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ABSTRACT T. maritima and B. subtilis are bacteria that inhabit significantly different thermal environments, ~80 vs. ~40°C,
yet employ similar lysine riboswitches to aid in the transcriptional regulation of the genes involved in the synthesis and transport
of amino acids. Despite notable differences in G-C basepair frequency and primary sequence, the aptamer moieties of each
riboswitch have striking similarities in tertiary structure, with several conserved motifs and long-range interactions. To explore
genetic adaptation in extreme thermal environments, we compare the kinetic and thermodynamic behaviors in T. maritima
and B. subtilis lysine riboswitches via single-molecule fluorescence resonance energy transfer analysis. Kinetic studies reveal
that riboswitch folding rates increase with lysine concentration while the unfolding rates are independent of lysine. This indicates
that both riboswitches bind lysine through an induced-fit (“bind-then-fold”) mechanism, with lysine binding necessarily preceding
conformational changes. Temperature-dependent van’t Hoff studies reveal qualitative similarities in the thermodynamic land-
scapes for both riboswitches in which progression from the open, lysine-unbound state to both transition states (i) and closed,
lysine-bound conformations is enthalpically favored yet entropically penalized, with comparisons of enthalpic and entropic con-
tributions extrapolated to a common [K*] = 100 mM in quantitative agreement. Finally, temperature-dependent Eyring analysis
reveals the TMA and BSU riboswitches to have remarkably similar folding/unfolding rate constants when extrapolated to their
respective (40 and 80°C) environmental temperatures. Such behavior suggests a shared strategy for ligand binding and ap-
tamer conformational change in the two riboswitches, based on thermodynamic adaptations in number of G-C basepairs
and/or modifications in tertiary structure that stabilize the ligand-unbound conformation to achieve biocompetence under both
hyperthermophilic and mesothermophilic conditions.

SIGNIFICANCE Microbes in extreme environments develop a variety of strategies to survive. Among them, their RNA
can acquire additional tertiary structure, G-C basepairing, or ligand binding to stabilize important features at higher
temperatures. Riboswitches are portions of RNA that bind a ligand to stabilize open and closed conformations to facilitate
or block gene expression. Lysine riboswitch aptamers in B. subtilis versus T. maritima have similar secondary and tertiary
structures despite operating at 40 vs. 80°C. We study lysine- and temperature-dependent binding and folding kinetics of
each via single-molecule FRET microscopy. The results indicate that evolution in G-C basepairing and tertiary interactions
tune the T. maritima and B. subtilis aptamer conformational stability to bind lysine and fold biocompetently despite
significant differences in environmental temperature.

INTRODUCTION brane lipid composition or proton permeability to account
for rigidity changes in very hot/cold or high-pressure condi-
tions, or to maintain appropriate intracellular pH in highly
basic or acidic environments (1,5). Heat and cold shock pro-
teins may be generated that can act as chaperones to main-
tain proper synthesis, conformation, and biochemical
activity of other proteins to protect the cell from temperature

Microorganisms are found in nearly all natural environ-
ments, inhabiting climate conditions at extremes of temper-
ature, pH, salinity, or pressure, which necessitate a variety of
adaptations to survive (1-4). Cells can adjust their mem-
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that control protein synthesis by melting at higher tempera-
tures to expose a ribosome binding site, and riboswitches
(9-11), which bind a target ligand to change conformational
state to allow or block transcription, translation, or splicing
based on in situ concentration of specific metabolites. At an
even more basic level, adaptations in RNA that create addi-
tional structural features can accumulate to protect RNA
from heat: increased G-C basepairing in stem regions, small
ligand binding, and additional tertiary interactions such as
hydrogen bonds, cross-strand or intrastrand stacking inter-
actions, or water/metal bridges can all serve to shield
RNA from heat denaturation to preserve functionality (12—
13). Cooperatively paired adaptations are common due to
the prevalence of environments with multiple extreme con-
ditions, such as high temperatures and pressures in deep-sea
thermal vents or variable pH/temperature conditions as in
acidic/alkaline hydrothermal springs (3,14). Survival strate-
gies for extremophilic microorganisms under such harsh
conditions highlight underlying evolutionary advantages,
offering insights into mechanisms for extraterrestrial life
(15-16) and as potential sources of enzymes for efficient
and “green” industrial processes (17-19).

Many bacteria (20-21), archaea (22-23), and eukaryotes
(24) across a wide variety of environments make use of ri-
boswitches encoded within the mRNA as efficient regula-
tors of gene expression (25-28). Riboswitches are
segments of noncoding RNA consisting of an aptamer and
expression platform, usually found in the 5’ untranslated
mRNA region directly upstream of the gene they control.
The aptamer portion of a riboswitch can adopt at least two
conformations generally categorized as “open” or “closed”
states and contains a binding pocket that selectively binds to
aligand (27,29), a small molecule (30-31), orion (32), often
with 10- to 1000-fold preference for the target versus closely
related metabolite species (33-36). The aptamer undergoes
many crucial and often subtle conformational changes be-
tween open or closed states, which are facilitated or stabi-
lized by ligand binding. This results in significant
secondary or tertiary structural changes to the adjacent
expression platform, which in turn switches between “on”
and “off” states whereby gene expression can proceed or
be terminated (37-38). Families of riboswitches have been
identified whose aptamers respond to a plethora of ligands
such as purines (30,39), amino acids (31,40), metal cations
(41-42), and metabolites (43), with riboswitches even syn-
thetically developed to bind to specific molecules relevant
to biosensing (44—45) or antimicrobial drug development
(46). Consequently, the mechanisms by which aptamers
identify and bind to ligands are critically important in
gene regulation for many organisms and provide key func-
tionality advantages for responding to changes in the intra-
cellular environment. Two limiting kinetic scenarios for
riboswitch folding are often described in terms of the rela-
tive order for ligand binding and RNA conformational
change, induced-fit (IF) and conformational selection,
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although the process often occurs as a combination of the
two. In the IF (“bind-then-fold”) mechanism, binding of a
target ligand necessarily precedes and triggers folding
from the open to closed state in the riboswitch. Conversely,
in the conformational selection (CS) pathway (“fold-then-
bind”), the riboswitch interconverts transiently between
open and closed states, with free energies for the closed
conformation preferentially stabilized by subsequent bind-
ing of the ligand (47).

