as well as bacterial
physiological concentration of Mg2*, which is ~2 mM [33,34]. It is known that many
structured RNAs refold with Mg2*4, values in the broad range of 0.5 to 10 mM [35—
37,24,38,39]. We thus wanted to test whether PKR could be activated at biological Mg2*
concentrations.

We began by testing the Mg?*- and time-dependence of PKR activation by dsRNA-79.
Activation assays are provided in Figure S5 and the data are plotted in Figure 5. As shown
in Figure 5a (bottom), PKR underwent autophosphorylation in Mg2* concentrations ranging
from 0.5 to 4 mM. Under our standard PKR activation assay condition of 4 mM Mg?2*,
maximal activation was reached in 10 min, which remained at a plateau out to 20 min. As
the Mg2* concentration was lowered to 2.0, 1.0, and 0.5 mM, the level of activation
lowered. The difference in extent of activation between lowest and highest Mg2*
concentrations changed as a function of time, increasing and then decreasing (Figure 5a,
top). By the longest time point of 20 min, there was little difference in extent of PKR
activation between the lowest and highest Mg?* concentrations, as sufficient time had
elapsed to allow the slower reactions at low Mg?* concentrations to catch up with the 4 mM
Mg?2* reaction.
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We replotted the data from Figure S5 as a function of Mg2* concentration, parametric in
time (Fig. 5b). As expected, the plot at 5 min shows a stronger dependence of the extent of
reaction on Mg2* concentration, with 4 mM Mg?* giving ~4-fold more phosphorylated
product than 0.5 mM Mg?2*. However, by 20 min, there was almost no dependence of the
reaction on Mg2* concentration between 0.5 and 4 mM. These plots led to an apparent Hill
constant that increases with time. Given that 20 min was sufficient to allow full extent of
PKR phosphorylation independent of Mg2* concentration, we conducted subsequent assays
at this time.

Next, the dependence of PKR activation by the FL trp 5’-UTR (1-206) on Mg2*
concentration was tested. Given that PKR autophosphorylates to a similar extent in both 0.5
and 4 mM Mg?2* concentrations at 20 min, this experiment reports on the ability of different
Mg?2*-dependent folds of the trp 5’-UTR to activate PKR. Previous studies from our lab
revealed that the long-distance tertiary structure of the trp 5’-UTR has a Mg2*y/, of ~0.5
mM and Hill constant of ~1.5 for folding[24]. Thus the trp 5’-UTR should be only ~50%
folded in 0.5 mM Mg?2* but fully formed at 4 mM Mg2*. As shown in Figure 6a,b, PKR was
potently activated by the trp 5’-UTR at both 0.5 and 4 mM Mg?2* concentrations, with small
differences in extent of activation at low and high Mg2* proportionate to small differences
seen in the control lanes with dsSRNA-79 at these two Mg2* concentrations. These data are
consistent with observations above that the trp 5’-UTR potently activates PKR in the
presence and absence of the long-distance tertiary contacts (Fig. 4). Importantly, these data
indicate that bacterial RNA can activate PKR under physiological ionic conditions.

Lastly, the ability of a mixture of E. coli RNAs to activate PKR was tested under both 0.5
and 4 mM Mg?2* concentrations. We isolated total RNA from MG1655 E. coli and depleted
rRNAs using standard laboratory procedures (see Materials and Methods). As shown in
Figure 6c, total E. coli RNA activated PKR under both 0.5 and 4 mM Mg?* conditions and
did so to a similar extent, with ~30% activation (relative to 0.1 uM dsRNA-79) at a total
bacterial RNA concentration of 22 ng/pL. This activation is within ~10-fold that of
dsRNA-79: the concentration of RNA is ~4-fold greater than 0.1 uM dsRNA-79 and the
activation level is ~3.3-fold lower. We note that this modest level of activation could indeed
be significant because the E. coli RNA preparation consists of a vast number of RNAs,
present at various levels and sizes, some of which are likely potent activators of PKR. Thus,
a mixture of bacterial RNASs has the potential to evoke an innate immune response through
PKR.

