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Abstract

RNA thermosensors (RNATSs), found in the 5" untranslated region (UTR) of some bacterial messenger
RNAs (mRNAs), control the translation of the downstream gene in a temperature-dependent manner. In
Listeria monocytogenes, the expression of a key transcription factor, PrfA, is mediated by an RNAT in its
5" UTR. PrfA functions as a master regulator of virulence in L. monocytogenes, controlling the expression
of many virulence factors. The temperature-regulated expression of PrfA by its RNAT element serves as a
signal of successful host invasion for the bacteria. Structurally, the prfA RNAT bears little resemblance to
known families of RNATS and prior studies demonstrated that the prfA RNAT is highly responsive over a
narrow temperature range. Herein we have undertaken a comprehensive mutational and thermodynamic
analysis to ascertain the molecular determinants of temperature sensitivity. We provide evidence to
support that the prfA RNAT unfolding is different from that of cssA, a well-characterized RNAT,
suggesting that these RNATSs function via distinct mechanisms. Our data show that the unfolding of the
prfA RNAT occurs in two distinct events and that the internal loops play an important role in mediating
the cooperativity of RNAT unfolding. We further demonstrated that regions distal to the ribosome
binding site (RBS) contribute not only to RNAT structural stability, but also impact translation of the
downstream message. Our collective results provide insight connecting the thermal stability of the prfA

RNAT structure, unfolding energetics, and translational control.
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Introduction

The 5’ and 3’ untranslated regions (UTRs) of messenger RNAs (mRNAs) can be highly structured and
play a crucial role in post-transcriptional gene expression, regulating myriad events including translation,
pre-mRNA processing, and viral replication.”” The 5’ UTR of certain mRNAs can modulate downstream
gene translation in response to changing environmental stimuli, including pH, metabolite concentration,
and temperature.”’” Regulatory elements that respond to temperature are known as RNA thermosensors
or thermometers (RNATs). To date, tens of RNATs have been identified in bacteria.”” Most RNATSs
regulate gene expression by adopting a hairpin fold which harbors and sequesters the ribosome binding
site (RBS) and, in some cases, also the AUG start codon at low temperatures. Release of the RBS at high
temperatures allows for ribosome access and subsequent translation initiation.

Most RNATS are associated with bacterial adaptation to heat or cold stress, pathogenicity, or immune
evasion.’”’? Repression of heat-shock gene expression (ROSE) elements are the most prevalent class of
RNATs identified to date. In rhizobial, a- and y-proteobacteria, ROSE elements regulate the expression of
a large number of heat-shock chaperone proteins.”*’? FourU RNATS represent a second common class of
RNAT elements, so called due to the presence of four uridines that base pair with the RBS sequence.
FourU RNATSs have been identified in several pathogenic bacteria, including Salmonella enterica,’
Shigella dysenteriae,’”” and Yersinia pseudotuberculosis,'® where they participate in the regulation of heat
shock and virulence genes. Not all RNAT elements have identifiable common sequence or structural
motifs. For example, the 5' UTR of the Neisseria meningitides cssA gene acts as an RNAT, regulating the
expression of a protein involved in capsule synthesis, but lacks sequence and structural homology to other
known RNAT classes.’”” The Listeria monocytogenes prfA RNAT highlights a second example of an
RNAT element that does not fit into a classic RNAT family.

The prfA RNAT regulates the expression of positive regulatory factor A (PrfA), a transcription factor

?in a temperature-

responsible for the expression of nine key virulence genes in L. monocytogenes,’
dependent manner.”’ Because of the central role that PrfA plays in pathogenicity of L. monocytogenes, it

is commonly referred to as the “master regulator” of bacterial virulence.”’ PrfA expression levels, and



therefore the virulence of the bacterium, are controlled in a temperature-dependent manner.”’ At
temperatures below 30 °C the expression of PrfA is extremely low, whereas at elevated temperatures
(above 37 °C) PrfA is robustly expressed.”” The secondary structure of the prfA RNAT was previously
determined using chemical and enzymatic probing methods.”’

The structure and unfolding mechanism of the cssA RNAT was recently determined using a
combination of chemical probing, solution NMR spectroscopy, small angle X-ray scattering, and
ultraviolet melting studies.”” These studies revealed that the cssA RNAT is precisely tuned to regulate
translation over a narrow physiological temperature range. Collectively, Barnwal et al. demonstrate that
the cssA RNAT functions as a rheostat, where the progressive unfolding of the RNAT corresponds to an
increase in translation.”

The sequences and secondary structures of prfA and cssA RNATSs are notably different and these
RNATSs have been used to illustrate distinct regulatory mechanisms.’? Both of these RNATSs form stable

hairpin structures at low temperature, sequestering their RBSs,”” %

yet little is known about the
underlying energetics of the structural rearrangements that occur at elevated temperatures.

This study was carried out to investigate the differences in mechanism of the cssA and prfA RNATs
and to understand how different regions of prfA RNAT affect the unfolding processes, energetics, and
gene expression. We found that the prfA RNAT unfolds via a two-transition process and the first
transition, which occurs at 37 °C, is consistent with the important role that prfA plays in regulating the
virulence of L. monocytogenes upon invasion of a mammalian host.” The two internal loops surrounding
the RBS and AUG regions are key structural features that induce the multiple unfolding events in the
prfA RNAT. In addition to regions near the RBS sequence and AUG start codon, distal regions play a
role in the stability of the RNA structure and importantly in regulating downstream gene translation. Our

findings provide important insights into how the prfA RNAT, a key control mechanism for bacterial

virulence, functions at a molecular level.



Methods
Cloning and construct design.

Plasmids for in vitro transcription:

The 5" UTRs of prfA (nucleotides 15-127) and cssA (nucleotides 29-99) mRNA with an upstream T7
promoter sequence and 5" hammerhead ribozyme sequence were purchased from GENEWIZ in a pUCS57
plasmid. Mutations and/or deletions were introduced via site-directed mutagenesis using the QS5 site-
directed Mutagenesis Kit (New England Biolabs) using primers listed in Table S1. All primers were
purchased from Integrated DNA Technologies. Plasmids were verified by Sanger sequencing (University
of Michigan Sequencing Core) using the universal M13REV sequencing primer.

Plasmids for cell-based expression:

pBS SK(+)-prfA-GFP was constructed based on a previous study.’” Briefly, a gene block, containing the
tobacco plastid TRNA operon promoter Prrn, the prf4 5" UTR including four amino acids of the
downstream coding sequence, the GFP coding region, and the 3’ UTR of the plastid rpsi6 gene, was
ordered from GenScript. To facilitate restriction-digestion cloning, Sac I and Hind III restriction sites
were included at the 5’ and 3’ end of the gene block, respectively. The cloning vector pBlueScript II SK
(+) [pBS SK(+)] was purchased from Agilent Technologies. The gene block was amplified using primers
PBS-prfA Fwd and PBS-prfA Rev (Table S1), and then purified with the Genejet PCR purification kit
(Thermo Fisher Scientific). The purified gene and pBS SK(+) vector were digested by restriction enzymes
Sac I and Hind 111, followed by ligation using the Quick T4 Ligation Kit (New England Biolabs). Ligation
product was transformed into DHS5a competent cells (Invitrogen). Plasmids were then isolated from
overnight cell cultures in liquid broth supplemented with 100 pg/mL ampicillin (Amp"). As described
above, mutations and/or deletions were introduced via site-directed mutagenesis with the Q5 site-directed
Mutagenesis Kit (New England Biolabs) using primers listed in Table S1. Plasmids were verified by
Sanger sequencing (University of Michigan Sequencing Core) using universal T7 and MI13REV

sequencing primers.



RNA preparation.

DNA templates for in vitro transcription were PCR-amplified from the appropriate plasmids using
primers PUC57-80-Fwd and HH-prfA-Rev (Table S1) with EconoTaq PLUS 2x Master Mix (Lucigen).
RNAs were prepared by in vitro transcription in 1X transcription buffer (40 mM Tris-base, 5 mM DTT, 1
mM Spermidine, 0.01% Triton-X, pH 8.5) with addition of 3-6 mM NTPs, 10-20 mM MgCl,, 30-40
ng/uL DNA template, 0.2 U/mL yeast inorganic pyrophosphatase (New England Biolabs),”” ~15 uM T7
RNA polymerase, and 10-20% (vol/vol) DMSO.? Reactions were incubated at 37 °C for 3-4 hours and
then quenched using a solution of 7M urea and 250 mM EDTA (pH 8.5). The transcription mixture was
loaded onto 10% preparative-scale denaturing gels for RNA purification. Gel slices containing target
RNA were crushed and then soaked in TBE buffer. RNAs were spin concentrated, salt washed and water
exchanged using Amicon Centrifugal Filter Units (Millipore, Sigma). RNA purity was checked by
running RNA on a 10% analytical denaturing gel. RNAs were refolded by heating in boiling water for 3
min in H,O, followed by incubation on ice for 3 min, and then RNAs were transferred to lyophilized

buffer for subsequent experiments. Sequences for all RNA constructs are given in Table S2.