Lysine riboswitches exist in numerous bacterial phyla,
representing mesophilic bacteria from Fusobacteriota, Ba-
cillota (in which B. subtilis [BSU] is found), and Gamma-
proteobacteria, among others, as well as those that inhabit
extreme temperature or acidic conditions as in Thermotoga
(home to T. maritima [TMA]) and Acidobacteriota (43).
Lysine riboswitches can regulate transcription or translation
of genes in dramatically different environments yet often
share several key motifs and have highly conserved second-
ary and tertiary structures in their aptamer moieties. In one
such example, the BSU and TMA lysine riboswitch ap-
tamers (see Fig. 1) share several important tertiary structures
(34,48,49), but BSU is typically found in soils and animal
digestive tracts (50) at around 40°C while TMA was first
identified near thermal vents on the seafloor and has an
optimal growth temperature of 80°C (51). The main focus
of this work is exploring temperature-dependent similar-
ities/differences in riboswitch ligand binding strategies via
single-molecule TIRF microscopy, to better characterize
how BSU and TMA may have evolutionarily adapted to
their different thermal environments.

Despite similar tertiary structures, the BSU (40) and
TMA (34) riboswitch aptamers (see Fig. 1) exhibit signifi-
cant differences in their primary sequences. In particular,
there are more G or C bases (GC content) in TMA (66%)
over BSU (44%) riboswitches, which translates into a
significantly higher percentage of G-C basepairs in TMA
(76%) vs. BSU (44%). These G-C pairs (Fig. 1, highlighted
in red) contribute significantly to thermodynamic stability
of the corresponding riboswitch secondary structures, with
the GC content in RNA shown to correlate positively with
optimal growth temperatures in many prokaryotes (52—
54). By way of contrast, the larger tertiary structure motifs
in the two riboswitch aptamers are quite similar despite
such differences in primary structure: both are comprised
of five helices that come together to create a five-way junc-
tion that binds the cognate ligand and features an interaction
between the internal loop in P2 and the terminal loop in P4
as well as an important P2-P3 kissing loop interaction, as
depicted in Fig. 1, a and b (55). In addition, transcriptional
control in both riboswitches is based on the expression plat-
form creating terminator or antiterminator stems that pre-
vent or allow Pl to be fully formed, which is in turn
stabilized by the presence of lysine (40,48,49). These ter-
tiary structures are thought to be formed cotranscriptionally
and are required for the riboswitches to bind lysine and fold
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B. subtilis (BSU) and T. maritima (TMA) lysine riboswitch aptamers with P1 fully formed: (@) BSU and (b) TMA basepairing with G-C base-

pairs highlighted in red. Both aptamers exhibit a five-way helical junction and long-range “kissing loop” interactions between P2 and P3, although there is
significantly more G-C pairing in TMA (76%) than BSU (44%), residues involved in important tertiary interactions circled in blue, orange, or yellow, arched
lines indicate interacting segments of the riboswitches. The kink-turn (BSU) and internal loop (TMA) motifs that enable the P2-P3 interaction are highlighted
in blue and red, respectively. (c) Crystal structure of the TMA aptamer bound to lysine and K™ (PBD: 3DIL).

properly (56). In addition, previous studies into the kinetics
and thermodynamics of the BSU riboswitch have shown the
folding rate (kg,q) to be strongly dependent on [Lys], while
the unfolding rate (kynfoiq) remains independent of
lysine concentration (56,57). This is clear evidence for
an IF folding mechanism, in which lysine binding to
the open state (O) is a prerequisite to aptamer conforma-
tional change into the closed state (C) and thus facilitates
successful gene regulation. Furthermore, temperature-
dependent kinetics reveal overall folding (O — C) to be
strongly exothermic (AH® = —24 kcal/mol) with substantial
entropic barriers (TASi = —20 kcal/mol at 300 K) to the
transition state (57). Interestingly, although the majority of
enthalpy release occurs affer the folding transition state
(-AH® 7 < ~AH* ), most of the compensating entropic
penalty (presumably due to greater organization of the ri-
boswitch/lysine) takes place before the folding transition
state (-TAS®~*% > —TAS* ™). This would be consistent
with a transition state with relatively few stabilizing
hydrogen bonds, base stacking, and other interactions
formed between lysine and RNA and within the RNA, but
for which the riboswitch has largely completed any confor-
mational change. Mechanistically, this suggests that only a
few hydrogen bonds are required to modulate folding and
thereby turn transcription on/off.

The above observations immediately imply a simple but
important corollary. If BSU takes advantage of exothermic
bond formation to overcome entropic penalties to folding,
then by simple thermodynamic considerations such a strat-
egy should be less effective at promoting lysine binding
and folding under higher-temperature conditions. This
would suggest that TMA might require a significantly
different folding mechanism (e.g., enthalpically penalized

(AH® >> 0) with favorable entropic contributions (TAS®
>> 0)), or otherwise compensate for a decreased folding ef-
ficiency at higher temperatures. The central theme of this
work focuses on temperature-dependent single-molecule to-
tal internal reflection microscopy (smTIRF) on BSU and
TMA lysine riboswitches to further elucidate this simple
but fundamental question.