Discussion

The innate immune system is the body’s first line of defense against pathogens. Factors in
this pathway recognize general PAMPs, some of which are comprised of RNA features that
differ between pathogens and humans. Indeed, distinction between self and non-self is a key
feature of innate immunity and perception of RNA signatures plays a key role. Two proteins
that play key roles in innate immunity at the level of RNA recognition are 2’,5’-
oligoadenylate synthase (OAS) and PKR. It is well known that 2°,5’- OAS is activated by
the viral PAMP of long dsRNA to synthesize 2°, 5’- linked adenylate oligonucleotides [40].
The oligoadenylates activate latent RNase L which then degrades viral and cellular RNAs to
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block viral infection. In addition, dsSRNAs activate PKR to undergo autophosphorylation,
which then phosphorylates elF2a, thereby inhibiting translation and blocking viral infection
[41]. Two additional proteins that serve as receptors in the innate immune response to RNA
are RIG-1 and MDADS, which are helicases that bind dsSRNA and are expressed and
functional in the presence of viral or bacterial infection [42].

Recent reports indicate that bacterial RNAs activate PKR in mice [19,20]. We found that the
trp 5’-UTR, which has structured RNA elements representative of many bacterial mMRNAs
such as a terminator, 5’-stem-loop, SD hairpin, and Mg?*-dependent tertiary structures is a
potent activator of PKR both in the absence and presence of bound TRAP. Multiple
secondary structures drive activation of PKR including the full-length trp 5’-UTR as well as
its large hairpin, and furthermore that these RNA elements do so at a maximal level similar
to that of perfect dsSRNA-79 (Table 1). The fact that activation of these pieces adds up to
more than activation by full length 5’-UTR may be due to the elements overlapping in their
PKR binding sites. What is most significant is that any of several elements can lead to
activation, indicating that if one element is absent, due to say protein binding or
conformational switching, another can still activate PKR. We found that all of the bacterial
hairpins that we examined required flanking tails to activate PKR, with a preference for a 3’-
tail. Most bacterial RNAs are found in this context, however, especially those at the 5’-end
of RNA, supporting the general ability of bacterial MRNAs to activate PKR.

Observation that a high level of PKR activation occurs when TRAP/L-Trp binds the 5’-UTR
is consistent with TRAP binding primarily to single-stranded RNA regions, and TRAP/L-
Trp-bound trp 5’-UTR still having multiple helical regions of RNA available for recognition
by PKR. Additionally, the pseudoknot that forms in the 5’-UTR in the absence of bound
TRAP promotes activation of PKR, which is supported by partial loss of activation upon
disruption of the long-distance base pairing by the blocking oligonucleotides (Fig. 4). This
observation is agrees with earlier reports that base pairing within RNA pseudoknots can
promote PKR activation [7]. In addition to the large hairpin, the terminator and SD blocking
hairpins potently activated PKR in the presence of single-stranded tails and a 5°-
triphosphate. These findings indicate that the mode of PKR activation involving ssSRNA tails
and a 5’-triphosphate [14,15] is important in sensing bacterial RNA.

The 5’-SL construct activated PKR the strongest. On the basis of earlier studies from our
lab, this likely arises from this construct having the longest single-stranded tail [14]. From a
biological standpoint, this observation indicates that the very 5’ end of the 5’-UTR can
activate PKR. Moreover, the 5’-SL continued to activate PKR at a very high level after CIP
treatment indicating activation of PKR both with a 5’-triphosphate and a 5’-OH. It has been
reported that a 5’-triphosphate is sometimes processed to a 5’-monophosphate in bacteria by
action of a pyrophosphatase [43]. We previously showed that 5’-OH, -p, and —pp are
recognized similarly by PKR [15]. The ability of the 5’-SL construct to activate PKR both
with and without a 5’-triphosphate supports PKR’s ability to recognize a bacterial RNA as
foreign no matter its modification status. Given that most cellular RNAs have a m7G cap at
their 5’-ends, activation of PKR by an RNA with both a 5’-OH and a 5’-triphosphate
supports broad spectrum recognition of this bacterial RNA element as foreign. From a
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molecular standpoint, the mild 5’-triphosphate dependence of the 5’-SL may be due to
interactions of PKR with the very long 28 nt 3 tail.