Preparation of phosphate buffer.
50 mM K HyPO4 pH = 6.5 was prepared by dissolving 0.033 moles of KH,PO4 and 0.017 moles of

K>,HPO, in 1 L of water. The total K concentration is 67 mM.

Native gel electrophoresis.

15 uM RNA was prepared in 50 mM K HyPO4 pH = 6.5 buffer and incubated at 4 °C for 30 minutes. 50%
glycerol, pre-incubated at 4 °C, was added to each RNA sample (20% vol/vol). The samples were
immediately mixed and loaded onto a 10% native polyacrylamide gel. Gels were run at 30 V, 4 °C and
the buffer was mixed thoroughly every 15 minutes. The native gel and running buffer were prepared to a

final 1x buffer: 50 mM Hepes, 50 mM KCI, pH = 7.6 to better preserve the RNA conformation.”’



NMR spectroscopy.

NMR spectra were collected on a 800 MHz Bruker Avance Neo spectrometer equipped with a Smm TCI
cryogenic probe (University of Michigan BioNMR Core) or a 750 MHz Bruker Avance III HD
spectrometer equipped with a Smm TXI cryogenic probe (University of Wisconsin-Madison NMRFAM).
RNA samples were prepared in 50 mM K HyPO4 pH = 6.5 buffer. 1D imino proton spectra were recorded
at 20 °C using buffers that contained 10% D»O. Aromatic 1D proton and 2D 'H-'H NOESY spectra were
recorded in 100% D,0O. 1D NMR data were processed and analyzed with MestreNova 12.0.4 (Mestrelab
Research SL, Santiago de Compostela, Spain). 2D NMR data were processed with NMRFx and analyzed
with NMRView].”® % Aromatic proton assignments were made based on comparison with small RNA

controls.

Circular dichroism spectroscopy.

Circular dichroism (CD) experiments for all RNA constructs were carried out on a JASCO J-1500
spectropolarimeter (JASCO) equipped with a temperature control module. RNA unfolding and folding
experiments were performed at 260 nm from 5 °C to 95 °C and back to 5 °C with a heating or cooling rate
of 1 °C/min. The bandwidth was set to 5 nm, CD and FL scales were 200 mdeg/1.0 dOD with a digital
integration time of 1 sec. Both CD and total absorbance at 260 nm were monitored. 15 pM RNA sample
in 50 mM K HyPO4 (pH = 6.5) was used for CD measurements (unless otherwise indicated) in a cuvette
with a sample length of 1 mm. The RNA concentration was determined via UV absorbance before each
experiment. The derivative of the absorbance at 260 nm was obtained using a finite difference method.
Normalized CD data and the derivative of absorbance were smoothed using a five-point moving average
in Matlab. Thermodynamic parameters were extracted by fitting first derivatives of the absorbance data
with a one- or two-transition model in Prism (see supplement for fitting models). The entropy change of

each transition, AS,, was determined by eq 1.

AS, =2 ()

Tm,n



Calculation of the standard free energy change for each transition, AG®,, was calculated at 25 °C using

AH, and AS,..

Differential scanning calorimetry.

Differential scanning calorimetry (DSC) experiments were conducted on a Nano DSC instrument (TA
Instruments). Samples were prepared as described above with an RNA concentration of ~60 pM in 50
mM K H,PO4 pH = 6.5 buffer. The same phosphate buffer was used as the reference solution. Samples
were degassed under vacuum for 5 min and then loaded onto the calorimeter. Before each experiment, the
RNA concentration was determined via UV absorbance. During each experiment samples were
pressurized to 3 atm and then heated from 5 °C to 95 °C at a rate of 1 °C/min. The DSC data were
analyzed with NanoAnalyze software (TA Instruments). The raw data were converted to molar heat
capacity and fit with two two-state scaled models (see supplement for fitting model). Enthalpy values for
each transition, AH,, were derived from the area under the fitted curves. The entropy change of each
transition, AS,, was determined by eq 1. Calculation of the standard free energy change for each transition,

AG?®,, was calculated at 25 °C using AH, and AS,.

GFP reporter assay.

Plasmids encoding prfA-GFP constructs were transformed into DH5a cells (Invitrogen) and plated on
Amp" LB agar. Plates were incubated at 30 °C overnight followed by inoculation to 3 mL Amp" LB
medium and cultured overnight at 30 °C. Untransformed DHS5a cells were used as negative control. The
following day, the ODsoo of all cell cultures was measured and overnight cultures were used to inoculate a
fresh 3 mL Amp" LB to a starting ODeoo of 0.04. Cultures were incubated with shaking at 37 °C until the
ODgoo reached ~0.6. Cultures were pelleted (16,873 x g, 1min), the liquid media was decanted, and the
cell pellets washed once with 200 pL of wash buffer (50 mM Tris-base, 150 mM NaCl, pH 7.5). Cells
were resuspended with 200 pL wash buffer and diluted to ODgoo = 1.2. 150 pL of sample was transferred

to a 96-well BioLite microwell plate (Thermo Fisher Scientific) in triplicate and GFP fluorescence was



measured using a POLARstar Omega Plate Reader (BMG LABTECH) with excitation wavelength at 485

nm and emission at 520 nm. Assays were repeated at least 3 times.

Results
The prfA and cssA RNATS have distinct unfolding mechanisms.

Prior work shows that the cssA RNAT functions as a rheostat, gradually increasing GFP expression
as temperature increases.”” In contrast, the prfA RNAT appears to have a distinct mechanism of
translational control, robustly expressing a GFP reporter only when the temperature increased above
37 °C."? These observations lead to the hypothesis that the prfA thermosensor acts as a molecular ‘switch’
for turning on downstream gene translation.”” The similarities and differences between the translational
control of the prfA and cssA RNATs and the energetic parameters that govern their unfolding
mechanisms remain unknown. Therefore, we conducted thermal melting experiments on both the prfA
and cssA RNATSs using CD spectroscopy (Fig. 1a-c). The thermal denaturation of the cssA RNAT
appears to have a single sharp unfolding transition, (Fig. 1c), consistent with previous studies.”’ In
contrast, the prfA RNAT thermal denaturation under the same conditions has a much broader unfolding
profile as observed by CD spectroscopy with two distinct thermal transitions at 37.2 °C and 44 °C (Fig.
1c, Fig. S1, and Table S3). Both cssA and prfA RNATSs have reversible unfolding pathways (Fig. S2),
which are consistent with the need for the bacteria to regulate gene expression under constantly changing
environmental temperatures. The melting temperatures and thermodynamics parameters derived from
analysis of the CD data (see Supplemental Materials) are presented in Table S3. To directly measure
the energetics of these transitions, we performed DSC on both cssA and prfA RNATSs. Consistent with the
CD-based thermal denaturation experiments, our DSC studies revealed that cssA unfolds in a highly
cooperative manner, with a single predominant unfolding transition at 36.2 °C which largely overlaps a
minor transition at 40 °C (Fig. 1d, Fig. S3 and Table 1). In contrast, the prfA RNAT has two overlapping,
but visibly distinct transitions at 37.0 °C and 46.4 °C (Fig. 1e and Table 1). Raw DSC traces for cssA and

prfA, prior to baseline subtraction and analysis, are shown in Figure S4. In both the cssA and prfA



RNAT unfolding studies, we observe a minor third transition at high temperatures that we attribute to
either misfolded RNA or RNA aggregates.”” Native gel electrophoresis of the cssA and prfA RNATSs
reveals that these RNAs are largely homogeneous in conformation, with small amounts of aggregation
detected (Fig. S5). Both RNATs possess enthalpically-driven, endergonic free energies of unfolding
(Table 1). However, the cssA RNAT has a lower free energy of unfolding relative to the prfA RNAT
counterpart indicating that the prfA RNAT has a more stable overall structure.