The organization of this manuscript is as follows. We
first present results on BSU and TMA folding kinetics
with respect to lysine concentration via smTIRF to infer
that the two riboswitches share a bind-then-fold (IF)
pathway that requires lysine binding to precede conforma-
tional changes. Next, we present temperature-dependent ki-
netic data to create energy landscapes that surprisingly
reveal folding to be a strongly enthalpically favored and
entropically costly process in both BSU and TMA ribos-
witches. However, at the same temperature and [Na'],
[Mg”], [Lys], and [K™], BSU and TMA folding and un-
folding dynamics occur on disparate timescales which
prevents the collection of such kinetic data under identical
ionic salt conditions. Indeed, at room temperature (~22°C)
and physiologically relevant conditions ([Na*] = 100 mM,
[Mg”] = 0.5 mM (58), and [Lys] = 2 mM (59)), the two
riboswitches require quite different [K™] ranges (1-20 mM
for TMA and 100-200 mM for BSU) for folding/unfolding
to occur on the same experimentally accessible timescales.
Specifically, the TMA riboswitch folding rate at 20—
100 mM [K*] is so fast (tgq << 0.1 s) and the unfolding
rate so slow (tynfolq >> 10 s) that very few unfolding
events occur before Cy3/Cy5 pair photobleaching, with
the reverse scenario true for the BSU riboswitch. As a
result, we explore and report enthalpic, entropic, and free
energy contributions for TMA over a series of potassium
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FIGURE 2 (a) BSU and (b) TMA aptamers used in experiments adapted from riboswitch aptamers (see Fig. | a and b) into three-stranded constructs, each
with a biotinylated tethering strand, a main RNA strand beginning with extended and modified P1 and P5 segments, and a Cy3-CyS5 doubly labeled strand. (c)
smTIRF instrument: an Nd: YAG laser is directed through a high N.A. objective, offset from the optical axis such that the beam hits the sample surface at the
appropriate TIR angle. Fluorescent emission from the Cy3/CyS5 is collected through the objective, separated into donor (yellow) and acceptor (red) channels,

and imaged onto a CCD camera.

concentrations (at constant [Na't] = 100 mM, [Mg”] =

0.5 mM, and [Lys] = 2 mM) with which to extrapolate
to [K*] = 100 mM conditions and enable direct compari-
son between TMA and BSU folding kinetics. We find
enthalpic and entropic contributions between the open,
transition, and closed states for the two riboswitches
extrapolated to the same [K™*] to be in surprisingly quanti-
tative agreement. We therefore propose that differences in
G-C basepairing or small but significant differences in ter-
tiary structure between riboswitch sequences successfully
tune TMA and BSU riboswitch stabilities to match at their
respective 80 and 40°C thermal environments, such that
folding/unfolding kinetics can maintain efficiency despite
the diversity in ambient temperature conditions.

MATERIALS AND METHODS

We investigate the lysine concentration and temperature-dependent kinetics
of riboswitch conformational changes via single-molecule fluorescence
resonance energy transfer (smFRET) TIRF microscopy (60). To perform
these studies, we modify the riboswitch aptamers into three-stranded
RNA constructs as depicted in Fig. 2, a and b: 1) a biotinylated tethering
strand basepairs with 2) the lengthened 5’ end of P1 moiety of the main
RNA strand, whose P5 helix is separated and lengthened to basepair with
3) a doubly labelled RNA strand with Cy3/CyS5 bound to the distal ends
of the P1/P5 segments. These modifications have several important impli-
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cations. First, extending the P1 and P5 sections of the aptamers from
7 bp in the wild-type P5 sections to 13/11 bp in the BSU/TMA constructs
and from 6/8 bp in the BSU/TMA wild-type P1 sections to 10/8 bp in the
BSU/TMA constructs dramatically stabilizes the constructs compared
with the wild-type aptamers. In fact, each additional basepair decreases
the amount of time necessary for duplexing (increases k,,) by about 0.8—
0.6 and increases the amount of time the duplex stays together (decreases
kogr) by about 10x (61). This means that once annealed, the reporter strand
is very unlikely to unbind from the P1/P5 sections, which effectively results
in “prefolded” aptamers. This means that lysine binding to the RNA may be
faster, as the binding pocket is more intact than it would be in the wild-type
aptamers.

The assembly efficiency of such a FRET construct (Fig. 2, a and b) is
verified in multiple ways. First of all, HPLC is used to purify the fully
assembled (three-strand) construct, with 10-20% excess of both [tether
strand] > [labeling strand] > [riboswitch strand] to saturate the riboswitch
sequence, which is transcribed from the DNA template and then gel purified
(56,62,63). The data from the HPLC purification results indicate annealing
efficiencies >70% as a lower limit, with corresponding efficiencies for
other three-strand FRET constructs found to be >90% as confirmed
by both HPLC and PAGE methods (62-65). Secondly, we have
capability in a separate confocal apparatus for two-color (green/red laser)
alternating laser excitation (66), which allows us to confirm that constructs
tethered to the surface contain both fluorophores, thereby ruling out
damage to the covalent fluorophore linkage. Furthermore, we have also
annealed under reverse-order concentration conditions, with [labeling
strand] > [riboswitch strand] > [tethering strand], for which we can be
confident that each surface immobilized construct contains all three compo-
nents. The results from these studies are all consistent with >70% as a reli-
ably conservative estimate of assembly efficiency. Most importantly, the
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FIGURE 3 Sample data collected from the (a)

BSU and (b)) TMA riboswitch aptamers. Cy3
(green, donor) and Cy5 (pink, acceptor) intensities
(left panels) are recorded and converted into
FRET efficiency time traces (right panels), which

switch between two discrete high (~0.8) and
low (~0.3) FRET states. Both samples contain
100 mM Na™ and 0.5 mM Mg*" and were collected
at 23°C.
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labeling strand can only hybridize with the riboswitch strand and does not
anneal directly to the tethering strand. Thus, FRET data for immobilized
species tethered to the cover slip surface offer a further layer of preselection
for the complete three-strand construct.