We also investigated the effect of using physiological Mg2* concentration on PKR
activation using a variety of RNAs. The concentration of MgZ* in human cells is ~0.5 mM,
which is much lower than in classical PKR activation assays or in bacteria. It thus seemed
possible that the ability of bacterial RNASs to activate PKR is altered in the cytoplasm of
human cells. We found, however, that lowering the concentration of Mg2* had little effect
on PKR activation either in the presence of the classical activator of dSRNA-79 or with the
full-length trp 5’-UTR. Lastly, we found that a rRNA-depleted preparation of E. coli total
RNA activated PKR under both 0.5 and 4 mM Mg?* conditions. These data indicate that
bacterial RNA can activate PKR under the Mg2* conditions found in the cell.

In sum, we observed potent activation of PKR by a representative bacterial mMRNA from B.
subtilisand a total RNA preparation from E. coli at human physiological Mg2*
concentrations. Many of the features that PKR recognizes in the B. subtilistrp 5’-UTR are
general and present in many bacterial RNAs. It thus appears that activation of PKR by
bacterial RNAs is general and applies to Gram-positive and Gram-negative bacteria.
Interestingly, activation of PKR by this mixture of bacterial RNA is within ~10-fold that of
perfectly dsRNA-79. During bacterial infection of human cells, bacteria are known to lyse
and release their RNA contents. Before this step, certain bacteria are known to secrete
factors into human cells [44]. Recent reports that Listeria activates RIG-1 and MDAS by
secreting RNA and DNA into mice are consistent with this notion. Thus, it is possible that
PKR is also activated by RNA during various stages of bacterial infections.

Several approaches for examining RNA structure transcriptome-wide have been developed
recently, including ones that assay RNA folds in vivo [45-48]. Furthermore, studies from the
Weissman lab suggest that human RNAs are significantly less structured in vivo than
previously thought. Low amounts of structured, protein-free RNA in healthy human cells
may be key to understanding how bacterial RNAs, which are generally quite structured, are
potent activators of PKR and the innate immune system, and may suggest an explanation for
the recently noted absence of riboswitches in the human genome [49]. Future experiments
are needed on a transcriptome-wide level on bacterially infected human cells to determine
the identity and structure of bacterial RNAs that can activate PKR.

Materials and Methods

Design of PCR Primers, RNAs and Blocking Oligonucleotides

The 79 bp control RNA, dsRNA-79, was prepared by transcribing opposing strands of a
portion of the pUC19 vector using two separate hemi-duplex templates. The transcripts were
purified by denaturing PAGE and annealed to yield a perfectly double-stranded 79 bp
dsRNA, which we previously used as a positive control for PKR activation [15].

All trp 5’-UTRs were transcribed from a template prepared by PCR. The region of interest
was amplified from a plasmid that contained the full-length 1-206 sequence, insertinga T7
promoter on the 5’- end. PCR primers used for the trp 5’-UTR truncations are provided
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below, where the T7 promoter is underlined and any transcribed G’s not present in the
native trp 5’UTR sequence in bold font. Such G’s were added to enhance transcription
efficiency. Numbers correspond to the first and last nucleotides of the resultant transcript.

1-206 (FL)

TS primer (1):
5GAAATTAATACGACTCACTATAGGAGCTTAGAAATACACAAGAGTGTG

BS primer (206): 5’CATTGCTCTCACTCCTTATGGC
61-188 (LH)

TS primer (61): 5’ GAAATTAATACGACTCACTATAGGTAGCAGAGAATGAGTTTA

BS primer (188): 5’GGCAAGGAGAATGAGAAGATGGC
89-159 (T + tails)

TS primer (89): 5’ GAAATTAATACGACTCACTATAGGAGACATTATGTTTATTCTA

BS primer (159): 5’ AGGATAAAATACTATATAACAAATAAACCC
142-206 (SD SL + tails)

TS primer (142):
5 GAAATTAATACGACTCACTATAGGATAGTATTTTATCCTCTCATGCC

BS primer (206): see above

1-60 (5°-SL + tails)

TS primer (1): see above

BS primer (60): 5’CTATTCTCTAACTCAACTCATTC
108-159 (T + 3’ tail)

TS primer (108): 5’GAAATTAATACGACTCACTATAGGACCCAAAAGAAGTCTTTC

BS primer (159): see above

108-133 (T)

TS primer (108): see above

BS primer (133): 5’ACCCAAAAGAAAGACTTCTTTTGG

Due to inefficient transcription from the PCR products, trp 5’-UTR truncations 172—200 and
89-133, were transcribed from hemi-duplex templates, where the bottom strand is
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complementary (underlined) to the T7 promoter. Bold C’s denote where G’s were added to
the nascent transcript in order to enhance transcription.