Our dual CD and DSC experimental approach revealed some notable differences in thermodynamic
parameters obtained using each method. Monitoring thermal unfolding by both CD spectroscopy and
DSC provides additional insight into the thermodynamics of RNA melting. While DSC measures the total
energy associated with RNA melting (including loops and non-canonical structures), CD spectroscopy (at
260 nm) predominately reports the energy associated with unfolding of A-helical structures.”” */ Thus, the
combination of techniques allows one to differentiate the energy associated with unfolding of A-helical
elements from other structures. As such, all comparison of melting temperatures and thermodynamic
parameters will be based on our DSC data (Table 1).

Finally, analysis of the peak width (full-width half-max, FWHM) derived from fits of the DSC data
for the prfA RNAT suggest reduced cooperativity relative to unfolding of the cssA RNAT (Table S4).**
33 Collectively, these data confirm that the prfA RNAT unfolds via a distinct mechanism relative to the
cssA RNAT and warrants further investigation of the sequence and structural determinants of temperature

sensitivity.
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Figure 1. The cssA and prfA RNATs have unique unfolding properties. Secondary structures of the

cssA* (a) and prfA?’ (b) RNATs. The RBS and AUG codon (prfA only) are highlighted in blue and

green, respectively. (c) Overlay of CD melting curves of cssA (purple) and prfA (black) RNATs

monitored at 260 nm. DSC unfolding curves of cssA RNAT (d) and prfA RNAT (e). Processed DSC data

is plotted as a solid colored line, a fit for each individual transition is shown as a solid black line with

shading underneath, and the dashed line indicates the sum of the fitted curves in both (d) and (e).
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Table 1. Thermodynamic parameters for RNAT unfolding derived from DSC data.

Construct Tt AH; AS| AG®°; Tm2 AH> AS> AG®; AG®otal AAG total
(°C)* (kcal/mol)? |[cal/(mol*K)]| (kcal/mol)*® (°C)* (kcal/mol)* |[cal/(mol*K)]|(kcal/mol)*| (kcal/mo | (kcal/mol)
4 . L 1) WT-mut?
cssA 362+04 | 130£10 | 410+30 4.6+0.2 40+£2 20+ 10 80 +40 1.1£04 | 57+04 -
prfA-WT | 37.0+0.6 149+5 480 + 20 59£0.1 464+08 [114.9+0.6| 360+2 7.8+£0.3 13.7+ 0
0.3
prfA-U46A |32.71+0.05| 107+4 350+ 10 | 2.74+0.09 | 46.7+0.2 83+4 260 £ 10 57+03 | 84+03 53+0.4
prfA-3C 434+0.5 90+ 10 290 + 30 54£0.7 57.8+£0.1 | 170+£20 | 500+ 60 17£2 2242 942
prfA-Llsws | 46.4+£0.2 | 160£20 | 490+ 60 11£1 49+ 1 60 +20 180 + 50 4+1 151 1+
prfA-L2¢a | 45.6£0.3 | 220+20 680 + 60 14+1 48 £ 1 80+ 30 260 + 80 6+2 20+2 -6+2
prfA-L5sa® [40.52+£0.02| 184+9 590 + 30 92+04 [50.94+0.05| 150+10 | 450+40 12+1 21+1 8+ 1
prfA-C58G [31.62+0.09| 164 +4 540+ 10 | 3.63+0.04 | 45.4+0.1 126 +£7 400 =20 8.1+£0.4 11.7 + 2.0+0.5
0.4
prfA-H4gesb [32.22 £ 0.06| 161£6 530+20 39+£0.2 427403 | 120£20 | 370£50 7+1 11£1 3+1

*Values of AH, AS, AG®, and Tw, are represented as the average of three replicate measurements + the
standard deviation.

bAt 25 °C.

“AG®ota 1s the sum of AG®; and AG®,. Error was propagated from the errors associated with AG®; and

AG®,.

IAAGOora is defined as AG®owwt - AGPotal-mutant. Error was propagated from the errors associated with

AGototal-WT and AGototal-mutant-

°prfA L5gwp values are based on two replicate measurements.
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Effect of Mg** and K* concentration on the unfolding of prfA and cssA RNATSs.

Metal ions are known to play important roles in the structure, function, and structural stability of
various RNA molecules.’”* Therefore, we investigated the importance of both mono- and di-valent
cations on the unfolding of the prfA RNAT. CD thermal denaturation experiments were carried out in a
sodium phosphate buffer (50 mM NaH,PO4, pH = 6.5) rather than potassium phosphate, as described
above. Under these conditions, the prfA RNAT exhibits a nearly identical two-transition melting profile
(Fig. S6a). While the identity of the monovalent ion does not appear to alter the structural stability and
unfolding profile of the prfA RNAT, we next examined how the concentration of K™ affected the stability
of the RNAT structure. To test if the structural stability of the prfA RNAT is driven by the concentration
of monovalent ions, we measured the unfolding profile of the prfA RNAT in buffers containing
increasing concentrations of K™ from 67 mM to 192 mM. We found that increasing K* concentration does
not change the unfolding profile of the prfA RNAT, but stabilizes the RNAT as a whole, shifting both
melting temperatures (Fig. S6b, Table S5). This is consistent with previous findings that monovalent ions
stabilize RNA duplex structures.’” ** Analysis of the ion-dependence data (Fig. S6¢) revealed that ~5 K*
ions are released in the first unfolding event while ~1 K ion is released in the second.

We then tested the role of divalent cations in prfA RNAT folding. We added 1 uM EDTA to the 50
mM K H,PO4 buffer (pH = 6.5) to chelate trace divalent ions. Addition of 1 uM EDTA resulted in an
unchanged folding profile relative to the EDTA-free buffer (Fig. S6d). Because EDTA has been shown to

be a weak chelator of Mg*" in low pH buffers,”

we also examined the effect of adding higher
concentrations of EDTA to the samples. We found that addition of mM concentrations of EDTA did not
destabilize the RNATS, but rather slightly stabilized them, presumably due to the increased total
monovalent ion concentration due to the addition of Na,-EDTA (Fig. S6e). Subsequently, using the 50
mM K H,PO; buffer (pH = 6.5) with 1 uM EDTA, we titrated Mg”" to a final concentration of 5 mM (Fig.

S6d). Increasing Mg®" concentration stabilizes the prfA RNAT to a greater extent than increasing K

concentration, consistent with previous studies that show Mg”" has a stronger stabilizing effect than K*.**

13



#'We found the same trends for both mono- and di-valent ions hold true for the cssA RNAT under these

same experimental conditions (Fig. S7).

U46A and 3C mutations affect the prfA RNAT unfolding thermodynamics.

Prior studies of the prfA RNAT using both in vitro and cell-based gene expression assays,
demonstrated that a single point mutation, U46A (Fig. 2a), led to robust expression of the downstream
gene at a low temperature (30 °C).”” Conversely, a triple mutant, U40C-A41C-A42C (3C, Fig. 2b),
dramatically reduced downstream gene expression even at elevated temperatures.”’ Nevertheless, it is not
clear how those mutations affect the energetics of prfA RNAT unfolding. Therefore, we carried out CD
and DSC thermal denaturation experiments on prfA-U46A and -3C RNAT constructs. Our CD data show
that the U46A mutant is destabilized and the 3C mutant is stabilized relative to the WT RNAT (Fig. 2¢
and Table S3). Consistent with our observations of the WT prfA RNAT, both the U46A and 3C mutants
are characterized by two unfolding events (Fig. 2d,e). The first unfolding event in U46A is shifted -4.3 °C
relative to WT while the 2™ unfolding transition remains unchanged (Table 1). The AG® o for the prfA-
U46A RNAT is 8.4 kcal/mol, 5.3 kcal/mol destabilized relative to the prfA-WT RNAT (Table 1). Overall,
the U46A mutation slightly increases the total peak width, indicating a reduction of the cooperativity of
RNAT unfolding (Table S4). For the prfA-3C RNAT, both transitions appear to be stabilized. An
additional striking feature of the prfA-3C RNAT is that the second transition, rather than the first, appears
to be the major unfolding event (Fig. 2e). One alternative interpretation of these results is that the 3C
mutation dramatically stabilizes the main unfolding (T2 in prfA-3C increases by ~ 20 °C relative to T
in prfA-WT, Table 1) while the minor unfolding transition is slightly destabilized relative to WT (Tm; in
prfA-3C decreases by 3 °C relative to Tmz in prfA-WT, Table 1). The 3C mutation results in formation of
three additional GC base pairs to close the L3 loop, effectively extending helix H3. Therefore, the latter
interpretation appears to fit our data best. The structural stabilization afforded by the 3C mutations leads