In the TIRF experimental apparatus (see Fig. 2 ¢), a 532 nm beam
from a solid-state Nd:YAG (MeshTel GSF32—300PS) laser is sent
through the back aperture of the microscope objective (Olympus
PLAPON60XOSC2, Tokyo, Japan) with parallel lateral displacement
from the optical axis. (The reporting of specific product names is for
clarity purposes only and does not represent a statement of support by
NIST.) This displacement tunes the angle of incidence of the beam
onto the sample to generate total internal reflectance conditions and
thereby simultaneously illuminate multiple Cy3-Cy5-labeled RNA mole-
cules in the evanescent near field. Fluorescent emission from the Cy3 and
Cys5 is then collected through the same objective, separated by a 645 nm
LP dichroic mirror (Chroma DRLP) into donor and acceptor channels,
recombined via a second dichroic mirror and imaged onto a CCD camera
(Princeton Instruments I-PentaMAX 512-EFT, Trenton, NJ, USA). A
small lateral offset between Cy3 and Cy5 fluorescence paths allows im-
ages to be recorded separately into donor/acceptor channels, with Cy3/
Cy5 intensity ratios from colocalized molecules in the two channels
used to obtain time-dependent FRET trajectories simultaneously from
~100 RNA molecules. The high-throughput advantage of TIRF detection
is crucially important since unfolding kinetics for the TMA riboswitch
under biologically relevant salt conditions at room temperature is quite
slow (~0.1 s') and therefore constrained by photobleaching rates
(Fig. 3).

Samples are prepared in sandwich-style glass chambers as described pre-
viously (63,65,67), with a glass coverslip attached to the glass slide by two
strips of double-sided sticky tape separated by a ~2 mm x 10 mm x 300
pm flow channel. Four solutions are sequentially introduced through the
channel to 1) passivate the glass slide with bovine serum albumin (10% bio-
tinylated), 2) create streptavidin tethering sites on the passivated surface, 3)
tether biotinylated RNA molecules, and 4) introduce a buffer solution
(50 mM HEPES) with appropriate salts (100 mM NaCl, 0.5 mM MgCl,,
and requisite KCI and lysine) and an oxygen-scavenging system (Trolox/
PCA/PCD) to inhibit Cy3/Cy5 photobleaching. Each solution incubates
for 10 min before the next solution is flushed through the channel; once
the buffer solution is introduced, the sample channels are sealed with epoxy
at each end to prevent evaporation during data collection.

Temperature control is achieved via a pair of thermoelectric coolers
(TEC, TE Technology HP-127-1.0-0.8, Traverse City, MI, USA) clamped
around the microscope objective and placed on top of the sample,
providing +0.05°C stability with which to perform temperature-dependent
kinetic studies. Ideally, riboswitch folding kinetics for BSU and TMA
would be measured at their respective environmental temperatures, 40 or
80°C. However, to take advantage of the high-throughput data collection af-
forded by TIRF microscopy, we are limited to heating the entire sample sur-
face to <40°C to avoid damage to the microscope objective by softening of
the optical cement. For quantitative comparison, we assume AH°/HY and
AS°/S* to be temperature independent over the measured range (20—
40°C) and calculate AG® and AG for the relevant riboswitch environmental
conditions (40 or 80°C). All data reported typically reflect ~300 folding/
unfolding events from 20 to 30 different RNA constructs to ensure adequate
statistical sampling and signal to noise ratios.

To determine single-molecule folding and unfolding rate constants, we
analyze time-dependent fluorescence intensity data from colocalized
donor/acceptor FRET pairs. All time traces show characteristic anticor-
related behavior between Cy3 and Cy5 fluorescence episodes (e.g., see
Fig. 3), with rapid transitions between high-FRET/low-FRET states de-
noting distance changes between P1-P5 moieties of the riboswitch (56).
It is worth noting that multiple open conformations (e.g., any open/un-
bound state [O] or the ligand bound state [O-Lys]) are detected equiva-
lently as low FRET states, only some of which may bind lysine and
subsequently successfully fold. The biophysical implication of distribu-
tions in open states is considered in the results and discussion sections.
FRET efficiency histograms for both BSU and TMA lysine riboswitches
reveal two well-resolved states at Errer ~0.3 and 0.8, corresponding to
the open (both O and O-Lys) and closed (both C and C-Lys) conforma-
tions. The threshold for distinguishing these two conformations is taken
as the local minimum in such FRET histograms, which permits dwell
times for folding/unfolding events to be quantitatively extracted from
the trajectories. This sequence of dwell times is used to construct cumu-
lative distribution functions well-fit by single exponential unimolecular
folding (kfo1q) and unfolding (kynfo1a) rate constants and consistent with
a single rate-limiting transition state (56,62,68). Equilibrium constants
are calculated from K.y = Kfo1a/kunfora OF by the ratio of integrated frac-
tional time spent in open versus closed conformations, which in all cases
agrees with the reported rate constant ratios to within experimental
uncertainty.
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FIGURE 4 A four-state (i.e., “square”) model for riboswitch folding al-
lows for the riboswitch to be in ligand bound/unbound and open/closed
states. The induced-fit (IF), or “bind-then-fold,” model requires that the
ligand bind before folding, omitting the unbound, closed state, which leaves
three states: O + Lys = O-Lys = C-Lys. The O + Lys and O-Lys states
are experimentally indistinguishable and register as low-FRET (green),
while the C-Lys state registers as high-FRET (red).

RESULTS

TMA and BSU riboswitches both fold via an IF
(bind-then-fold) mechanism

We first explore the differences and similarities in BSU/
TMA riboswitch behavior by comparison of the single-
molecule folding kinetics. Specifically, the mesophilic
BSU lysine riboswitch has been shown previously to fold
via a predominantly IF (bind-then-fold) mechanism as de-
picted by the counterclockwise arc in Fig. 4, in which the
riboswitch must first bind to lysine in the open state (O +
Lys = O-Lys) before folding occurs (O-Lys = C-Lys)
(56). The kinetic signature of such an IF pathway is that it
depends on a bimolecular lysine-dependent equilibrium be-
tween open lysine-unbound (O + Lys) and lysine-bound
(O-Lys) states before folding (i.e., O — C, closing), while
unfolding (i.e., C— O, opening) occurs via a unimolecular
equilibration step (C-Lys = O-Lys). In agreement with this
model, both BSU and TMA exhibit strong lysine-dependent
kinetics for k¢ q but negligible lysine dependence for kygo1q
(see Fig. 5, a and b), indicating that BSU and TMA ribos-
witches each require lysine binding before folding. Thus,
folding in both mesophilic and thermophilic constructs fol-
lows a classic IF (bind-then-fold) kinetic pathway that re-
quires lysine to fold, as described previously (56,57), and
has kioq = 0 s at [Lys] = 0 mM.