172-200 (SD SL)

BS template (172-200)
5’CATTGCTCTCACTCCTTATGGCAAGGAGAATGAGACCTATAGTGAGTCGTATT
AATTTC

89-133 (T + 5’ tail)

BS template (89-133)
5’ACCCAAAAGAAAGACTTCTTTTGGGTAGAATAAACATAATGTCTCCTATAGTG
AGTCGATTAATTTC

Sequences of the DNA/LNA chimeric blocking oligonucleotides (BOs) are provided below,
where the LNA (locked nucleic acid) substitutions, which were added to strengthen binding,
are in bold and DNA bases are non-bold (Exiqon). The LNA content was designed as
recommended by the manufacturer.

5’BO: 5’AGAATAAAACATAATG

3’BO: 5’GGATAAAATACTATATAACAAATAA

RNA preparation and purification

Invitro T7 transcription reactions of ~500 uL were carried out on the purified templates
described above. Reactions were fully submerged in a water bath at 37°C for 3—4 h,
quenched with an equal volume of 2x formamide loading buffer (95% v/v formamide, 20
mM EDTA), and fractionated on a 10% denaturing PAGE gel. The RNA bands were
visualized via UV-shadowing, excised with a razor blade, and extracted overnight into 1x
TEN>50 [10 mM Tris (pH 7.5), 1 mM EDTA, 250 mM NaCl]. RNA was then ethanol
precipitated and resuspended in 1x TE [10 mM Tris (pH 7.5), 1 mM EDTA] and stored at
-20 °C. Concentrations of RNA were determined using a Nanodrop spectrophotometer. As
appropriate, dephosphorylated RNAs (‘HO-RNAS”) were prepared by treatment with calf-
intestinal phosphatase ‘CIP’ (New England Biolabs, NEB). RNAs were then phenol-
chloroform extracted, ethanol precipitated, and otherwise handled as described above.

For PKR activation assays, the highest concentration of RNA tested was prepared in
1XTEN1gg and renatured at 90 °C for 1 min followed by room temperature for 10 min. If
LNA blocking oligonucleotides were present, they were included in this renaturation in 2-
fold excess over the trp 5’-UTR. For assays that included TRAP (+/- L-Trp), TRAP and L-
Trp were added after renaturation and incubated at room temperature for 60 min, which is
sufficient to allow complete binding [24], followed by serial dilution. TRAP was present in
five-fold excess over the RNA concentration, and L-Trp was present at a final concentration
of 1 mM. The K4 between L-Trp-saturated TRAP and the trp 5’-UTR is 93 nM under
conditions of 4 mM Mg?2* and 100 mM K*[24], which is similar to the ionic conditions in
the standard PKR activation assay. These reaction conditions thus assured that the RNA was

J Mol Biol. Author manuscript; available in PMC 2016 November 06.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hull and Bevilacqua Page 13

saturated with L-Trp-bound TRAP throughout the activation assays; the only exception was
the lowest concentration of RNA (0.02 uM) where L-Trp-bound TRAP was present at 0.1
UM, which is equal to the Kg. TRAP in the absence of L-Trp does not bind to RNA [26].

Protein expression and purification

Full-length wtPKR containing an N-terminal (His)g tag was cloned into pET-28a vector and
transformed into E. coli BL21 (DE3) Rosetta cells (Novagen) as previously described
[29,14]. Cells were sonicated and purified on a Ni2* -NTA agarose column (Qiagen) run
over a high-salt imidazole gradient on a Bio-Rad FPLC. Purified protein was dialyzed into
storage buffer [10 mM Tris (pH 7.6), 50 mM KCI, 2 mM Mg(OAc),, 10% glycerol and 7
mM B-mercaptoethanol]. Protein concentration was determined spectrophotometrically,
aliquotted, flash-frozen, and stored at -80°C. TRAP was a gift from Prof. Paul Babitzke’s
lab, which was purified as previously described [50].

