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ABSTRACT

RNA thermometers regulate expression of some genes involved in virulence of pathogenic bacteria such as Yersinia, Neisseria, and
Salmonella. They often function through temperature-dependent conformational changes that alter accessibility of the ribosome-
binding site. The 5’-untranslated region (UTR) of the htrA mRNA from Salmonella enterica contains a very short RNA
thermometer. We have systematically characterized the structure and dynamics of this thermometer at single-nucleotide
resolution using SHAPE (selective 2’-hydroxyl acylation analyzed by primer extension) assays. Our results confirm that the
htrA thermometer adopts the predicted hairpin conformation at low temperatures, with conformational change occurring over
a physiological temperature regime. Detailed SHAPE melting curves for individual nucleotides suggest that the thermometer
unfolds in a cooperative fashion, with nucleotides from both upper and lower portions of the stem gaining flexibility at a
common transition temperature. Intriguingly, analysis of an extended htrA 5' UTR sequence revealed not only the presence of
the RNA thermometer, but also an additional, stable upstream structure. We generated and analyzed point mutants of the htrA
thermometer, revealing elements that modulate its stability, allowing the hairpin to melt under the slightly elevated
temperatures experienced during the infection of a warm-blooded host. This work sheds light on structure-function
relationships in htrA and related thermometers, and it also illustrates the utility of SHAPE assays for detailed study of RNA
thermometer systems.
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INTRODUCTION changing environmental conditions, augmenting regulation
on the transcriptional level. RNA thermometers have also
been implicated in several eukaryotic systems (Meyer et al.
2011; Wan et al. 2012). Furthermore, given the low require-
ments for sequence conservation of these elements, vast
numbers of novel RNA thermometers likely await discovery.

Some natural and artificial thermometers form a single
hairpin that occludes the ribosome-binding site (RBS)
(Neupert et al. 2008; Kortmann et al. 2011; Kouse et al.
2013), but many natural thermometers are significantly more
complex (Morita et al. 1999; Kortmann and Narberhaus
2012). The reasons for this variability are not well under-
stood. Many RNA thermometers contain noncanonical
base pairs, bulges, and other structural features thought to
modulate their stability, which allows response over a physi-
ological temperature range (Kortmann and Narberhaus
2012). Detailed molecular-level characterization of the effect
of temperature on the structure and dynamics of these

RNA thermometers are structural elements that affect ex-
pression of the mRNAs in which they reside in direct re-
sponse to temperature change (Kortmann and Narberhaus
2012; Shapiro and Cowen 2012; Grosso-Becera et al. 2015).
These elements do not appear to require protein cofactors
for proper function, and they can control expression of re-
porter genes in heterologous systems. RNA thermometers
commonly occur in the 5'-untranslated region (UTR) of bac-
terial mRNAs that encode proteins involved in the heat shock
response or in pathogenic virulence. In these cases, they
adopt temperature-sensitive structures that prevent ribo-
somal binding to the mRNA at low temperatures. These
structures melt open under higher temperatures, allowing
translational initiation. Control of gene expression via struc-
tural transitions in an RNA element allows rapid response to
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important regulators is critical for full understanding of their
biological functions.

Here, we have utilized selective 2'-hydroxyl acylation ana-
lyzed by primer extension (SHAPE) (Merino et al. 2005) as-
says for a detailed characterization of the structure and
behavior of the htrA RNA thermometer from Salmonella
enterica. SHAPE assays provide a quantitative method for
simultaneous characterization of the backbone flexibility of
each nucleotide in a complex RNA molecule (Gherghe et
al. 2008b; Weeks and Mauger 2011). Critical for detailed
study of RNA thermometers, SHAPE assays produce reliable
and comparable results at a wide range of incubation temper-
atures (Wilkinson et al. 2005, 2006). As such, SHAPE has
been used for detailed studies of temperature-dependent
structural transitions in tRNA molecules (Wilkinson et al.
2005; Strulson et al. 2014), and in one recent study of an
RNA thermometer, the CssA thermometer from Neisseria
meningitidis (Barnwal et al. 2016).

The htrA thermometer is classified as a fourU thermome-
ter (Waldminghaus et al. 2007), because it is predicted to
form a hairpin with a stretch of four uridine nucleotides op-
posing the Shine-Dalgarno (SD) sequence (Fig. 1A; Klinkert
etal. 2012). Other fourU RNA thermometers have been iden-
tified in pathogenic bacteria, such as in the 5" UTRs of the
agsA mRNA of S. enterica (Waldminghaus et al. 2007) and
the shuA mRNA of Shigella dysenteriae (Kouse et al. 2013),
as well as in the intergenic region of the IcrF mRNA of
Yersinia pseudotuberculosis (B6hme et al. 2012). The agsA
gene encodes a heat shock protein, while shuA and IcrF en-
code virulence factors. The sequence of the htrA RNA ther-
mometer is strictly conserved over a wide range of S.
enterica strains, including those responsible for typhoid fever
and gastroenteritis (Supplemental Fig. 1A). In contrast, it
is not present in the 5 UTR sequences from the h#rA genes
of many other organisms, such as Helicobacter pylori and
humans.
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The S. enterica htrA thermometer is among the shortest
known natural RNA thermometers, completely contained
in the 40-nucleotide (nt) 5" UTR of the mRNA for the protein
HtrA (high temperature requirement A) (Klinkert et al.
2012). HtrA is a periplasmic serine protease reported to
degrade aggregated or misfolded proteins (Pallen and Wren
1997). In some species, including E. coli, it is required for sur-
vival at high temperature (>42°C) (Lipinska et al. 1989). In
Salmonella species, it increases viability at elevated tempera-
tures, but it is not essential for survival (Johnson et al.
1991; Mo et al. 2006). However, HtrA is critical for the path-
ogenic virulence of a number of bacterial species, including
Salmonella (Pallen and Wren 1997). For example, S. enterica
subsp. enterica serovar Typhimurium (S. Typhimurium)
strains lacking or bearing mutant HtrA show reduced infec-
tivity of mice (Mo et al. 2006; Lewis et al. 2009), as well as re-
duced survival in murine macrophages (Baumler et al. 1994).
HtrA is also required for persistence of Salmonella strains in
chicken eggs, a major source of human infection (Raspoet
et al. 2014). Numerous attenuated strains of S. enterica
used for live vaccines have been made through mutation or
deletion of the htrA gene (Dunstan et al. 1998; Lowe et al.
1999). Greater understanding of the determinants for ther-
mometer structure and function could thus provide insight
into the virulence of these pathogenic bacteria.