We can further probe the lysine dependence of this IF ki-
netic folding pathway to determine the lysine dissociation
constants Kj,, for each riboswitch. To do so, we would
ideally fit the folding (i.e., closing) and unfolding rate
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data under identical salt concentrations to the following
mechanisms:

ky[Lys]
[Lys| + Kiys
(Equation 1)

Kuiys ki
O + Lys = O-Lys = C-Lys, kg =

C-Lys k—> O - Lys, kunford = k_1 (Equation 2)
—1

However, as mentioned previously, the measured unfolding
rates at a given [K™] are dramatically slower (and folding rates
considerably faster) for TMA than BSU (see Fig. 3). As a
result, it is not possible with our current experimental methods
to compare the BSU and TMA folding/unfolding behavior un-
der the same cation conditions, since the predicted timescales
for folding in BSU (or unfolding in TMA) exceed the
maximum photobleaching times at low (or high) [K'].
Instead, we compare [Lys]-dependent data for both ribos-
witches at fixed [Na™] = 100 mM, [Mg”] = 0.5 mM, but
different [K*]: specifically, 5 and 75 mM for TMA and
BSU, respectively. Even under these 15x higher [K*] condi-
tions, the datain Fig. 5, a and b reveal the BSU-lysine complex
tostill be 6x less stable than for TMA: K s = 4(1) mM (BSU)
vs. 0.6(1) mM (TMA). Indeed, previous studies in BSU have
suggested that increase in [K*] from 1 to 10 mM enhances
lysine binding by mediating Coulombic repulsion between
the negatively charged lysine carboxylate and the phosphate
backbone (34,69). This would be consistent with smaller
dissociation constants for TMA at higher [K™] (75 mM K"
in BSU vs. 5 mM K" in TMA), again confirming the much
tighter binding of lysine with TMA vs. BSU at room temper-
ature. While these dissociation constants are consistent with
previous FRET-based measurements, they differ from titra-
tion dialysis and isothermal calorimetry measurements that
find Ky, = 1-18 uM for BSU (40,70) and Ky = 5.5 uM
for TMA (34). However, these lower dissociation constants
were determined at [Mg2+] = 5-20 mM, while our measure-
ments are taken at much lower [Mg2+] = (0.5 mM, which often
results in higher dissociation constants/weaker lysine bind-
ing (30,71).

BSU and TMA folding is exothermically (AH < 0)
and entropically (AS > 0) costly

Previous studies have reported BSU riboswitch folding to be
significantly exothermic (AH = -20-40 kcal/mol) (57),
which from Le Chatelier’s principle predicts a strong
decrease in folding stability with increasing temperature.
Given that the two riboswitch constructs function in quite
different temperature environments (40 vs. 80°C, respec-
tively), this raises the interesting thermodynamic question
as to how efficient ligand binding is managed in TMA versus
BSU. To help address such questions, we have studied the
kinetics of BSU and TMA folding as a function of
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FIGURE 5 Lysine binding curves for the (a)
BSU riboswitch at 75 mM K™ and (b) TMA ribos-
witch at 5 mM K*. Error bars in parentheses repre-
sent standard deviations of the mean obtained from
analysis of 3 independent datasets. Both samples
contain 100 mM Na' and 0.5 mM Mg*" and
were collected at 23°C. Folding in both is strongly
[Lys] dependent, while unfolding has no [Lys]

dependence, which indicates an induced-fit (bind-
then-fold) folding mechanism for both ribos-
witches. Note that the TMA dissociation constant
(Kiys) is already ~6x lower than BSU, indicating
a 6x stronger lysine binding despite a 15X reduc-
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temperature to extract explicit thermodynamic information
(72) from the van’t Hoff and Gibbs free energy expressions:

K., = exp(—AG° [ kgT) (Equation 3)

AG° = AH° — TAS° (Equation 4)

In(Ky) = — (AH° [ kg)(1/T) + AS° [ kg
(Equation 5)

by which AH® is obtained from slopes (—AH®/kg) of linear
fits of In(K.q) vs. 1/T and AS°® is inferred from the corre-
sponding intercepts (AS°/kg). Although our temperature-
dependent data for the BSU and TMA riboswitches are
measured for different [K"], Fig. 6 a clearly reveals good
qualitative agreement between the two constructs, both
folding processes are strongly exothermic (slopes >> 0)
and with large entropic penalties (intercepts << 0).
Furthermore, examination of the temperature-dependent
smFRET kinetics permit additional characterization of the
transition state thermodynamics based on Eyring/Kramers
analysis (73) of the folding/unfolding rate constants:

n(Kptaunpora)) = (— AG') / kT + In(kv,) = —AH' [ kT

+ AS* kg + In(kv,) (Equation 6)

Here, slopes (-AH%/kg) from linear fits of In(Kordcunfold))
vs. 1/T yield transition state enthalpies, while the intercepts
(AS*/kg + In(kvy)) reveal transition state entropies offset by
attempt frequency (V) and barrier recrossing (k) terms. For
conformational transformation in large biomolecules, kv is
conventionally approximated as 10°~10% s ™!, although AS?
has only a weak (i.e., logarithmic) dependence on this
assumption. It is worth noting that such choices do not
impact differential changes in the transition state entropy,
which means that AAS values are determined absolutely
and can be used to compare TMA and BSU thermody-
namics directly.

[Lys] (uM)

tion in [K™]. For a more quantitative comparison,
we therefore perform temperature-dependent
TMA experiments at low [K'] and extrapolate the
results to higher [K*].