PKR Activation Assays

RNAs were tested for their ability to mediate PKR autophosphorylation. PKR is purified
from E. cali in a phosphorylated form so it was first dephosphorylated by lambda protein
phosphatase APP (NEB). PKR and APP were incubated at 30°C for 1 h followed by
inhibition of the APP by freshly made 2 mM sodium orthovanadate[21,14]. Subsequently,
PKR was incubated at a final concentration of 0.8 pM with various concentrations of RNA,
RNA/BO, or RNA/TRAP (+/- L-Trp). Reactions were in PKR activation buffer [20 mM
HEPES (pH 7.5), 4 mM MgCl,, 50 mM KCI] and 1.5 mM DTT, 100 pM ATP (Ambion)
plus 15 UCi [y-32P]-ATP. Standard incubation conditions were 30 °C for 10 min, followed
by quenching with SDS loading buffer. Samples were fractionated on a 10% Bis-Tris
(Novex) SDS PAGE gel, dried, and exposed to a storage Phosphorimager screen (Molecular
Dynamics). Phosphorylated PKR bands were detected using a Typhoon Phosphorimager and
quantified with ImageQuant. Each activation assay gel contains one negative control, a
sample containing 1x TENqqg instead of RNA, as well as a positive control, a sample
containing 0.1 uM dsRNA-79, which was used to normalize all phosphorylation activities.
Each new preparation of dsSRNA-79 was titrated to find the optimal concentration for
activating PKR, which was 0.1 uM dsRNA-79 (Fig. S1). For activation assays performed at
varying Mg?* concentrations and reaction times, the appropriate concentration of free Mg2*
was added to the RNA alone and incubated at 30°C for 5 min prior to the addition of PKR
activation buffer (Mg2* omitted) and PKR. For varying time assays, PKR was added to the
RNA reaction mixture and aliquots were removed and quenched after 2, 5, 10 or 20 min.

Preparation of total E. coli mRNA

Wild-type MG1655 E. coli cells (a gift from Prof. Paul Babitzke’s lab) were grown
overnight in LB broth and pelleted. Cells were treated with the RNAprotect bacterial reagent
(Qiagen) to help prevent RNA degradation and then purified by the RNEasy Qiagen kit. A
Ribozero kit (Epicentre) was used to deplete rRNAs, which was confirmed by a Bioanalyzer
run (Agilent). Ribosomal RNA was depleted to avoid introducing naked rRNA, which is
non-physiological.
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Abbreviations

dsRBD dsRNA binding domain of PKR
elF2a eukaryotic initiation factor 2a
IFN interferon
PAMP pathogen-associated molecular pattern
PKR protein kinase R
p*PKR phosphorylated form of PKR
TRAP tryptophan RNA-binding attenuation protein
79 bp dsRNA with 79 bp derived from pUC19
\pp lambda phosphatase
5’-SL 5’-stem-loop
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Highlights
« Bacterial MRNA 5’-UTR activates the innate immune sensor PKR

e Multiple secondary structural features in the 5’-UTR of trp mRNA from B.
subtilis activate PKR

» Various bacterial RNA segments display a 5’-triphosphate dependence for PKR
activation

e Tertiary structure in the 5’-UTR contributes to PKR activation

» Bacterial RNAs activate PKR under physiological magnesium concentrations

J Mol Biol. Author manuscript; available in PMC 2016 November 06.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hull and Bevilacqua Page 19

(@ Transcription Control

Antiterminator

u-A
5' Stem-loop 80—§§ a
A%%c-20 vg-89 ad
AU UG —\ GC
o Rach = AU
¢ 70UA 100 AU
1040 AU oo AU
W A AgA UpURU AU
eAAUA GAcgauUAU gg ,
A -
Yatzo 40 50 42108 120 f;eo O4UU§RJGUUUAUUCU%SUUAUUU
5 /Iag 8AAUU“;AALKMJUWJUA(MAAUP&IgAAAAGAAGUCUUuCUUUU(‘GClIJUUAUUU 971 100
1 60 133
(b) Translation Control
1|20
uc
G U
Y
TerminatorG §
Hairpin 1} 120
AU i
110- ég UAuUUGJ Gl:(L:JU
UUCUR Gu Uy . .
5' Pyrimidine-richmo_uUUA 108433 AU3 Pyrimidine-rich géTermmator sb Blockl:g:;glrpm
Internal Loop GUAUU§9§U . A Internal Loop AU Hairpin ch AAJ
880 Va0 10856 4a
ac159 G =4 Isp
e 80 X, <133 anti-sp| 2/
s : sktasg o it Py
5' Stem-loop 80 386" 172 = 7095 NAY J 142 150 159 i
aA UU CU ?7 QA UUAUAUAGUAUUUUAUCCUCUCAUGCCAUCUU /IRGCAAUG
R §§ g B g;;g o 172 200 206
é(ﬁ; 70'ﬁ§ anti-SD % 7 ‘ﬁ i : n:?
1QU A %0-180 N ¥ @é 00%% 9 5' Stem-Loop
éAA g, 28¢; 61 %%;nqé\ 8
Ay U y ny
%ia~30 40 50 8 200 206 50 ,08°%
5- AGCAAUUAGAAUGAGJUGAGJUAGAGAAMHQ:CAUAA(‘GAG JGAGAGCAAUS.. b
1 36 61188 sSD