In this work, we sought to understand the htrA thermom-
eter from S. enterica in greater depth through the combina-
tion of biochemical and biological assays. We used SHAPE
assays to investigate the structure and dynamics of the htrA
RNA thermometer on a single-nucleotide level. Assays were
conducted under a wide range of temperatures, including
those experienced under conditions of standard growth and
of infection, allowing construction of individual melting
curves for nucleotides throughout the thermometer stem.
In order to assess the contribution of particular nucleotides,
we produced a panel of mutant sequences, and their structure

and inducibility were also analyzed via

SHAPE and reporter gene assays. The re-

sults further illustrate the utility of

SHARPE assays for the study of thermom-

eter systems, reveal key features for htrA

. temperature response in the physiologi-

cal regime, and provide insight into the
melting behavior of this thermometer.

LLLIL1l1le

cassette

RESULTS

FIGURE 1. Predicted secondary structure of the htrA RNA thermometer from Salmonella enter-

ica. (A) The 5’ UTR of the htrA mRNA is shown from the standard transcriptional start site to one
codon past the AUG start codon. The fourU element and the Shine—Dalgarno (SD) sequence are
labeled. As defined in the text, the lower stem and upper stem nucleotides are labeled, and hairpin

Structure and temperature response
of the htrA thermometer

loop nucleotides are circled. The single-nucleotide bulge on the 5’ side of the stem is indicated

with an arrow. The structure was predicted using mfold 3.0 (Zuker 2003), as shown in
Klinkert et al. (2012). (B) The putative structure of the htrA thermometer embedded in the
SHAPE structure cassette (Wilkinson et al. 2006; Vachon and Conn 2012). The primer-binding
site is shown in blue, and the remainder of the cassette regions are shown in gray. Numbering is
from the 5" end of the SHAPE cassette; this numbering is used throughout the manuscript. The
structure shown was predicted using RNAstructure (Reuter and Mathews 2010) at 37°C.
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The sequence upstream of the htrA cod-
ing region is quite conserved among
S. enterica strains (Supplemental Fig.
1B). Several studies have mapped tran-
scriptional start sites (TSSs) for htrA
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mRNA from S. Typhimurium (Lewis et al. 2009; Kroger et al.
2013; Srikumar et al. 2015). In each study, three distinct TSSs
were found, producing a 40-nt 5 UTR, a47-nt 5 UTR, and a
much longer 215-nt or 449-nt 5 UTR. The longer transcripts
begin within the coding sequence for the upstream gene,
deoxyguanosinetriphosphate  triphosphohydrolase  (dgt).
Transcripts with 215-nt and 47-nt long 5 UTRs were initially
reported to be produced constitutively, but at low levels, with
slight induction upon heat shock (Lewis et al. 2009). In that
work, the transcript with a 40-nt 5 UTR was only observed
under stress conditions. More recent RNA-seq and dRNA-
seq studies on S. Typhimurium 4/74 have shown that both
of the short transcripts are expressed under a variety of
growth and stress conditions, whereas transcripts with a
449-nt long 5" UTR are expressed at very low levels under
normal growth conditions, but induced under a number of
stress conditions (Kroger et al. 2013; Srikumar et al. 2015).
Relative contributions of each promoter to the overall
transcript level varied with the particular growth or stress
condition. However, transcription from all three sites was
up-regulated upon infection of murine macrophages, with
higher production of the transcripts with the two shorter 5
UTRs (Srikumar et al. 2015). As the 40-nt 5" UTR entirely
contains the thermometer sequence, we have primarily fo-
cused on this variant.

Computational predictions show that the hairpin of the
S. enterica htrA thermometer is interrupted by a single-nucle-
otide bulge (Fig. 1A; Zuker 2003; Klinkert et al. 2012). The
lower stem of the hairpin includes the four uridine nucleo-
tides of the fourU motif paired with the Shine-Dalgarno se-
quence, and the upper stem is capped with an unusual 5-nt
loop. First, we experimentally validated the computational
prediction using SHAPE assays. For this, the entire 40-nt 5’
UTR plus the first two codons of the coding region were em-
bedded in a set of stable hairpins known as a structure cas-
sette (Fig. 1B; Wilkinson et al. 2006; Vachon and Conn
2012). The structure cassette provides a binding site for prim-
er extension and prevents information loss from the 5" and 3’
ends of the RNA of interest, allowing all nucleotides of the
RNA thermometer to be simultaneously assessed. The struc-
ture cassette also provided us a means for scaling and nor-
malizing the SHAPE reactivities between experiments
conducted at different temperatures, as its hairpins were
not observed to melt over the temperature range studied.
Computational predictions using mfold (Zuker 2003) and
RNAstructure (Reuter and Mathews 2010) suggested that
the cassette sequence would not affect the secondary struc-
ture of the embedded thermometer RNA.

SHAPE reactions were performed in the presence of 2 mM
MgCl, in order to mimic the physiological concentration of
free Mngr in bacteria (Alatossava et al. 1985; Froschauer et
al. 2004; Kolisek et al. 2008). We used the commercially avail-
able SHAPE reagent N-methylisatoic anhydride (NMIA)
(Merino et al. 2005). This acylating agent reacts preferentially
with flexible 2'-hydroxyl groups in the RNA backbone.