to a highly cooperative unfolding of the top of the RNAT in its main transition (Table S4).
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The 3C-stabilized RNAT does not activate translation at 37 °C, as is characteristic of the prfA-WT
RNAT,” consistent with our findings that the main unfolding event of the prfA-3C RNAT occurs at
significantly higher temperatures (~57 °C). The prfA-3C RNAT has a AG®wal of 22 kcal/mol, which is
stabilized relative to WT (AAG®w = -9 kcal/mol, Table 1). As with the prfA-WT RNAT the transitions
of the U46A and 3C mutants are enthalpically driven (Table 1). The underlying energetics of RNAT
unfolding in these two constructs provides a plausible explanation for the modulation of temperature-

dependent gene expression observed in previous studies.”’
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Figure 2. Thermal melting of prfA-U46A and -3C RNATS. Schematic representation of the prfA-
U46A (a) and prfA-3C (b) RNAT constructs with mutations indicated (left) and the resulting predicted
secondary structures (right). (c¢) Overlay of CD melting curves of prfA-WT (black), -U46A (red) and -3C
(blue) RNATSs monitored at 260 nm. DSC unfolding curves of prfA-U46A (d) and -3C RNATs (e).

Processed DSC data is plotted as a solid colored line, a fit for each individual transition is shown as a
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solid black line with shading underneath, and the dashed line indicates the sum of the fitted curves in both
(d) and (e). The processed prfA-WT RNAT DSC data are shown as a grey dashed line for comparison in

(d) and (e).

Folding cooperativity of prfA RNAT is enhanced by reducing the size of its internal loops.

Mutations to the H3 and L3 regions (U46A and 3C, respectively) have pronounced differences in the
regulation of translation by the prfA RNAT.?” Our data suggest that the changes in the regulation are
governed by changes in the underlying energetics that affect the structural stability of regions proximal to
the RBS. To understand how stabilization of other loop regions affects the unfolding of the prfA RNAT
we generated stabilization mutants in the L1 and L2 regions: Ll and L2, respectively (Fig. 3a,b).
Next, we carried out thermal denaturation assays, monitored by both CD spectroscopy and DSC. Both
Llsay and L2gap constructs display a shift toward a higher melting temperature and have a sharper
inflection in the CD melting curve, reminiscent of a single two-state unfolding transition (Fig. 3¢). The
effect of both L1, and L2, mutations is perhaps most striking when monitored by DSC. The prfA-WT
RNAT has a distinct, bimodal unfolding curve, while both the L1 and L2, mutations are characterized
by a predominant single transition overlapping a minor secondary transition (Fig. 3d,e and Fig. S3). The
prfA-Lls . RNAT has approximately the same stability as WT (AAG gt = -1 kcal/mol, Table 1) whereas
the -L2sap RNAT is stabilized relative to WT (AAG®ioa1 = -6 kcal/mol, Table 1). As monitored by DSC,
the stabilization afforded by the L2, substitution (AG®; = 14 kcal/mol, Table 1) is comparable to that
afforded by the 3C mutations (AG®; = 17 kcal/mol, Table 1), as both constructs eliminate small internal
loops. Llsab and L2 have reduced peak widths (FWHM) relative to WT (Table S4), indicative of
increased cooperativity of unfolding. Analysis of the CD data with these two overlapping two-state
transitions in mind revealed that these data are also best fit to a two-transition unfolding model (Table

S3).
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Figure 3. Unfolding mechanism is altered upon stabilization of L1 or L2 in the prfA RNAT.
Schematic representation of the construction of prfA-L1gup (2) and prfA-L2., (b) RNAT constructs with
mutations and/or deletions indicated (left) and the resulting predicted secondary structures (right). (c)
Overlay of CD melting curves of prfA-WT (black), -L1s.b (green) and -L2p (teal) RNATs monitored at
260 nm. DSC unfolding curves of prfA-L1a, (d) and -L24. RNATS (€). Processed DSC data is plotted as
a solid colored line, a fit for each individual transition is shown as a solid black line with shading
underneath, and the dashed line indicates the sum of the fitted curves in both (d) and (e). The processed

prfA-WT RNAT DSC data are shown as a grey dashed line for comparison in (d) and (e).

Regions distal to the RBS affect the structural stability of prfA RNAT

We next examined the effect of mutations to the RNAT that are distal to both the RBS and the start
codon. We generated a construct that stabilizes loop 5 (L5swb) by removing nucleotides within L5 and
generating a U-A base pair, effectively connecting H4 and HS5 (Fig. 4a). This mutation stabilized the

RNAT, as evidenced by the right shift in the CD melt (Fig. 4b and Table S3). Further analysis by DSC
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(Fig. 4c¢) revealed a distinct two-transition unfolding, with an observed increase in both Tmi and Tm»
(3.5 °C and 4.4 °C, respectively, Table 1). The prfA-L5s., RNAT has an enhanced second unfolding
event relative to the prfA-WT RNAT (Fig. 4c¢). This observation is in stark contrast to other stabilizing

mutations, including the L1, and L2, mutations, which minimize the second unfolding event.
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Figure 4. Thermal melting of prfA-LS5.., RNAT. (a) Schematic representation of the construction of
prfA-L5gap with deletions and substitution indicated (left) and the resulting predicted secondary structure
(right). (b) Overlay of CD melting curves of prfA-WT (black) and -L5wb (gold) RNATs monitored at 260
nm. (c) DSC unfolding curve of prfA-L54ab. Processed DSC data is plotted as a solid colored line, a fit for

each individual transition is shown as a solid black line with shading underneath, and the dashed line
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indicates the sum of the fitted curves. The processed prfA-WT RNAT DSC data are shown as a grey

dashed line for comparison in (¢).

To determine the effect of destabilizing mutations in these distal regions, we characterized the RNAT
structural stability and unfolding profile of two constructs which destabilize the H4 region; a single point
mutation, C58G (Fig. 5a), and a more extensive mutant, H4geswo (Fig. Sb). The thermal melts of both the
prfA-C58G and H4gesiav constructs revealed a reduction in both Tmi and Tm> (Fig. 5¢ and Tables 1, S3).
Surprisingly, both the prfA-C58G and -H4gestav RNATSs have similar energetics, as monitored by DSC
(Fig. 5d,e and Table 1), even though the H4¢eswap mutations are predicted to disrupt a more extensive
region of secondary structure in H4, effectively expanding L5. The prfA-C58G and -H4gesav RNATS are
destabilized relative to -WT to a similar extent (AAG®w = 2 kcal/mol and 3 kecal/mol, respectively, Table
1), however, the -H4geqav construct unfolds over a wider temperature range, indicating reduced
cooperativity in the unfolding of RNAT (Table S4). Taken together, these results indicate that mutations
to regions distal to the RBS have a comparable effect on overall stability of the RNA structure, in both
magnitude and direction, to mutations near the RBS. However, these data do not inform on the extent to

which regions distal to the RBS may affect translation in a temperature-dependent manner.
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Figure 5. Thermal melting of prfA RNAT mutants that destabilize helix 4. Schematic representation
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resulting predicted secondary structure (right). (c) Overlay of CD melting curves of prfA-WT (black), -
C58G (orange), and -H4gesiab (magenta) RNATSs monitored at 260 nm. DSC unfolding curve of prfA-
C58G (d) and -H4qestab (€). Processed DSC data is plotted as a solid colored line, a fit for each individual
transition is shown as a solid black line with shading underneath, and the dashed line indicates the sum of
the fitted curves in both (d) and (e). The processed prfA-WT RNAT DSC data are shown as a grey dashed

line for comparison in (d) and (e).

Insight into the prfA RNAT unfolding mechanism by NMR spectroscopy.