o

Figure 1.
TRAP-free and TRAP-bound models of the RNA folds present in the B. subtilistrp 5’-UTR

transcription and translation control mechanisms. (a) RNA folds of trp 5’-UTR present in
the transcription control construct [23,24]. Left is the TRAP-free construct that forms in
tryptophan-limiting conditions where TRAP is unable to bind, which leads to formation of
an antiterminator resulting in transcription readthrough and eventually L-Trp biosynthesis.
Right is the TRAP/L-Trp-bound construct wherein TRAP is able to bind to the GAG/UAG
triplet repeats (bold) as they are synthesized. TRAP/L-Trp binding leads to the formation of
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the terminator (green) resulting in termination of transcription. (b) RNA fold of the full-
length trp 5°-UTR present in the translation control construct [23,24]. The AUG (bold) start
codon is the last three nucleotides shown. Left is the TRAP-free construct that forms in
tryptophan-limiting conditions where the trp 5’-UTR transcript adopts a structure in which
the SD sequence is single-stranded allowing the ribosome to bind and translation to occur.
The structure below this one is a magnesium-dependent tertiary structure model where 24 nt
from both the 5°- (magenta) and 3’-(blue) pyrimidine-rich internal loop base pair with
upstream residues 36-60 [24]. Right is the TRAP/L-Trp-bound construct that forms a
structure where the SD sequence is sequestered, which inhibits ribosome binding. In all
structures, the 11 identical subunits of TRAP are shown in blue, yellow, red and orange, and
L-Trp molecules are shown in green as per PDB 1C9S [51]. Numbering is from the start of
transcription and specific numbers labeled include the boundaries for sequence truncations
used in this study.
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Activation of PKR by the trp 5’-UTR translation control RNA (1-206) in the absence and
presence of TRAP and L-Trp. PKR activation assays on trp 5’-UTR (1-206) (a) alone, (b) in
the presence of TRAP, and (c) in the presence of TRAP/L-Trp. RNA was serially diluted
~2-fold from 10 to 0.02 pM. In each lane, TRAP was present in five-fold excess over the
RNA, and L-Trp was present at a final concentration of 1 mM [26]. A buffer-only negative
control is included and PKR activation is normalized to dsSRNA-79 in each panel. Activation
values are provided under each gel and the position of phosphorylated PKR is indicated as
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‘p*PKR’. Gels shown are raw data from one representative trial. (d) Graphical
representation of percent PKR activation from panels (a)-(c) as a function of the
concentration of FL RNA (1-206). Plotted is the average of two independent trials and error
bars represent the range of these two trials. The lines for FL RNA(1-206)/TRAP and FL
RNA(1-206)/TRAP/L-Trp also average points immediately adjacent on the x-axis. All
forms of the RNA activated PKR with a bell-shaped dependence on RNA concentration.
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Figure 3.