Primer extension products were resolved via capillary electro-
phoresis, and the results were analyzed using QuShape (Kar-
abiber et al. 2013). At 30°C, representing standard growth
conditions, the SHAPE results for the Salmonella htrA RNA
thermometer were consistent with the predicted structure
(Fig. 2). Low, but nonzero, reactivity (indicated in black)
was observed throughout the putative stem region, while
moderate (green) to high (red) reactivity was generally ob-
served in the regions corresponding to the hairpin loop and
to the flanking nucleotides. As has been previously observed
for a small percentage of unpaired nucleotides (Jones et al.
2008; Wilkinson et al. 2009), a few flanking nucleotides
showed low reactivity in our SHAPE experiments. Moderate
reactivity was also observed for the bulged C nucleotide, as
well as for one U nucleotide in the upper stem. Overall, the
reactivity levels observed for the stem nucleotides were higher
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FIGURE 2. The wild-type htrA RNA thermometer adopts a hairpin
conformation at low temperature. (A) Representative SHAPE results
at 30°C (top) and at 42°C (bottom) for the wild-type htrA RNA ther-
mometer embedded in the structure cassette shown in Figure
1B. Data were processed using QuShape (Karabiber et al. 2013), and re-
sults mapped against a cartoon of the thermometer secondary structure,
including cassette regions. Nucleotides with low SHAPE reactivity
(<0.40), medium SHAPE reactivity (0.40-0.85), and high SHAPE reac-
tivity (>0.85) are shown in black, green, and red, respectively (Karabiber
et al. 2013). In all cases, representative results were prepared in
QuShape. (B) Average SHAPE results at 30°C (top) and 42°C (bottom)
mapped on the putative secondary structure of the htrA thermometer
embedded in the structure cassette (Fig. 1B). Coloring is as in part A.
No data were collected for the nucleotides shown in gray, which were
either too close to the RNA ends or showed atypically high signals in
the SHAPE (—) reaction. Mapped values are the average of six (30°C)
or four (42°C) independent experiments (Supplemental Fig. 4A).
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than the mean values observed for internally paired nucleo-
tides (Wilkinson et al. 2009), suggestive of mild instability
of the thermometer stem even at 30°C.

We next investigated the response of the RNA thermome-
ter to temperature. SHAPE assays were performed at 42°C,
representing the temperature experienced under heat-
shock conditions or upon Salmonella infection of chickens
(Raspoet et al. 2014). For the majority of the htrA stem nucle-
otides, SHAPE reactivity increased considerably from 30°C
to 42°C, while only minor changes were observed to nucleo-
tides in the flanking regions or in the hairpin loop (Fig. 2).
These trends were independent of the cassette sequence
and SHAPE reagent used (Supplemental Fig. 2). Interest-
ingly, reactivity decreased dramatically for three nucleotides:
the final U in the hairpin loop, the single-nucleotide bulge,
and the G immediately preceding the thermometer stem.
Opverall, the SHAPE results suggested that the htrA hairpin
no longer forms at 42°C, consistent with the model of a struc-
tural transition which occurs upon infection of a warm-
blooded host.

In order to better understand this structural transition, we
next investigated the hirA thermometer over a broad range of
temperatures bracketing the physiological regime. SHAPE re-
actions were conducted at ~3°C intervals from 20°C to 62°C
(Fig. 3), allowing a detailed assessment of the behavior of
each individual nucleotide position of the thermometer
with respect to temperature. At the lowest temperatures
(20°C and 24°C), stem nucleotides displayed even lower reac-
tivity than at 30°C, while only minor changes were observed
to nucleotides in the flanking regions or in the hairpin loop
(Fig. 3A; Supplemental Fig. 2). These results confirm the
mild instability proposed above for the thermometer hairpin
at 30°C, which could allow leaky expression of the encoded
protein at this temperature. At 37°C, reactivity of the stem
nucleotides was intermediate between that observed at
30°C and 42°C.

Therefore, we used the SHAPE results acquired at each
temperature to construct melting curves for individual nucle-
otides throughout the RNA molecule (Fig. 3B). Overall,
SHARPE reactivity increased in a sigmoidal fashion for the nu-
cleotides in the thermometer stem, with the exception of the
bulged C and its flanking nucleotides. Nonlinear curve fitting
was performed for each nucleotide in the 3’ side of the ther-
mometer stem individually (Siegfried and Bevilacqua 2009),
revealing a common melting temperature of ~36°C (Table
1). These results suggest that the upper and lower stem
melt simultaneously, consistent with a cooperative melting
transition for the entire thermometer. The individual nucle-
otide melting curves of nucleotides in the 5’ side of the ther-
mometer stem also suggest thermometer melting between
35°C and 37°C (data not shown).

RNAstructure was then used to refine the thermometer
structure at each temperature, incorporating the experimen-
tally determined SHAPE reactivity values as a pseudo-free en-
ergy term in the calculations (Deigan et al. 2009; Reuter and
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FIGURE 3. The htrA thermometer appears to open cooperatively upon
increasing temperature. (A) Representative SHAPE data for the htrA
thermometer, comparing 24°C, 30°C, 37°C, and 42°C. Coloring is as
in Figure 2. The regions corresponding to the 5" and 3’ sides of thermom-
eter stem are boxed, and nucleotides graphed in part B are marked with
asterisks. (B) SHAPE melting curves for selected nucleotides in the 3’ side
of the stem, including A38, A39, A45, U46, and U47. Arrows indicate the
temperatures shown in part A. Each data point is the average of two to six
independent experiments. Error bars are not shown, in the interest of
clarity (see Supplemental Fig. 3 for representative curves with error).

Mathews 2010). Incorporation of SHAPE reactivity can
greatly improve the accuracy of structure prediction. This
is particularly true for calculations performed at tempera-
tures other than 37°C, as such calculations require extrapola-
tion of thermodynamic parameters that were originally
measured at 37°C. In the case of the htrA thermometer, the
refined structure at 30°C is the same as predicted in the ab-
sence of experimental restraints. Without experimental re-
straints, the lowest energy structure predicted for 42°C by
RNAstructure alone still contains the thermometer stem. In
contrast, incorporation of experimental results confirms
that this stem no longer folds at 42°C (Fig. 4A). At this tem-
perature, the SHAPE data support the presence of an alter-
nate hairpin that involves both the fourU motif and the C
from the single-nucleotide bulge, leaving the SD sequence
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TABLE 1. Melting temperatures for the 3’ side of the thermometer

though the greater background signal hindered quantitative

S analysis.