Plots of temperature-dependent rate constants are sum-
marized in Fig. 6 and reveal both BSU and TMA ribos-
witches to incur strong entropic penalties (-TAS* > 0)
compensated by strong enthalpic release (AH* < 0) in ap-
proaching the transition state, as evident in both O — TS
(1) (Fig. 6, a and b, green) and C — TS (I) (Fig. 6, red) di-
rections. To visually deconstruct these free energy barrier
contributions, the temperature-dependent data are repre-
sented in Fig. 7 as separate AH, AS, and AG thermodynamic
landscapes. Interestingly, data for both BSU and TMA ri-
boswitches are consistent with folding pathways in which
approximately half of the key enthalpic contacts are already
formed in achieving the forward transition state geometry
(BSU: AH* ~ 40% AH°; TMA: AH* ~ 60% AH®), but
where the clear majority of entropy loss due to structural
reorganization has already taken place (BSU: AS* ~ 70%
AS°; TMA: ASt ~ 80% AS®). This is again consistent
with previous work that shows BSU folding requires only
a fraction of the full complement of H-bonds to be formed
between lysine and aptamer domain and within the aptamer
domain in order for the riboswitch to recognize the ligand
and then trigger the resulting conformational rearrange-
ment. Most importantly, when AG" is calculated at relevant
environmental temperatures for BSU (40°C) and TMA
(80°C), this results in large free energy TS barriers to
folding for both, AG* = 10(2) kcal/mol (BSU) and 14(2)
kcal/mol (TMA), despite much more modest overall AG®
(2.5(2) kcal/mol (BSU) and 6.2(3) kcal/mol (TMA)).
Finally, because overall folding is clearly exothermic for
both BSU and TMA riboswitches, this raises the question
of how these two riboswitches compensate for quite
different ambient temperature environments.

Agreement between BSU and TMA
thermodynamics for extrapolated [K*] conditions

Despite fivefold differences in [K™], the kinetic and thermo-
dynamic data for BSU and TMA riboswitches exhibit qual-
itatively similar ligand binding and folding/unfolding
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kinetics in Fig. 7. In both riboswitches, lysine binding pre-
cedes conformational change, with free energy landscapes
revealing both enthalpic advantages and entropic penalties
to reach the TS (I) as well as the closed conformation. To
help make such comparisons more quantitative, however,
we have performed additional temperature-dependent ex-
periments for the TMA riboswitch over a systematic series
of [K™] = 1, 2, 5, 10, and 20 mM but for fixed [Na™] =
100 mM, [Mg”] = 0.5 mM, and [Lys] = 2 mM concentra-
tions (59). Basically, these conditions reflect a [K"] concen-
tration range that allows multiple (>10) folding/unfolding
events for each RNA molecule to ensure sufficiently good

5 T
3.30 3.35 340 345 350 3.55

1000/T

statistics before photobleaching occurs. We compensate
for any reduction in total event number by observing a pro-
portionally larger number of single-molecule constructs,
and thereby ensure that any photobleaching contributions
to the rate constant measurements is small (<10%) with
respect to the reported uncertainties. We then use data
from this [K*] range to extrapolate the TMA enthalpy and
entropy of folding to directly compare BSU and TMA
behavior at 100 mM K* in Fig. 8. By way of a zeroth-order
model for potassium ions taken into or released from the
binding pocket in each folding/unfolding event, we expect
(e.g., the work of Record et al. (74)) the enthalpic/entropic

FIGURE 7 Energy landscapes for the BSU ribos-

0 —

%%.

TMA
20 mM K*

100 mM K*

2y
o
'
&
=}
—
N

N
o
'
o
o
©

%

o
S

&
{ = |
AS (cal/mol/K)

AH (kcal/mol)
AG (kcal/mol)

|57

IS

T
TMA _

20 mM K*

-120

i
BSU

witch at 100 mM K* and TMA riboswitch at
20 mM K. For both riboswitches, folding is (a) en-
thalpically favorable: AH* = —24(2) kcal/mol
TMA, —13(2) kcal/mol BSU; AH® = —42(1)
kcal/mol TMA, —32(2) kcal/mol BSU, () entropi-
cally costly throughout the entire reaction coordi-
nate: ASt = —110(10) cal/mol/K TMA, —77(8)
cal/mol/K BSU; AS° = —139(5) cal/mol/K TMA,
—111(8) cal/mol/K BSU, and results in (c) a large
transition state barrier (AG 14(2) kcal/mol
TMA, 10(2) kcal/mol BSU) to folding despite a

TMA
20 mM K*
80 °C

¥

>

L

100 mM K*
80°C

-150

O o

+

3338 Biophysical Journal 123, 3331-3345, October 1, 2024
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much more modest overall change in free energy
(AG® = 6.2(3) kcal/mol TMA, 2.5(2) kcal/mol
BSU). Error bars in parentheses represent standard
deviations of the mean obtained from analysis of 3
independent datasets.
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FIGURE 8 (a) Enthalpic and (b) entropic contributions to folding from
the O + Lys state to the TS (light colors, top traces) and the lysine
bound/closed C-Lys state (dark colors, bottom traces). Error bars in paren-
theses represent standard deviations of the mean obtained from analysis of 3
independent datasets. For comparison, the BSU data at [K*] = 100 mM are
represented by dark blue (AH°/AS°) and light blue triangles (AHY/ASY),
with the TMA data in red squares (AH°/AS°) and pink circles (AHY/ASY).
Fits to the low [K™] TMA data are linearly extrapolated and exhibit nearly
quantitative agreement with BSU data at 100 mM K™ (see Table 1 for full
comparison). Error bars in parentheses represent standard deviations of the
mean obtained from analysis of 3 independent datasets.

contributions to be linearly dependent on chemical potential
(ug+) and thus In[K™]. We therefore utilize linear extrapola-
tion in In[K™"] of the TMA enthalpy and entropy contribu-
tions to facilitate a more quantitative comparison with our
BSU folding studies at 100 mM K.