NMR spectroscopy is a powerful tool for the elucidation of structural perturbations induced by
changing temperature. Chemical shift is an indicator of electronic environment, and for RNAs, can inform
on base pairing. Canonical base pairs with the arrangement ‘“YUR:YAR’ (Y, pyrimidine; R, purines; U,

uridine; and A, adenosine) result in a significantly upfield shifted (between 6.5-6.7 ppm) adenosine H2
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signal.”> ** This signature chemical shift allows for the identification of particular base pairings, even in
very large RNAs.”** In the prfA RNAT, these unique sets of base pairs are naturally present in the H3,
H4, and HS5 helices (Fig. 6a). We have unambiguously assigned the chemical shifts for adenosines
A44.H2, A70.H2, A80.H2, and A93.H2, which are resolved in both 1D and 2D proton-detected
experiments (Fig. 6b). Analysis of a series of temperature-dependent 1D "H NMR spectra reveal chemical
shift changes and signal broadening, indicating significant structural changes in the prfA RNAT when the
temperature is increased (Fig. 6b). Signals corresponding to A70.H2 and A80.H2 (located within HS5), are
noticeably downfield-shifted over the 30-35 °C range, indicating a change from paired to unpaired.
Similarly, the signal corresponding to A92.H2 (within H4) experiences a downfield shift over the same
temperature range. Interestingly, the A44.H2 signal, which reports on base pairing within H3, has no
discernable chemical shift change over the temperature range studied, rather this signal begins to
experience line broadening around 37 °C. These data, taken together with our mutational and
thermodynamic analysis are consistent with the upper helical regions of the prfA RNAT (H3, H4, and H5)
melting in the first unfolding transition. Unfortunately, we cannot perform the same analysis for the lower
helical regions (H1 and H2) as there are no resolvable signals for these regions. Mutations which would

yield a resolved signal are likely to perturb the stability of these regions and were not pursued.
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Figure 6. NMR-based analysis of prfA RNAT unfolding. (a) Secondary structure of the prfA RNAT
with colored boxes indicating the three regions with distinct base pairing patterns that yield resolved
proton signals. (b) NMR analysis of the prfA RNAT. 2D 'H-'"H NOESY spectrum of the prfA RNAT
(bottom) was used to assign resolved adenosine H2 signals at 30 °C. Spin systems are connected with a
vertical line (colored as in (a)) and the assignments noted. These four signals are reasonably well-resolved

in the 1D proton spectrum (top). A series of 1D proton spectra, collected at increasing temperature, reveal
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significant spectral changes, denoted with black dashed lines. The downfield shift and/or line broadening

of the identified signals is consistent with destabilization of the base pairing of these groups (highlighted

in (a)).

Effect of mutation to the prfA RNAT on downstream protein expression.

We have characterized the unfolding processes of wild type prfA RNAT and its variants by
monitoring secondary structure changes using CD spectroscopy and extracting the underlying energetics
via DSC. Yet, it is unknown how those stabilizing and destabilizing mutations influence the translational
control of the RNAT. Using a GFP reporter assay, we compared relative GFP expression under the
control of prfA RNAT and prfA derivatives by measuring GFP fluorescence in E. coli cultures (Fig. 7a).
As a positive control, we generated a construct (prfA-A1-75) in which the first 75 nucleotides of the prfA
RNAT sequence were removed, preventing the RNAT element from forming a stable secondary structure
and thereby maximizing gene translation. GFP expression, when controlled by the WT prfA RNAT, was
reduced to 29% of the positive control, indicating the presence of some secondary structure in the RNAT
at the experimental temperature (37 °C). We showed (vide supra) that incorporation of the U46A
mutation reduces prfA RNAT structural stability by 5.3 kcal/mol (Table 1) and found that prfA-U46A
significantly upregulates (78% of control) GFP expression, consistent with previous studies.”’
Interestingly, our results show that mutations that stabilize regions proximal to the RBS (3C and L2gup)
and AUG (L1sab) all reduce GFP expression to a similar extent (GFP expression of 5%, 5%, and 9%
relative to the control, respectively). These results indicate that secondary structure formation around the
RBS and AUG start codon negatively impacts gene expression, in agreement with previous studies.”” *’

In addition to characterizing the impact of mutations proximal to the regions of the RNA that are
important for translation (the RBS and AUG), we investigated sites distal to these regions. GFP reporter
assays demonstrate that stabilization of the top part of the RNAT (prfA-L5.b) reduced GFP expression by

half compared to -WT (14% of control, Fig. 7a). Destabilization of the H4 helix (C58G and H4gestab)

resulted in increased GFP expression (39% and 82% of control, respectively, Fig. 7a). These data clearly
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indicate that regions distal to the RBS and the start codon play a significant role in the temperature-
regulated control of gene translation. A comparison of GFP expression and the stabilizing effect of a
particular mutation, as encoded in AAGia (Table 1), shows a positive linear correlation (Rspearman =
0.8862, p = 0.0061) whereby stabilizing mutations reduce GFP expression and destabilizing mutations

increase GFP expression, regardless of their location within the RNAT (Fig. 7b).
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Figure 7. Translational control of GFP expression by various prfA RNAT derivatives. (a)
Normalized GFP expression in E. coli containing either WT or mutant prfA RNAT elements in the 5’
UTR. GFP expression levels in bacteria cultured at 37 °C are plotted relative to the positive control, prfA-
A1-75. Error bars indicate the standard deviation of three independent replicates. (b) Normalized GFP
expression of prfA derivatives plotted against the AAGio for RNAT unfolding. Each RNAT construct is
colored as in (a). Statistical significance was determined using a two-tailed Spearman correlation test,

RSpearman = 08862, pP= 0.0061.

Discussion
RNA unfolding is a ubiquitous process that is required for a variety of macromolecular recognition
events. RNA structure can be modulated by a variety of stimuli including ions,”’ metabolites,”” pH,’

7337 and temperature.’® The structural plasticity of RNA allows for

small- and macro-molecule binding,
precise regulation in the face of changing environmental conditions. In order to gain further insight on the

regulatory mechanisms of RNAs we must understand their structural stability and transitions on a

24



molecular level. RNATSs provide a unique system for probing the molecular mechanisms that govern
RNA unfolding in the absence of ligand binding events.

We began our analysis by comparing the melting of the prfA and cssA RNATSs, two RNATS reported
to draw on different mechanisms in their thermal response.”” A previous study of the cssA RNAT
observed one primary unfolding transition (Tmi = 40.6 °C) with a presumed dimer unfolding transition at
a much higher temperature (Tm2 = 71 °C).”? In our hands, the cssA RNAT unfolds with a predominant
single transition and the high temperature dimer unfolding event is a minor species, detectable only in our
DSC data (Fig. 1d, Fig. S3). The differences in observed melting profile could be due to the use of RNAs
that have slightly different sequences at the 5'-end’” or the different solution conditions (ionic strength
and pH). Similar to results reported for both the Salmonella 4U RNAT*® and the B. japonicum ROSE
RNAT,” we found that addition of magnesium chloride significantly stabilized both the prfA and cssA
RNATSs in vitro and therefore the intracellular Mg®" concentration may impact translation in vivo. Our
studies show that prfA RNAT melting has two distinct unfolding transitions (Fig. 1), which implies
presence of an intermediate conformation in the prfA RNAT unfolding process. These results confirm
that the cssA and prfA RNAT unfolding occur via distinct mechanisms.

To further examine the sequence and structural features that contribute to the unfolding mechanism,
we characterized a series of mutations designed to either stabilize or destabilize specific regions of the
RNAT. Our results are consistent with a model in which the two observed transitions for the WT prfA
RNAT report on unfolding events that take place in distinct regions of the RNAT. To illustrate, mutants
designed to destabilize the H3 (U46A) and H4 elements (C58G and H4gesip) affect the main unfolding
transition (Tmi) whereas the second transition remains largely unchanged (Figs. 2,5). We therefore posit
that the first unfolding event reports primarily on the unfolding of the upper portion of the RNAT.
However, our data also indicate that the unfolding events are not entirely independent of each other.
Mutations designed to stabilize the L3 and L5 regions (3C and L5, respectively) affect the thermal
stability of both transitions. For the prfA-3C RNAT (Fig. 2e), the melting temperature of the main

transition (transition 2) is highly cooperative and significantly stabilized relative to WT. Furthermore, the
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minor transition (transition 1) is slightly destabilized. We attribute this increased cooperativity and
stability to the elimination of L3, effectively lengthening the H3 helix. Elimination of L5 (prfA-L5sab)
results in an increase in the melting temperature of the first transition, but also stabilizes the subsequent
unfolding event (Fig. 4). In both cases, the observed increased stability of the main unfolding transition is
expected, as these mutations stabilize the H3/H4/HS5 region. However, the effect that these mutations have
on the minor transitions are unexpected, and suggestive of communication between the top and bottom
regions of the RNAT.