- - Overall, our SHAPE results revealed that the htrA ther-
Nucleotide Wild-type hun AC control mometer behaved very similarly in the context of the extend-
U3z 36.3+0.5 49.6+1.8 ed 5 UTR as it did as an isolated element (Fig. 5). At 30°C,
A38 36.2£0.3 50.5£0.3 SHAPE reactivity patterns for the thermometer region were
Gi% ;2'? f 8; jg?ig? consistent with the presence of the thermometer stem (Fig.
Ca1 3 5:6 . 0:9 51 :6 . 0:5 5A,B), which presumably blocks the Shine-Dalgarno se-
G42 37.0+0.7 49.5+0.3 quence from ribosome accessibility. At the elevated temper-
A43 N.D.? N.D.? ature (42°C), SHAPE reactivity again dramatically increased
G44 35908 50304 for nucleotides of the upper stem, as well as for those in
Giz gggigg ;gig? the 3’ side of the lower stem (Fig. 5A,C). Incorporation of
Ua7 367405 490404 the 42°C experimental data into structure predictions con-

Melting temperatures were determined using nonlinear curve
fitting to the average SHAPE value for each temperature in
Kaleidagraph (Siegfried and Bevilacqua 2009).

“N.D. Not determined (nucleotide displayed very low reactivity at

all tested temperatures).

exposed and available for

ribosomal

firmed that the thermometer stem is not folded under these
conditions. Instead, the 5 side of the lower stem again ap-
pears to form the alternate upstream hairpin seen in the
shorter RNA (Fig. 4), exposing the Shine—Dalgarno sequence
for ribosomal interaction.

The additional sequence present in the extended 5 UTR
showed patterns of high and low SHAPE reactivity consistent

interactions.  with a structured RNA. The lowest energy SHAPE-derived

Comparison of the lowest energy structure at each tempera-
ture from 20°C—62°C reveals that the conformational transi-
tion between folded and unfolded thermometer stem occurs
between 35°C and 37°C (Fig. 4B), consistent with the exper-
imental melting curves, as well as with a biological role in
pathogenic virulence. Interestingly, the alternate hairpin
mentioned above appears to be present at temperatures

secondary structures indicated that the additional sequence
upstream of the thermometer is quite structured at both tem-
peratures, with minimal change between 30°C and 42°C (Fig.
5B,C). The consistency of the results between the two tem-
peratures for the upstream region also provides an internal
control for the method, as it clearly highlights differences
in the behavior of the thermometer region from that of these

from 37°C to 45°C (data not shown).

Analysis of a complex, extended 5’
UTR for the htrA mRNA

As previously mentioned, transcription
initiation in S. enterica can also occur
from promoters located far upstream of
the htrA thermometer sequence (Lewis
et al. 2009; Kroger et al. 2013; Srikumar
et al. 2015). In order to assess whether
thermometer structure or temperature
response would be altered in the context
of this extended upstream sequence,
we transcribed the full 215-nt htrApl
5" UTR in the context of the structure
cassette and subjected this RNA to
SHAPE assays. The activated SHAPE re-
agent 1M7 (1-methyl-7-nitroisatoic an-
hydride) (Mortimer and Weeks 2007;
Turner et al. 2013) was used for these
experiments, because its shorter half-
life reduced the incubation times re-
quired, which proved valuable for mini-
mizing degradation of this much longer
RNA. Qualitatively similar results
were observed upon use of NMIA, al-

other structured RNA elements.
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FIGURE 4. Incorporation of SHAPE constraints into structural predictions supports a cooper-
ative transition. (A) SHAPE-constrained secondary structure of the htrA thermometer at 42°C.
Shown is the lowest energy structure predicted using RNAstructure, with incorporation of
SHAPE values as pseudo-free energy restraints. The C that forms the single-nucleotide bulge
in the folded thermometer is circled. Diagonal lines indicate the region expanded in B below.
Coloring as in Figure 2. (B) SHAPE-constrained secondary structure predicted at temperatures
bracketing the structural transition (33°C, 35°C, 37°C), focusing in on the thermometer hairpin
sequence. No structural change was predicted in the flanking cassette regions over a temperature
range from 20°C to 56°C. SHAPE-constrained secondary structures reveal that the alternative
stem seen here at 37°C and 42°C melts out between 45°C and 50°C.
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FIGURE 5. The RNA thermometer forms in the context of an extended htrA 5 UTR. (A) Average SHAPE results at 30°C (top) and at 42°C (bottom)
for the wild-type htrA RNA thermometer in the context of the extended 5 UTR produced from transcription at the upstream promoter htrAp1 (Lewis
et al. 2009). Error bars show the standard deviation from three independent experiments. Coloring is as in Figure 2, with the thermometer hairpin
indicated with a blue bar. (B,C) SHAPE-constrained secondary structures of the htrApl 5 UTR at 30°C (B) and 42°C (C). Structure prediction was
performed with RNAstructure, as in Figure 4. Shown is the lowest energy SHAPE-constrained secondary structure predicted at each temperature. The

bulged C is circled, and the asterisk denotes the transcriptional start site for the standard htrA mRNA.

Determinants for thermometer function

In order to correlate thermometer melting with particular
structural features, we investigated several changes to the
htrA thermometer sequence. First, we probed the role of
the cytosine bulge in thermometer structure and behavior.
Removal of this nucleotide was previously shown to greatly
reduce translation under heat-shock conditions in reporter
gene assays (Klinkert et al. 2012). We therefore generated
an RNA construct lacking the bulged nucleotide (AC control)