Fig. 8 summarizes all AH (Fig. 8 a) and AS (Fig. 8 b) data
plotted against In[K*] for [KT] = 1, 2, 5, 10, and 20 mM for
TMA (red) and [K'] = 100 mM BSU (blue) for the forward
U — TS (light color) and overall U — F (dark color) folding
kinetics. These [K™"] values again fall into a range where
folding and unfolding kinetics are experimentally feasible to
measure for TMA. As expected, the plots for TMA (Fig. 8
a) are in good agreement with a linear dependence of AH°
and AH* on In[K "], with similar semilogarithmic linearity
with respect to In[K "] indicated in the corresponding plots
(Fig. 8 b) for AS° and AS* Quite notably, the TMA extrapo-
lated results for both AH and AS are within reported uncer-
tainties for the corresponding BSU riboswitch AH and AS
values experimentally measured at 100 mM K (see Table 1).
This is unexpected but consistent with energetically similar in-
teractions between lysine and the two riboswitches as well as
similar conformational changes between open and closed
states. More surprisingly, however, AH and AS both increase
with increasing [K*] (1-20 mM) for TMA (Fig. 8, a and b),
which is notably different from the corresponding decrease
in AH and AS with [K™"] reported previously for the BSU ri-

TABLE 1 Enthalpy and entropy of folding in TMA and BSU
aptamers at 100 mM K*

AH? AH° AS! AS®
(kcal/mol)  (kcal/mol) (cal/mol/K) (cal/mol/K)
TMA —16(6) —3409) —88(26) —105(25)
(extrapolated)
BSU —14(2) —32(2) —77(8) —111(8)
(measured)

Temperature compensation in lysine riboswitches

boswitch (69). In attempting to rationalize these opposing
trends, it still seems quite likely that potassium plays a role
as bridge cation between the carboxylic acid group in lysine
and the negatively charged RNA, as indeed is evident in the
x-ray crystal structure of the TMA binding pocket. However,
one could also speculate that higher [K™] may displace waters
tightly bound to the phosphate backbone or even displace or
compete with lysine in the binding pocket. This could result
in changes to the RNA solvation shell and interruptions in
hydrogen bonds between the RNA, water, and lysine essential
to maintain riboswitch secondary and tertiary structure.

The AH and AS values in Fig. 8 can be used to construct
similar extrapolation plots of free energies for the transition
state (AG") and overall folding (AG®) at 80 and 40°C for
TMA and BSU, respectively. Transition state free energies
(AGi) (see Fig. 9 a) for TMA indicate only a modest [K*]-
dependent decrease over the same potassium range (1, 2, 5,
10, 20 mM, in light red), with the TMA extrapolation of AGH
to 100 mM K™ quite comparable with that of BSU (13(2)
and 10(2) kcal/mol, respectively). The AG® data (Fig. 9, a
and b, dark red) exhibit a significantly steeper dependence on
In[K "], although once again the extrapolated 100 mM K™
values for BSU and TMA (2.5(2) and 3.8(2) kcal/mol, respec-
tively) are quite comparable. This comparison implies a greater
potassium cation induced stability for overall folding of the
TMA riboswitch, although with clearly lower [K'] sensitivity
in the forward (folding) versus reverse (unfolding) rate con-
stants. The key result is that temperature- and [K " ]-extrapolated
AG* and AG® values for BSU and TMA riboswitches are
within ~1-2 kcal/mol of each other at their respective ambient
functional temperatures (40 vs. 80°C), i.e., much less than the
free energy of a typical hydrogen bonding interaction.

DISCUSSION

BSU and TMA exhibit similar folding mechanisms
and energetic contributions to folding

Lysine strongly influences both BSU and TMA folding rate
constants with virtually no effect on the unfolding rates,
consistent with lysine binding to the aptamer domain before
conformational changes to the riboswitch take place (i.e., IF
kinetics). From the temperature-dependent single-molecule
studies, van’t Hoff and Eyring analysis reveals that equilib-
rium (K.q) and folding rate constants (k¢q) decrease with
temperature while unfolding rate constants (ky,fo1q) increase
with temperature for both riboswitch constructs. The ther-
modynamic folding landscapes for both BSU and TMA ri-
boswitches are enthalpically favorable yet entropically
costly for each of the pathways from 1) open to transition
state (AH® ¥ < 0, AS® ¥ < 0), 2) transition state to closed
(AH' 7€ < 0, AS*”C < 0), and thus for 3) the overall
folding process itself (AH® < 0, AS° < 0). Furthermore,
the considerable majority of any entropic changes in the ri-
boswitch conformation take place before the transition state

Biophysical Journal 123, 3331-3345, October 1, 2024 3339



Marton Menendez and Nesbitt

a0 b
12
. 10 LI
g g T
=12 \ = ¥ 1ma \\}\
K \ £ sf{80°C N
o 8 o ™
2 40 °C 2 4 NS
4 % _’:l: 5 h_’% BSU &
- - | 40°C
0 0
1 10 100 1 10 100
[K*] (mM) [K'] (mM)

FIGURE 9 (a) Transition state (AGi) and (b) overall (AG®) free energy
changes for BSU (blue triangles) and TMA (red squares) calculated at envi-
ronmentally appropriate 40 and 80°C temperatures, respectively. Despite
significant differences in biological operating temperature, fits to low
[K™] TMA data linearly extrapolated to 100 mM K™ yield values in reason-
able agreement with the BSU results: AG* (10(2) vs. 13(2) keal/mol) and
AG® (2.5(2) vs. 3.8(2) kcal/mol). Error bars in parentheses represent stan-
dard deviations of the mean obtained from analysis of 3 independent data
sets.