To more completely assign the observed unfolding transitions to specific RNA structures, we
examined the prfA RNAT structure using NMR spectroscopy. We identified spectroscopic probes that
report on the base pairing of unique sequences within three different regions of the prfA RNAT (H3, H4,
and HS; Fig. 6) at low temperature. As the temperature was increased, both chemical shift perturbations
and line broadening were observed, suggesting that these regions of the RNAT melt in the first transition.

Furthermore, the stabilization of the L1 and L2 elements (L1lsab and L2gap, respectively) display a
distinct unfolding profile relative to the WT prfA RNAT. Ll and L2 are characterized by a single
predominant unfolding event (Fig. 3). We postulate two plausible explanations for this observation. First,
the L1gab and L24. RNAT constructs have an increased T, for the first transition with an apparent loss of
the second transition. Alternatively, the unfolding profile is dominated by the “second” unfolding
transition while the “first” unfolding event is in fact eliminated; i.e. the first and second transitions are
occurring simultaneously. Both hypotheses are consistent with increased cooperativity between the two
unfolding events. Although our data cannot directly discern between the two models, when viewed in
conjunction with the other mutational analysis, the latter fits well with a model in which the upper regions
unfold first and the lower regions unfold second. Further analysis of the thermodynamic values (Table 1)
reveals a large difference in AH; between these two constructs. This difference is likely due to the
formation of a largely extended base paired structure formed by the elimination of L2 (L2sup) relative to

the more isolated changes with partial stabilization of L1 (L1swb).
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Analysis of the thermal unfolding by both CD spectroscopy and DSC gives distinct insight into the
RNA structures unfolding in each transition. CD (monitored at 260 nm) reports on the unfolding of the A-
helical structures, while DSC accounts for the energy associated with destabilization of helical and other
structures.”” ? The energetics underlying the cssA melting are consistent when compared across methods
(Tables S3 and 2), owing to the largely A-helical structure of this RNAT. Upon examination of the prfA
RNATs, we noticed a striking difference. The energetics for the main transition (the first transition for
prfA-WT) are generally consistent across methods, albeit the differences fall outside of the error of the
measurement, suggesting that there are small, but real differences in the data, which we attribute to
differences in structure in this region of the RNATs. However, the energetics for the minor transition (the
second transition for prfA-WT) are notably different between methods. The enthalpy change for the
minor transition, as measured by DSC, is significantly larger than the value obtained by fitting the CD
data. We attribute these findings to the fact that the main transition involves unfolding of the largely A-
helical region near the top of the prfA RNAT (helix H3 to the apical loop). The second transition, which
has a smaller enthalpy change when monitored by CD than DSC, corresponds the unfolding of A-helical
elements H1 and H2, but also the large internal loops L1 and L.2. We suspect that the large internal loops
have some non-canonical structure that upon melting, contribute to the enthalpic value measured by DSC.

While the size of the RNA and severe chemical shift overlap precludes the ability to unambiguously
identify each signal, qualitative insight into the structural changes by NMR is still possible. Examination
of 1D imino proton spectra for the WT prfA RNAT and the mutants described in this study reveal
chemical shift perturbations that are largely consistent with local structural changes (Fig. S8).
Interestingly, for the H4gesiav construct, which should disrupt one UG and three G-C base pairs, we
observe additional signals between 10-11 ppm. This is potentially consistent with the formation of G-G
base pairs, which could partially stabilize this region. If correct, this helps to explain the striking
similarities in the structural stability of the C58G single point mutation and the more extensive H4gestab

mutation.
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In addition to studying the effect of different mutations on the stability of prfA RNAT structure, we
also evaluated how those mutations affect the temperature-regulated control of downstream gene
expression (Fig. 7). Relative gene expression in the context of prfA-U46A and -3C RNATS are consistent
with previous studies.”” ** Additionally, we showed mutations that stabilize internal loops both proximal
to (L1swy and L24ab) and distal to (L5sws) the AUG start codon and RBS display reduced GFP expression.
Similarly, destabilizing mutations distal to the AUG start codon and RBS enhance GFP expression (C58G
and H4gesiab). Overall, we see a strong correlation between the stability of the RNA structure and GFP
expression (Fig. 7b). In this analysis, prfA-C58G is the clear outlier. While this mutation was designed to
disrupt only a single base pair, the measured thermodynamic stability is almost identical to the -H4gestan
construct which harbors more extensive mutations in the same region. In the present study, we cannot rule
out that the C58G mutation does not further disrupt the secondary structure. It is also possible that
thermodynamics do not tell the whole story and that the kinetics of RNA folding and/or translation also
play a significant role in the function of the RNAT.

While the architecture of the prfA RNAT is unique among known families of RNATS, the unfolding
mechanism is reminiscent of other known RNATSs. The unfolding of the cssA RNAT is known to initiate
near the apical loop and continue down through the RBS.? A similar mechanism has also been described
for the B. japonicum ROSE RNAT." The ROSE RNAT melts in a cooperative manner, first near the RBS,
which is located at the apical loop, before the base of the helix melts.?” Our results are also consistent with
unfolding that is initiated at the regions proximal to the apical loop. What is unique is our observation of
two distinct unfolding transitions, which we believe is a function of the RNAT structure. The
thermosensing domain of the ROSE RNAT is significantly smaller than the prfA RNAT, and melts in a
highly cooperative manner, likely due to the presence of canonical base pairing and the lack of large
internal loops. The cssA RNAT, which also melts with high cooperativity, is more similar in size to the
prfA RNAT. However, the cssA RNAT and prfA RNAT have very different secondary structures (Fig. 1),

which we believe contributes to their unique mechanisms. The cssA RNAT contains few internal loops,
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with 70% of the nucleotides in this RNAT engaged in base pairing in its “folded” state while only 58% of
nucleotides are base paired in the prfA RNAT.

Internal loops play a central role in the precise functioning of RNATSs. For example, in the Aspl7
RNAT, substitution of an internal loop near the RBS with a stabilizing base pair increased the thermal
stability of the RNAT structure and reduced downstream gene expression.”’ In the present study, we
found that stabilizing or reducing the size of internal loops near the RBS of the prfA RNAT has a similar
effect on RNA structural stability and downstream gene expression. Moreover, our results with the prfA-
L5sa RNAT (Figs. 4,6) indicate that internal loops distal to the RBS also have significant effects on

overall RNAT structural stability and temperature control.

Conclusions

The data presented in this study provide further evidence in support of the model in which the cssA
and prfA RNATS exert translational control via distinct mechanisms. Additionally, we demonstrate that in
the absence of ribosome binding, the prfA RNAT unfolds in a pseudo-sequential mechanism in which the
“top” of the prfA RNAT, near the apical loop, unfolds first followed by unfolding of the “bottom” of the
RNAT, including the helical regions below the RBS and AUG start codon. We posit that during
translation, it is the first unfolding event that drives ribosome binding and subsequent translation.
However, our data also show that stabilization of the internal loops at the base of the RNAT (L1 and L2)
has profound effects on the overall melting profile. RNA folding is a complex sequence-dependent
mechanism, thereby limiting our ability to extract precise folding landscapes from energetics alone.”
However, these studies challenge the paradigm that local structure and thermal stability define RNAT
function. We show that stabilization of regions distal to the RBS have profound effects on both the
unfolding profile and translatability of the downstream message. Further structural, mutational, and
biochemical studies will be necessary to illuminate the unfolding landscape of the prfA RNAT. This
study provides a first step toward a mechanistic understanding of the molecular determinants of

temperature-dependent prfA RNAT unfolding.
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Equations for fitting CD data:

One-transition fitting model:

H
f(T) = (0.1 *A1)*(H1 + (2 *R*\/T))+ (1+C05h(R*T*Tm1i(T—Tm1))

Two-transition fitting model:

H
f(T)=(0.1*A1)*(H1+(Z*R*\/T))+(1+C05h(R*T*Tm1:(T_Tm1)>+
H
(0.1 4g) = (Hy = (2% R #T)) + (1 + cosh (R*T*Tmzj(T—Tmz))

Where A and A; represent the relative hyperchromicity (10X) of each unfolding transition, T is the
temperature in Kelvin, Tm is the transition temperature in Kelvin, and H; and H» represent the enthalpy
change for each transition (kcal/mol).

Analysis of ion dependence:

AH. ST,
An;,, = 1.11 n ( UL )
ion *<R*(T7$l,n)>* 5(n[K*]

Where 8T m/8(In[K+]) represents the slope of the T, versus In[K'] and R is the ideal gas constant.”?
Enthalpy values were determined as described above, by fitting the CD thermal denaturation data to a
two-transition fitting model.