1574 RNA, Vol. 23, No. 10

and performed SHAPE analysis on it (Fig. 6A,B). At 30°C, the
AC control showed extremely low reactivity throughout the
hairpin stem, while displaying similar reactivity to the wild-
type RNA in the hairpin loop and flanking unstructured se-
quences. Reactivity levels increased only slightly at the elevat-
ed temperature of 42°C, indicating that the hairpin remained
closed at this temperature. In fact, reactivity levels for the
stem nucleotides of the AC control RNA at 42°C were com-
parable or lower than levels for the corresponding nucleo-
tides of the wild-type RNA at 30°C.
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FIGURE 6. The single-nucleotide bulge has a profound effect on thermometer behavior. (A) Representative SHAPE results at 30°C (top) and 42°C
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in the AC control RNA. The position of the deleted nucleotide is indicated with an arrow. (C) SHAPE melting curves comparing the melting behavior
of the AC control RNA with the wild-type thermometer. Solid lines show melting curves for selected nucleotides in the 3 side of the AC control stem
(A38, A39, A45, U46, and U47, with numbering as in the wild-type sequence). Each data point is the average of two independent experiments. Error
bars are not shown in the interests of clarity (see Supplemental Fig. 3 for representative curves with error). Melting curves from the corresponding
nucleotides for the wild-type RNA (from Fig. 3B) are shown with dashed lines. (D) Comparison of the wild-type thermometer at 42°C and the AC
control at 56°C. Shown are the lowest energy SHAPE-derived secondary structures, with nucleotides color-coded by the average SHAPE values that
were incorporated into structure predictions. The C nucleotide that is removed to make the AC control is marked; note that its absence precludes
formation of the alternate hairpin. SHAPE values used represent the average of two to four experiments.

SHAPE reactions were then conducted at a wider range of
temperatures (24°C—62°C) to allow a more detailed examina-
tion of the effect of the bulged nucleotide on thermometer
melting and dynamics (Fig. 6C). SHAPE reactivity values
were virtually identical at 24°C, 30°C, and 37°C, suggesting
that the hairpin remains firmly closed under this temperature
range. For the majority of the stem nucleotides in the AC
control, SHAPE reactivity increased dramatically from 45°C
to 56°C, while only minor changes were observed to nucleo-
tides in the flanking regions or in the hairpin loop. Several
nucleotides in the stem region of the AC control proved
unreactive even at the highest temperatures (Fig. 6D). In gen-
eral, these were the same nucleotides that were unreactive at
high temperatures in the wild-type sequence.

The SHAPE results acquired at each temperature were
again used to construct melting curves for individual nucle-
otides throughout the RNA molecule. SHAPE reactivity also
increased in a sigmoidal fashion for the stem nucleotides of
the AC control. Representative melting curves of stem nucle-
otides from throughout the 3’ side of the hairpin stem of the
AC control were compared with the corresponding nucleo-
tides in the wild-type thermometer (Fig. 6C). Nonlinear
curve fitting indicated a melting temperature of ~50°C, rep-
resenting an increase of 14°C from that of the wild-type se-
quence (Table 1). Similar results were obtained when all

data points for the 3’ side of the hairpin stem were normal-
ized, then treated as a single data set (data not shown), again
suggesting a cooperative transition between open and closed
forms of the RNA, as might be expected for this simple, un-
broken stem. These results also confirmed the importance of
the single-nucleotide bulge for maintaining the thermometer
melting temperature in the physiological range.

We next assessed a series of mutations that directly impact-
ed base-pairing in the thermometer stem (Fig. 7A). The first
mutation was chosen to disrupt the lower stem of the ther-
mometer, replacing the fourU motif opposite the SD se-
quence, as well as the subsequent G, with a series of five A
nucleotides (AAAAA mutant). As expected, SHAPE assays
on the AAAAA mutant revealed high reactivity for nucleo-
tides in the lower stem at 30°C (Fig. 7B; Supplemental Fig.
4C). Reactivity levels were also high for nucleotides in the up-
per stem, consistent with destabilization of the entire ther-
mometer hairpin by this mutation.

Further mutations were chosen to test the impact of
strengthening either the upper or lower stem of the ther-
mometer hairpin. This hairpin includes three noncanonical
U+G or G*U base pairs. Two UG base pairs are found in
the lower stem, forming interactions between the fourU mo-
tif and the G nucleotides of the SD sequence. These U+G base
pairs are not consecutive, unlike in the canonical fourU
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comparing the wild-type thermometer (wt), the closed control thermometer (AC), and the RNAs with stem mutations (AAAAA, U23C, U25C, U40C,
and G28A). In each case, RNA was probed in the context of the standard SHAPE cassette shown in Figure 2. SHAPE results are displayed for the 3’ stem
nucleotides A38, A39, A45, U46, and U47. Full reactivity profiles at 30°C and 42°C are shown in Supplemental Figure 4. (C) Reporter gene assay results
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thermometer from the agsA gene (Waldminghaus et al.
2007). A final G+U base pair is located in the upper stem, im-
mediately above the cytosine bulge. To understand the role
that these base pairs play in thermometer structure and
stability, we generated and analyzed several point mutations
that introduced canonical Watson—Crick base pairs in these
positions (Fig. 7A).

The two mutations to the fourU region each replaced one of
the two U+G base pairs with a C—G pair. In each case, the point
mutation was made to the nucleotide on the 5’ side of the ther-
mometer stem (U23C and U25C), so as to not disrupt the SD
sequence itself. These mutations are predicted to stabilize the
RNA thermometer. SHAPE assays revealed that these muta-
tions had the expected effect, as little to no reactivity was ob-
served for stem nucleotides even at 42°C. The reduction in
reactivity was observed not only for nucleotides in the lower
stem, but also for nucleotides in the upper stem, supporting
a cooperative melting transition for the entire hairpin.
However, introduction of neither C—G base pair had as pro-
found an effect as the outright removal of the C bulge (Fig.
7B; Supplemental Fig. 4), highlighting the importance of
the single-nucleotide bulge for the structural transition.