Dependence of activation of PKR on 5’-triphosphate for full-length and truncated trp 5°-
UTRs. (a) Model of activation by 5’-triphosphate RNA (left) and 5’-hydroxyl RNA (right).
Calf-intestinal phosphatase (‘CIP’) is used to remove the 5’-triphosphate and leave a 5’-
hydroxyl. In all RNA constructs tested, the 5’-triphosphate form activated PKR, but
activation after CIP treatment was dependent on the size and structure of the RNA, as
indicated by the question mark. (b—d) PKR activation assays of CIP-treated trp 5’-UTR
constructs (b) FL (1-206) and T + tails, (89-159), (c) LH (61-188) and SD SL + tails (142—
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206), and (d) 5°-SL + tails (1-60). A buffer-only negative control is included and PKR
activation is normalized to dsSRNA-79 in each panel. Activation values are provided under
each gel and the position of phosphorylated PKR is indicated as ‘p*PKR’. All assays were
performed twice.
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Activation of PKR by the trp 5’-UTR in the presence and absence of a known longdistance
tertiary interactions. (a) Model of the full-length (1-206) trp 5’-UTR in the TRAP-free form.
(Left) RNA-fold with long-distance tertiary interaction between residues 36—-60 and both the
5’- and 3’- regions of the downstream internal loop. (Right) Addition of either a 5°- or 3’-
chimeric DNA/LNA blocking oligonucleotide (5’-BO and 3’-BO) disrupts these tertiary
interactions. (b—d) Percent PKR activation as a function of RNA concentration for trp 5°-

UTR constructs (b) FL (1-206), (c) LH (61-188), and (d) T + tails (89-159) with and

without 5°- or 3’-BOs (legends provided in figures). Blocking oligonucleotides are in two-
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fold excess over the trp 5’-UTR. The average of three independent trials is plotted,
connected by trend lines. The average standard deviation was ~20%PKR activation.
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Figure 5.

Dependence of activation of PKR on time and Mg?* concentration. (a) PKR activation by
dsRNA-79 was monitored at various concentrations of free Mg2* as a function of time. The
upper panel displays the range of PKR activation between 0.5 and 4 mM Mg?2* as a function
of time where it can be seen that the range of activation is much larger for the 5 and 10 min
time points. Spacing along the y-axis is the same in the lower and upper panels. (b) The 5,
10 and 20 min assays are plotted versus Mg2* concentration. At 20 min, activation is
approximately the same for all Mg2* concentrations tested. In both panels, two individual
trials are plotted. For panel (a), lines are drawn through the average of these two trials, and
for panel (b) curves are from fits to a Hill equation. Colors of time match for panel (a) upper
and panel (b).

J Mol Biol. Author manuscript; available in PMC 2016 November 06.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hull and Bevilacqua Page 28

(a)
FL trp 5'UTR RNA (1-206)

[RNALUM - 01 0.1 M ///’""I

[Mg®] (mM) 0.5 4.0

% PKR Act (4.0 mM Mg?): 13 85 100 9.9 6.1 47 105 95 19 43 17 79 109 120 73

dsRNA-79

(b) 120 : —=
4.0 mM Mg

100

o]
o

% PKR Activation
oy
()

40
20
O 1 L
0. 0.1 1
[trp 5-UTR RNA] (uM)
[))
(c) Ly
2 E. coli total RNA
B 21.7 21.7
[RNAL,uMorng/uL - 0.1 0.1 e OW
[Mg?*] (mM) 05 40 | 0.5 || 4.0 |

PPKR “ - “-e

% PKR Act (4.0 MM Mg*): 4.1 97 100 35 26 27 32 94 29 29 32 29 75 17 29

Figure 6.
Activation of PKR by bacterial RNAs in different concentrations of Mg2*. (a) PKR

activation assays by full-length trp 5’-UTR (1-206) in low (0.5 mM) and standard (4 mM)
Mg?2* concentrations. The RNA was incubated in 0.5 or 4 mM Mg?2* at 30°C for 5 min
followed by a 20 min incubation with PKR. A buffer-only negative control is included and
PKR activation is normalized to dsSRNA-79 at each Mg2* concentration. Activation values
are provided under the gel and are normalized to dsSRNA-79 activation under 4 mM Mg?*
conditions. The position of phosphorylated PKR is indicated as ‘p*PKR’. (b) Graphical
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representation of percent PKR activation from panel (a) as a function of full-length trp 5
UTR RNA (1-206) concentration. Plotted are two independent trials of each set of data
where lines are connecting the averages. (¢) PKR activation assays by E. coli total RNA in
low (0.5 mM) and normal (4 mM) Mg2* concentrations. The E. coli total RNA was rRNA
depleted and incubated in 0.5 mM or 4 mM Mg?2* at 30°C for 5 min and then incubated with
PKR for 20 min. A buffer-only negative control is included and PKR activation is
normalized to dsSRNA-79 under 4 mM Mg?2* conditions. .. The position of phosphorylated
PKR is indicated as ‘p*PKR’. Experiments were performed twice and a representative gel is
provided here.
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