Equations for fitting DSC data:

Two-state scaled model:

-Tm+T
(AH*1000*7Tm*T*R)

e
Cp = (AH x 1000)%/(R * T?) * 5 * Aw

T
L Tm
—AH#*1000% BT

1+e

Where T is the temperature in Kelvin, Tm is the transition temperature in Kelvin, AH is the change in
enthalpy (kcal/mol), R is the ideal gas constant, and Aw is a peak scaling factor. As appropriate, multiple
two-state scaled models were used to fit the DSC data.

S2



Table S1. Primers used for DNA amplification and mutagenesis in the study.

Primer name

Sequence™”

Comment

pUC57-80 Fwd

GGAATTGTGAGCGGATAACAATTTCACACAGG
AAAC

Forward primer to amplify all prfA constructs DNA template for
in-vitro transcription

HH-prfA Rev

mUmUGAGCGTTCATGTCTCATCCCCC

Reverse primer to amplify all prfA constructs DNA template for
in-vitro transcription

prfA T46A Fwd

CAGCTAACAAaTGTTGTTACTG

Forward primer for site-directed mutagenesis to generate
pUC57-prfA-U46A and pBS SK(+)-prfA-U46A-GFP

prfA T46A Rev

TTGAAAGAAAGTCACGCTAAAG

Reverse primer for site-directed mutagenesis to generate pUCS57-
prfA-U46A and pBS SK(+)-prfA-U46A-GFP

T40C/A41C/A42C Rev

GAAAGTCACGCTAAAGAC

prfA- Forward primer for site-directed mutagenesis to generate
T40C/A41C/A42C Fwd | TTTCAACAGCcccCAATTGTTGTTACTG pUC57-prfA-3C and pBS SK(+)-prfA-3C-GFP
prfA- Reverse primer for site-directed mutagenesis to generate pUCS57-

prfA-3C and pBS SK(+)-prfA-3C-GFP

prfA-2629 Fwd

TTAGCGTGACcatgTTTCAACAGCTAACAATTGT
TGTTAC

Forward primer for site-directed mutagenesis to generate
pUCS57-prfA-L Lsub

prfA-2629 Rev

AGACGGTACCGGGTACCG

Reverse primer for site-directed mutagenesis to generate pUCS57-
prfA-L1sun

prfA-3538 Fwd

CTTTCTTTCAtCTAACAATTGTTGTTACTGCC

Forward primer for site-directed mutagenesis to generate
pUCS57-prfA-L2sub

prfA-3538 Rev

TCACGCTAAAGACGGTAC

Reverse primer for site-directed mutagenesis to generate pUC57-
prfA-L2suan

prfA-6164T Fwd

GTTACTGCCTI{TTTTTAGGGTATTTTAAAAAAG
G

Forward primer for site-directed mutagenesis to generate
pUCS57-prfA-L5sub and pBS SK(+)-prfA- L5sur-GFP

prfA-6164T Rev

AACAATTGTTAGCTGTTGAAAG

Reverse primer for site-directed mutagenesis to generate pUCS57-
prfA-L5sub and pBS SK(+)-prfA- L5sa-GFP

prfA-2629-5760 Fwd

TGTTGTTACTcgggAATGTTTTTAGGGTATTTTA
AAAAAG

Forward primer for site-directed mutagenesis to generate
pUCS57-prfA-H4gestab and pBS SK(+)-prfA-H4gestab-GFP

prfA-5760 Rev

ATTGTTAGCTGTTGAAAGAAAG

Reverse primer for site-directed mutagenesis to generate pUCS57-
prfA-H4gestab and pBS SK(+)-prfA-H4desta-GFP

prfA-C58G_Fwd

GTTGTTACTGgCTAATGTTTTTAG

Forward primer for site-directed mutagenesis to generate
pUC57-prfA-C58G and pBS SK(+)-prfA-C58G-GFP

prfA-C58G_Rev

AATTGTTAGCTGTTGAAAG

Reverse primer for site-directed mutagenesis to generate pUCS57-
prfA-C58G and pBS SK(+)-prfA-C58G-GFP

PBS-prfA Fwd

ATGTAGATCGGGAATTCGAGGAGCTCG

Forward primer to amplify gene block prfA-GFP for cloning

PBS-prfA_Rev

AGTTAAAGTCTCGAAGCTTGATATCGAATTCA
ATGGAAGC

Reverse primer to amplify gene block prfA-GFP for cloning

pBS-prfA 2629 Fwd

TTAGCGTGACcatgTTTCAACAGCTAAC

Forward primer for site-directed mutagenesis to generate pBS
SK(+)-prfA-L1sa-GFP

pBS-prfA 2629 Rev

ATGATGTTTTTTACAGGATCC

Reverse primer for site-directed mutagenesis to generate pBS
SK(+)-prfA-L 1sup-GFP

pBS-prfA-3538 Fwd

CTTTCTTTCAtCTAACAATTGTTGTTACTGC

Forward primer for site-directed mutagenesis to generate pBS
SK(+)-prfA-L2sub-GFP

pBS-prfA 3538 Rev

TCACGCTAAATGATGTTTTTTAC

Reverse primer for site-directed mutagenesis to generate pBS
SK(+)-prfA-L2sub-GFP

pBS-prfA_delatl-
75 Fwd

TTTTAAAAAAGGGCGATAAAAAACGATTG

Forward primer for site-directed mutagenesis to generate pBS
SK(+)-prfA-deltal-75-GFP

PBS-prfA_deletion Rev

GGATCCGTATCCAAGCGC

Reverse primer for site-directed mutagenesis to generate pBS
SK(+)-prfA-deltal-75-GFP

* m denotes 2'-O-Me modification of the primer
® Mutations are denoted in lowercase letters.
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Table S2. Sequences of RNAT constructs used in this study.

RNAT name Sequence (5'23')*
AAUUUAUGAGUACGUAGAGUAUAAUUAGUAUUCUUCUUUCCAACUUCCUUAUACUUAUAUACU
cSsA UAUAGAUU
UUUAGCGUGACUUUCUUUCAACAGCUAACAAUUGUUGUUACUGCCUAAUGUUUUUAGGGUAUU
prfA-WT UUAAAAAAGGGCGAUAAAAAACGAUUGGGGGAUGAGACAUGAACGCUCAA
UUUAGCGUGACUUUCUUUCAACAGCUAACAAUaGUUGUUACUGCCUAAUGUUUUUAGGGUAUU
prfA-U46A UUAAAAAAGGGCGAUAAAAAACGAUUGGGGGAUGAGACAUGAACGCUCAA
UUUAGCGUGACUUUCUUUCAACAGCcccCAAUUGUUGUUACUGCCUAAUGUUUUUAGGGUAUUU
prfA-3C UAAAAAAGGGCGAUAAAAAACGAUUGGGGGAUGAGACAUGAACGCUCAA
UUUAGCGUGA CcaugUUUCAACAGCUAACAAUUGUUGUUACUGCCUAAUGUUUUUAGGGUAUUU
prfA-Llgap UAAAAAAGGGCGAUAAAAAACGAUUGGGGGAUGAGACAUGAACGCUCAA
UUUAGCGUGACUUUCUUUCAUCUAACAAUUGUUGUUACUGCCUAAUGUUUUUAGGGUAUUUUA
prfA-L2gup AAAAAGGGCGAUAAAAAACGAUUGGGGGAUGAGACAUGAACGCUCAA
UUUAGCGUGACUUUCUUUCAACAGCUAACAAUUGUUGUUACUGCCUWUUUUUAGGGUAUUUUA
prfA-LSgub AAAAAGGGCGAUAAAAAACGAUUGGGGGAUGAGACAUGAACGCUCAA
UUUAGCGUGACUUUCUUUCAACAGCUAACAAUUGUUGUUACUGgCUAAUGUUUUUAGGGUAUU
prfA-C58G UUAAAAAAGGGCGAUAAAAAACGAUUGGGGGAUGAGACAUGAACGCUCAA

prfA'H4deStab

UUUAGCGUGACUUUCUUUCAACAGCUAACAAUUGUUGUUACUcgggAAUGUUUUUAGGGUAUUU
UAAAAAAGGGCGAUAAAAAACGAUUGGGGGAUGAGACAUGAACGCUCAA

2 Mutations are denoted in lowercase letters.
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Table S3. Thermodynamic parameters for RNAT unfolding derived from CD data.