We then performed reporter assays in order to correlate
changes in thermometer structure and stability with effects
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on thermometer function in bacterial cells. The reporter
gene was the bgaB gene, which produces a heat-stable 3-ga-
lactosidase from Bacillus stearothermophilus, with thermom-
eter variants embedded in its 5° UTR (Klinkert et al. 2012).
This reporter system has been validated for study of RNA
thermometers, including htrA (Klinkert et al. 2012). We
thus prepared and tested a mutated version of the reporter
plasmid, replacing the final U of the fourU motif with C
(U25C), comparing its behavior to that of the wild-type ther-
mometer and the AC control (Fig. 7C). As expected, the re-
porter gene bearing the wild-type thermometer showed low
expression at 30°C, with a substantial increase in expression
at the permissive temperature of 42°C. In contrast, the AC
control led to low expression at both temperatures. These re-
sults were consistent with previous observations (Klinkert
et al. 2012), as well as with our SHAPE studies above. The
mutant U25C element led to reduced expression at both tem-
peratures compared to the wild-type thermometer, suggest-
ing that it more effectively sequestered the SD sequence
from interactions with ribosomal rRNA. However, it did
not have as pronounced an effect as the AC control at
42°C, again consistent with our SHAPE studies.

In order to further address whether the upper and lower
stems melt cooperatively, we investigated the effect of
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mutation of the G+U base pair in the upper stem on the tem-
perature response of the lower stem. We generated and ana-
lyzed two point mutations of the upper G+U base pair (Fig.
7A). The first mutation swapped this G*U base pair for a
G—C base pair, through substitution of the U nucleotide im-
mediately prior to the SD sequence with a C. SHAPE assays
revealed that this mutation (U40C) had a similar effect
as the U — C mutations in the lower stem (Fig. 7B; Supple-
mental Fig. 4), dramatically reducing SHAPE reactivity of nu-
cleotides throughout the upper and lower portions of the
stem at both 30°C and 42°C. These results contrast with
the effect of replacing the G of the upper G+U base pair
with an A nucleotide, creating instead an A-U base pair
(G28A). Here, we observed a decreased reactivity for the
stem nucleotides at 30°C, when compared with the wild-
type hairpin (Fig. 7B; Supplemental Fig. 4). However, the
mutant sequence still appears to be unfolded at 42°C, based
on reactivity of nucleotides both in the upper and lower por-
tion in the stem (Fig. 7B; Supplemental Fig. 4). It is critical to
note that for both of these G*U mutants, alteration of a nu-
cleotide in the upper stem affected the reactivity of nucleo-
tides from the lower stem, as well. These results suggest
that the upper and lower stems share a common melting
transition, again supporting cooperative melting behavior
of the entire thermometer hairpin.

DISCUSSION

RNA thermometers provide a rapid and potentially reversible
method to regulate gene expression in response to changing
environmental conditions. Many questions remain regarding
the range of structural features that will lead to thermometer
behavior (Kortmann and Narberhaus 2012). Here, we per-
formed an in-depth study of the S. enterica htrA thermome-
ter, originally identified on the basis of computational
prediction and reporter gene assays (Klinkert et al. 2012).
The htrA thermometer is located in the 5" UTR of the gene
encoding the protein HtrA (high-temperature requirement
A) in a wide range of S. enterica strains, including those re-
sponsible for typhoid fever and gastroenteritis (Supplemental
Fig. 1A). Although HtrA is essential for response to heat
shock in E. coli, the S. enterica version is intrinsically involved
in pathogenic virulence (Mo et al. 2006).

Here, we used SHAPE analysis and mutagenesis to investi-
gate the structure, dynamics, and temperature response of the
htrA thermometer. These assays confirmed the predicted
hairpin fold of the thermometer at 30°C, while indicating ex-
posure of the Shine-Dalgarno sequence at 42°C (Figs. 2, 4).
We then went on to investigate the mechanism of thermom-
eter melting. We initially hypothesized that the bulged C
might provide the nucleation point for a gradual melting of
the entire stem with increasing temperature. This would par-
allel what has been observed with RNA thermometers such as
the ROSE; element from Bradyrhizobium japonicum, the cya-
nobacterial hsp17 thermometer, and the CssA thermometer

from Neisseria meningitidis, for which thermometer melting
occurs progressively from a destabilizing element upon tem-
perature increase (Chowdhury et al. 2006; Wagner et al. 2015;
Barnwal et al. 2016). An alternative hypothesis was that the
bulge would decouple the upper and lower stem into two in-
dependently folding units, with distinct melting transitions
based on their individual stability.

Contrary to these initial hypotheses, analysis of SHAPE
melting curves for individual nucleotides suggest that the
thermometer unfolds in a concerted and cooperative fashion,
with nucleotides in both the upper and lower stem gaining
flexibility at a common transition temperature (~36°C)
(Table 1; Fig. 3). Incorporation of SHAPE results into struc-
ture—prediction algorithms also supports a concerted melting
transition in the physiological regime, again with a melting
temperature of ~36°C (Fig. 4). SHAPE assays performed
on stem mutants of the htrA thermometer further support
communication between the upper and lower stems, despite
the intervening bulge. Mutations which strengthened base-
pairing in the upper stem also increased the melting temper-
ature of the lower stem, and vice versa (Fig. 7). A cooperative
melting transition is also observed in the agsA fourU ther-
mometer from S. enterica (Rinnenthal et al. 2010), despite
other differences between the structures of these two ther-
mometers. It is tempting to speculate that the combination
of the single-nucleotide bulge and the cooperativity displayed
between the stems of the htrA thermometer allows for tuning
of the temperature response of the thermometer in response
to the body temperature of the host.

Removal of the bulged nucleotide is predicted to stabilize
the htrA hairpin stem dramatically (AGgq, we —5.8 keal/
mol versus AGpq, ac: —9.6 kcal/mol, as calculated in
RNAstructure [Reuter and Mathews 2010]). Increased stabil-
ity is experimentally evident through a shift in the melting
temperature for nucleotides throughout the hairpin stem.
Comparison of individual melting curves suggest a shift of
~14°C (Table 1; Fig. 6C), such that little to no melting is ob-
served over the temperature range required for thermometer
response. Intermediate reactivities are observed when stabiliz-
ing mutations are introduced to the stem itself, even in the
presence of the single-nucleotide bulge (Fig. 7A,B). These re-
sults agree with those from reporter gene assays, where a mu-
tant thermometer with a stabilized stem (U25C) directs levels
of gene expression intermediate between the wild-type ther-
mometer and the AC control (Fig. 7C).