Construct Tm1 AH; AS1 AG®; Tm2 AH> AS» AG®; AG®otal AAG total
(°C)* (kcal/mol)* |[cal/(mol*K)]| (kcal/mol)*® (°C)* (kcal/mol)* [cal/(mol*K)]| (kcal/mol)*| (kcal/mo | (kcal/mol)
4 4 L 1) WT-mut?
cssA 36.1+0.4 104+7 340 +20 54+02 n.d. n.d. n.d. n.d. n.d. -
prfA-WT | 37.2+0.2 136 £4 440+ 10 54£02 440+0.6 |249+0.6 78+2 1.50+0.02| 6.9+0.2 0
prfA-U46A | 32.5+0.2 122+4 400+ 10 3.0£0.1 41.5+0.8 [23.4+0.7 75+£2 124+0.03| 42+0.1 2.7+0.2
prfA-3C 432+0.2 40+ 1 125+4 229+0.08 | 56.8+0.5 134+4 410£10 | 13.0+04 153+ -8.4+0.5
0.4
prfA-Llsws | 453+£0.3 [157.3+£0.5] 494+1 10.1+£0.2 | 52.2+0.1 | 14.0£0.6 43+£2 1.17£0.05| 113+ -44+03
0.2
prfA-L2swb | 44.5+0.1 169 +2 532+6 10.5+£0.2 47+ 1 16£3 51+£38 1.1+£0.1 11.6 + -4.7+£0.3
0.2
prfA-L5swb | 40.1£0.1 124+5 400 =20 6.0+£0.2 458+0.6 |[359+0.4 113+£1 |2.36+0.08| 84+02 | -1.5+03
prfA-C58G [31.98 £0.08| 129+2 423 +7 3.02+0.04 | 41.8+0.6 |222+02| 703+0.6 [1.19+0.05| 421+ 2.7+0.2
0.06
prfA-H4qesab | 32.4£0.3 107+3 350+ 10 | 2.65+0.03 | 41.5+04 [21.2+0.1 | 67.3+£04 [1.12£0.02| 3.77+ 31402
0.04

n.d.: not determined
*Tm, AG®, AH, and AS values are represented as the average of three replicate measurements + the

standard deviation

°At 25 °C.
“AG®ota 1s the sum of AG®; and AG®,. Error was propagated from the errors associated with AG®; and

AG®,.

IAAGO a1 is defined as AG®owwt - AGPotal-mutant. Error was propagated from the errors associated with

AGOtotal-WT and AGototal-mutant-
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Table S4. Full width half max (FWHM) measurements of RNAT unfolding derived from DSC data.

Construct FWHM,* FWHM;* | FWHMwu® | AFWHM® | AFWHM,' | AFWHM

cSsA 52=+0.1 89+0.3 11+2 -0.1+0.1 -7.2+09 9+2

prfA WT 53=+0.1 16.1£0.8 20.0+04

prfA U46A° | 6.7+0.2 16.0+0.6 252+0.2 14+0.2 0=£1 52+04

prfA 3C° 10.6 £0.8 54+02 225+0.2 53+£08 | -10.7+£0.8 25+04

prfA Ll 39+£0.2 12+2 1242 -1.4+0.2 4+2 -8+2
prA L2y’ 41+04 16+3 16+3 -1.2+04 0=£3 4+3
prfA LS | 8.3 £0.2 9.7+£0.7 |19.4£0.7 3.0£0.2 -6+£1 -0.6+0.8

prfA C58G® | 5.79+£0.09 | 159+0.2 | 2452+£0.08 | 0.5+0.1 -0.2+0.8 45+£04

prfA Hddesar | 6.4 +0.2 17.9+0.7 22.6+0.7 1.1£0.2 2+1 2.6+0.8

*Values of FWHM are represented as the average of three replicate measurements =+ the standard
deviation.

PFWHMoti is defined as the difference in falling edge (FE) of peak 2 and the rising edge (RE) of peak 1
(FE2 —RE)).

‘FWHMie is defined as the sum of FWHM, and FWHM, when RE; is greater than FE,.

YFWHM ot value is defined as FWHM, because FWHM, covers the entire range of both transitions and
FWHM: is greater than (FE>-RE)).

‘AFWHM; is defined as FWHM| mutanc - FWHM| wr. Associated error was propagated from the standard
deviation of FWHM mytant and FWHM; wr.

'AFWHM, is defined as FWHM, mutant - FWHM, wr. Associated error was propagated from the standard
deviation of FWHM myant and FWHM, wr.

EAFWHMqa is defined as FWHMotal mutant - FWHMiorat wr. Associated error was propagated from the
standard deviation of FWHMotal mutant and FWHMota -
"prfA L5sa» values are based on two replicate measurements.
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Table S5. T., values determined at various concentrations of mono- and di-valent metal ions.

Construct [K'] (mM)? [Mg>] (mM)* Tumi (°C)° Tz (°C)°

prfA-WT 67 0 37.0+0.3 45+2
92 0 39.0 0.4 46.2+0.8
117 0 40.6+0.5 47.13 +£0.09
142 0 41.8+03 48.0+0.6
167 0 43.1+03 53+1
192 0 43.7+0.4 50.7+0.6
67 0.2 38.38+0.08 444+03
67 0.5 40.4+0.6 458+0.9
67 1 43.1+09 475+0.7
67 2 46+2 50+ 1
67 5 51+1 55+2

CSSA 67 0 36.2+0.2 n.d.

92 0 38.41+0.09 n.d.
117 0 40.1+0.1 n.d.
142 0 41.14+0.03 n.d.
167 0 42.08 +0.08 n.d.
192 0 42.87 +0.02 n.d.
67 0.2 37.8+0.2 n.d.
67 0.5 39.6 + 0.4 n.d.
67 1 41.8+03 n.d.
67 2 46.61 +0.05 n.d.
67 5 48.1+0.2 n.d.

n.d.: not determined
“Total ion concentration in solution.
T, values are represented as the average of three replicate measurements + the standard deviation.
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Figure S1. Thermal melting data of prfA and cssA RNATSs by CD spectroscopy. Absorbance values

at 260 nm (A260) were recorded along with CD and were used to calculate first derivatives for cssA (a)
and prfA (b).
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Figure S2. The cssA and prfA RNATS unfold in a reversible manner. Unfolding and folding spectra
overlay of (a) cssA and (b) prfA RNATSs. Data were normalized between 0 and 1 for comparison.
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Figure S3. Comparison of one vs. two two-state scaled fitting model for DSC data. cssA (a, b), prfA-
Ll (c, d), and prfA-L2ap (e, f) RNAT elements that appeared to be fittable by a single two-state
transition were analyzed both with a single two-state transition (a, ¢, and e) and two two-state transitions
(b, d, f). Residual plots for each fit are shown below the DSC data.
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Figure S6. Thermal melting data of prfA under various ion conditions. (a) CD spectra overlay of
prfA RNAT melting in Na" (50 mM Na,H,PO4, pH 6.5) and K™ (50 mM K HyPO4, pH 6.5) buffer. (b)
Thermal denaturation experiments of the prfA RNAT with increasing concentration of KCI. Figure legend
indicates the total concentration of K in the buffer. (c) Plot of Tw vs. In[K'] to analyze the ion-
dependence of unfolding. (d) Titration experiments of the prfA RNAT with MgCl,. Figure legend
indicates the concentrations of MgCl, and EDTA added to the standard phosphate buffer. (¢) Thermal
denaturation of prfA RNAT in the presence of high concentrations of EDTA. All CD data were monitored
at 260 nm and normalized between 0 and 1 for comparison.
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Figure S7. Thermal melting data of cssA under various ion conditions. (a) Thermal denaturation
experiments of the cssA RNAT with increasing KCI. Figure legend indicates the total concentration of K
in the buffer. (b) Plot of Ty, vs. In[K'] to analyze the ion-dependence of unfolding. (¢) Titration
experiments of the cssA RNAT with increasing concentration of MgCl,. Figure legend indicates the
concentrations of MgCl,, and EDTA added to the standard buffer. (d) Thermal denaturation of prfA

RNAT in the presence of high concentrations of EDTA. All CD data were monitored at 260 nm and
normalized between 0 and 1 for comparison.
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Figure S8. Overlay of imino proton spectra for prfA-WT and mutant RNATs. Qualitative analysis of
imino proton spectra of prfA-WT and various mutant RNATS is consistent with local changes, as would
be expected by the mutations introduced. Changes in individual spectra relative to WT are indicated by *.
Imino proton spectra were collected at 20 °C.
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