Intriguingly, several nucleotides from the wild-type ther-
mometer showed decreased reactivity upon temperature in-
crease. One of these was the U nucleotide that forms the
final nucleotide of the thermometer hairpin loop, which
has significantly higher reactivity than any other nucleotide
in the thermometer hairpin at 30°C (Fig. 2A). Some instances
of extreme reactivity arise from constriction of the nucleotide
sugar into a defined conformation that enhances the nucleo-
philicity of the 2’-hydroxyl group, for instance, by favoring a
2'-endo conformation of the ribose group (Gherghe et al.
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2008a; Mortimer and Weeks 2009). If this is the situation for
the final loop nucleotide, the decrease in reactivity at higher
temperatures could be explained by thermometer melting,
which would release it from the reactive conformation.

A similar effect might be responsible for the behavior of
the bulged C nucleotide, which also displays decreased reac-
tivity at increased temperatures. At low temperatures (below
30°C), it is the most reactive nucleotide in the stem portion of
the thermometer hairpin, whereas under heat shock or infec-
tion conditions, it becomes one of the least reactive stem nu-
cleotides (Fig. 3A). Reactivity levels again increase under the
highest temperatures studied (data not shown). However,
higher reactivity levels at low temperatures might simply be
a result of greater flexibility of this nucleotide in the single-
nucleotide bulge than in the alternate hairpin. Formation
of the alternate hairpin also explains the decrease in reactivity
observed for the G that precedes the standard thermometer
stem (Figs. 3, 4), as well as the difference in reactivity of
the 3’ versus the 5 side of the lower stem, which we observe
in the contexts of both the short and the long 5" UTRs at
42°C. Further work will address the importance of this alter-
nate hairpin, as well as the identity of the bulged nucleotide
and its flanking base pairs, on thermometer behavior and
function.

SHAPE assays are readily adapted for study of longer RNA
sequences. We thus used SHAPE assays to investigate an ex-
tended htrA 5" UTR (~215 nt) produced by S. enterica (Lewis
et al. 2009). Our results reveal that thermometer structure
and behavior is similar in the context of this longer RNA as
it is in the standard 5" UTR (Fig. 5), with sequestration of
the SD sequence at 30°C, but exposure at 42°C. The presence
of structured elements upstream of the thermometer at both
temperatures is suggestive of additional function for this re-
gion, potentially allowing for combinatorial regulation of
HtrA expression by both temperature and a yet-unknown
signal. Such combinatorial control has been produced in
genes containing tandem riboswitches (Serganov and
Nudler 2013) or artificial riboswitch/thermometer hybrids
(RoBmanith and Narberhaus 2016), for example. The
additional upstream sequence is highly conserved among
Salmonella strains (Supplemental Fig. 1B), suggesting a pos-
sible common role for this structure in regulation.

In conclusion, we have used SHAPE assays to investigate
the structure and dynamics of the htrA RNA thermometer
from S. enterica. This thermometer forms a hairpin which se-
questers the Shine—Dalgarno sequence under normal growth
temperatures, but which melts open at moderately elevated
temperatures, such as those experienced during infection.
SHAPE analysis allowed a detailed and quantitative analysis
of the behavior of each nucleotide of the htrA thermometer
with respect to temperature. The presence of a single-nucle-
otide bulge was found both to promote stem flexibility at nor-
mal growth temperatures and also to shift the melting
temperature of the hairpin into the relevant physiological
range. The stems flanking this bulge were found to melt in
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a concerted fashion, rather than progressively from the sin-
gle-nucleotide bulge. U+G base pairs involving the Shine—
Dalgarno sequence and a G+U base pair in the upper stem
were all found to modulate the melting temperature. It is
tempting to speculate that these elements work in concert,
tuning the thermometer behavior to allow leaky expression
under standard growth conditions, but a differential response
upon infection, depending on the body temperature of the
warm-blooded host infected. Further investigation will
address the effect of the identity of the bulge nucleotide
and surrounding base pairs on thermometer structure and
behavior, focusing specifically on the role of the alternate
hairpin formed under intermediate temperatures.

MATERIALS AND METHODS

RNA production

DNA templates for the standard RNAs used for SHAPE were gener-
ated via extension of partially overlapping DNA oligonucleotides
(Supplemental Table 1, Integrated DNA Technologies, IDT) using
the Klenow fragment of DNA polymerase I (Life Technologies).
These templates embedded the htrA or variant RNAs within 5
and 3’ cassette sequences to allow analysis of the full RNA of interest
(Wilkinson et al. 2006; Vachon and Conn 2012). Templates
were amplified by PCR using Platinum pfx polymerase (Life
Technologies), then cleaned using the Qiagen PCR Kit. In some cas-
es, dsSDNA produced from Klenow reactions was directly used as the
transcription template, without prior amplification. Template se-
quences were verified at the Plant-Microbe Genomics Facility at
The Ohio State University (OSU PMGF). RNAs were produced
via in vitro transcription using the T7 polymerase HiScribe High
Yield Quick Kit (New England Biolabs) or with recombinant T7
RNA polymerase produced in-house. RNAs were purified from
denaturing urea polyacrylamide gels (10%) and extracted from the
gel using passive diffusion. RNA concentrations were quantitated
using a Tecan F200 Infinite Spectrophotometer equipped with a
NanoQuant plate. RNA homogeneity was assessed using analytical
urea polyacrylamide gels (20%) stained with 1x SYBR Gold (Life
Technologies).

Construction of the extended 5’ htrA UTR

The DNA corresponding to the full-length 215-nt UTR plus the first
two codons of the coding region, preceded by the T7 RNA polymer-
ase promoter and flanked by restriction enzyme sites and SHAPE
cassette sequences (Supplemental Table 1), was ordered as a
gBlock DNA from IDT. The sequence used corresponds to that of
S. Enteritidis and S. Paratyphi B; it differs from that of
S. Typhimurium by 1 nt (Supplemental Fig. 1B). Following the
cloning protocol from IDT, this DNA was digested with BamHI
and EcoRI and ligated into the corresponding sites of the pUC19
plasmid (New England Biolabs, NEB) using the NEB Quick Ligase
Kit. DNA sequences were verified at the OSU PMGF. Double-
stranded DNA templates were prepared via PCR amplification (Sup-
plemental Table 1). RNAs were transcribed from these dsDNA
templates as above, then purified from 8% denaturing
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polyacrylamide gels. RNA homogeneity was assessed using analyti-
cal urea polyacrylamide gels (8%) stained with 1x SYBR Gold.

SHAPE experiments

SHAPE experiments were conducted as described previously
(Wilkinson et al. 2006; McGinnis et al. 2009), but with minor
modifications as follows. In short, 8—12 pmol of purified RNA
were denatured at 95°C in water, then snap-cooled on ice to favor
intramolecular folding. One-fifth volume of 5x SHAPE folding
mix (250 mM HEPES, pH 8.0, 500 mM potassium acetate, and
10 mM MgCl,) was added, making the final concentrations in the
reaction 50 mM HEPES, pH 8.0, 100 mM potassium acetate, and
2 mM MgCl,. RNAs were allowed to equilibrate at 30°C for
15 min, then at the desired assay temperature for 20 min. Then
3-4.5 pmol of RNA (27 pL) was transferred to prewarmed tubes
containing 3 uL of DMSO (— reaction) or SHAPE reagent in
DMSO (+ reaction). Final concentration of SHAPE reagent was
13 mM for N-methylisatoic anhydride (NMIA, Life Technologies)
or 10 mM for 1-methyl-7-nitroisatoic anhydride (1M7, gift of
Manuel Ares, Jr.). Reactions proceeded for at least five times the hy-
drolysis half-life (#;,,) of the reagent at the desired temperature
(Wilkinson et al. 2006), followed by ethanol precipitation in the
presence of 20 ug glycogen.

For primer extension, pellets were resuspended in 10.5 pL
H,0. To this was added 2.5 pL of a 0.6 uM 5 6-FAM labeled
DNA primer complementary to the 3’ end of the SHAPE cassette.
Annealing occurred at 65°C for 5 min, then 37°C for 5 min.
Primer extension was carried out in the presence of 50 mM Tris—
HCI, pH 8.3, 75 mM KCI, 3 mM MgCl,, 5 mM DTT, 0.5 mM of
each ANTP, and 200 units of SuperScript III (Thermo Fisher).
Extension reactions were incubated at 45°C for 1 min, 52°C for 25
min, then 65°C for 10 min. Reactions were then quenched with
the addition of 4 pL of a solution of 2 M sodium acetate (unbuf-
fered) and 40 mM EDTA. Sequencing reactions were performed
similarly, but with unmodified RNA, a DNA primer bearing a 5’
VIC fluorophore, and addition of ddATP or ddTTP (0.5 mM final
concentration) to the primer extension reaction. Each SHAPE reac-
tion (+ or — SHAPE reagent) was mixed with an aliquot of sequenc-
ing reaction, followed by ethanol precipitation. Pellets were washed
2-3 times with 500-750 uL 70% ethanol to remove trace salts, then
air-dried. Pellets were resuspended in 9.5 pL Hi-Di Formamide and
0.5 pL size standards, then resolved via capillary electrophoresis on
an Applied Biosystems, Inc. 3730 DNA Analyzer (OSU PMGF).
Inspection of electropherograms indicated that SHAPE reactions
were carried out under single-hit conditions in all cases, as assessed
by the presence of significant amounts of the full-length product.
Electropherograms were processed using QuShape (Karabiber
et al. 2013). QuShape uses model-free normalization with 0 signify-
ing no reactivity and 1 indicating the average reactivity of a highly
reactive nucleotide. Manual adjustments were made to the suggested
scaling parameter and percent outliers in order to scale the + trace to
the — trace (focusing on the stem nucleotides of the cassette, which
remain unreactive over this temperature range) and to normalize the
reactivity of a highly reactive, unstructured nucleotide (A61) for
each temperature. Nucleotides were binned by normalized SHAPE
reactivity, with values that are <0.40, 0.40-0.85, and >0.85 in-
dicating low, moderate, and high SHAPE reactivity, respectively
(Karabiber et al. 2013).

Melting curves were constructed using reactivity values from
SHAPE experiments conducted at a range of temperatures from
20-62°C (for wild-type htrA) or 24-62°C (for the AC control).
For melting curves, NMIA was used as the SHAPE reagent. Each
data point was the average value from two to six independent
experiments. Melting temperatures were obtained by nonlinear
curve fitting using Kaleidagraph (Siegfried and Bevilacqua 2009).
Structure prediction was performed with RNAstructure (Deigan
etal. 2009), using the average SHAPE reactivities as pseudo-free en-
ergy change constraints (slope of 1.8 kcal/mol and y-intercept of
—0.6 kcal/mol).

Reporter gene assays

Mutants were prepared using the Q5 Site-Directed Mutagenesis Kit
(NEB), according to the manufacturer’s protocol. The plasmid
pBAD2-bgaB-htrAp3 (gift of Franz Narberhaus) was used to prepare
pBAD2-bgaB-htrAp3-U25C. Mutagenic primers were designed us-
ing NEBaseChanger and produced by IDT, and PCR reactions
used an annealing temperature of 60°C. Sequences were verified at
the OSU PMGEF. NEB5a cells (NEB) bearing the reporter plasmid
(pBAD2-bgaB-htrAp3, pBAD2-bgaB-htrAp3-AC [gift of Franz
Narberhaus], or pPBAD2-bgaB-htrAp3-U25C) were grown overnight
at 37°C in the presence of 100 pg/mL carbenicillin. One milliliter of
overnight culture was then added to 25 mL LB broth with 50 pg/mL
carbenicillin. When cultures reached an ODgq of 0.5, control ali-
quots were removed and incubated at 30°C. Arabinose was then
added to 0.01% in order to induce transcription of the reporter
gene mRNA, and 8 mL aliquots of each culture were shifted to pre-
warmed tubes at 30°C and 42°C. After a further 30-min incubation,
0.5 mL aliquots were removed for analysis. The B-galactosidase assay
was conducted as by Miller (Miller 1972), with the modification that
the enzymatic assay was conducted for 30 min at 42°C.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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