(AS® ™ = —77(8)/-88(26) cal/mol/K vs. AS® = —111(8)/—
105(25) cal/mol/K), despite releasing only ~50% of the
bond enthalpy (AH°™H = —14(2)/-16(6) kcal/mol vs.
AH° = —-32(2)/-34(9) kcal/mol) for BSU/TMA,
respectively. The competition between these two thermody-
namic effects results in a large transition state barrier
(AG® ™ = 10(2)/13(2) keal/mol for BSU/TMA at 300 K)
yet only a slightly unfavorable overall free energy folding
(AG® = 2.5(2)/3.8(2) kcal/mol for BSU/TMA at 300 K).
Moreover, the In[K*] linearly extrapolated AH and AS ther-
modynamic values for TMA and BSU match at near physi-
ological [K"] = 100 mM concentrations. This suggests that,
once in the correct open state for which the crucially impor-
tant P2-P3 and P2-P4 tertiary interactions have been
achieved, further progress along the folding coordinate for
both riboswitches involves similar ligand binding between
lysine/potassium and the RNA aptamer, changes in the ri-
boswitch tertiary conformation (largely P1-P5), accompa-
nied by solvent reorganization. Finally, the quantitative
values for AH and —TAS are such that transition state and
overall free energies remain nearly balanced, all of
which permit the TMA and BSU riboswitches to remain
biocompetent in regulating gene expression over a signifi-
cantly broad (T = 40-80°C) range of environmental
temperatures.

Folding/unfolding rates for TMA and BSU agree at
environmental temperature conditions

In addition to deconstructing free energy contributions to
folding into enthalpic and entropic components, tempera-
ture-dependent analysis of the riboswitch kinetics similarly
permits a more quantitative comparison of folding/unfolding
rate constants for BSU at 40°C and TMA at 80°C. To obtain
such predictions, we first extrapolate the van’t Hoff/

Eyring fits in Fig. 6 to determine the K., kfo4,» and
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kunfora Values at their respective temperatures for the same
salt conditions. That is, we extrapolate to predict K.q, kfoia
and kyuroq for TMA at 80°C and [KT] = 1, 2, 5, 10, and
20 mM and for BSU at 40°C and [K'] = 100 mM (see
Fig. 10, extrapolated values are hollow). It is worth noting
that such a linear extrapolation in In[K™] assumes negligible
changes in heat capacity due to folding (ACp® and ACH =
0), where ACp° and ACp* are related to changes in solvent-
accessible surface area and thus reflect folding dependent
changes in system-solvent interactions. In nucleic acid duplex
formation, finite ACp° or ACp' values can result from changes
in polar/nonpolar group exposure to the solvent and even
detectable in some systems by curvature in the van’t Hoff/
Eyring plots (75). In BSU/TMA riboswitches, however, all
secondary and many of the important tertiary interactions
(P2-P3, P2-P4) already exist before lysine binding, and
folding is not thought to create any new secondary structure
formation. Riboswitch solvation shells should therefore not
be impacted by exposure and/or burial of polar/nonpolar re-
gions during ligand binding and folding, but rather water
and ion redistribution around existing RNA structures. Finally
and most of all empirically, the van’t Hoff data do not signal
significant deviations from linear fits, either in this (see
Fig. 10) or previous work (57,69), which we take as justifying
neglect of ACp° and ACp' in folding for the BSU and TMA
lysine riboswitches within experimental uncertainty.
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FIGURE 10 (a) van’t Hoff and (b) Eyring plots at 100 mM (BSU) and
1 mM K" (TMA) with temperature extrapolated to determine K.q and
Kfoldrunfora at 40°C (BSU) and 80°C (TMA). Solid data points are experi-
mentally determined; hollow data points represent extrapolations from a
linear fit. Error bars in parentheses represent standard deviations of the
mean obtained from analysis of 3 independent datasets.
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FIGURE 11 Extrapolated comparison of BSU and TMA Keq, Kfora/unfola

values to their respective physiological temperatures: 40°C (BSU) and
80°C (TMA). (a) BSU (hollow star) and TMA (*) equilibrium constants
and (b) BSU (hollow stars) and TMA (green x’s/pink +’s) folding/unfold-
ing rate constants, with shaded bands representing 2s (95%) uncertainties.
The results support that low-[K*] TMA values can be logarithmically
extrapolated to 100 mM K™ to reveal K.q and k¢o1a/unfola Values in reasonable
agreement with BSU values at 100 mM K*.

Based on this approximation, we can then also extrapolate
the 80°C K.q, kto1d, and kyngo1q values for TMA from Fig. 10 as
a logarithmic function of potassium concentration (1, 2, 5,
10, and 20 mM K™') to construct log-log plots of In(K.q)
and In(ko1dcunfold)) VS- log([K"]) shown in Fig. 11. This treat-
ment is closely coupled to the extrapolations performed in
Fig. 9, since Keq, kfolaqunfoldy are exponentially related to
AG®° and AG*, respectively. As expected (74), the equilibrium
and rate constant data for TMA at 80°C are again both well
described by a linear fit (see Fig. 11) and can be directly
compared with the corresponding BSU data at 40°C and
100 mM K7 in Table 2. Even more relevant to biochemical
function, typical transcription rates for RNA polymerase
(~20-60nt/s (76)) predict the overall ~50 nt expression plat-
form domain (40) to be transcribed on the few seconds time-
scale, i.e., comparable with or even longer than the subsecond
timescales predicted for achieving structural equilibration
(1/(K¢ora+Kunfora) ~ 0.3—1 8) of the riboswitch. The data there-
fore importantly predict that, under their respective environ-
mental temperature and salt conditions, TMA and BSU
riboswitches both can exhibit cotranscriptional lysine bind-
ing and conformational change on thermodynamically
(versus kinetically) controlled timescales.

Structural differences in TMA versus BSU
compensate for higher environmental
temperature

Despite the higher-temperature operating environment,
ligand binding and aptamer conformational change in the

TABLE 2 Folding/unfolding rates and equilibrium constants
for TMA and BSU aptamers at 100 mM K* and environmental
temperatures

kfr)ld (571) kunfr)ld (sil) Keq
TMA (80°C) 0.07(1) 1.1(2) 0.0038(5)
BSU (40°C) 0.07(2) 2.4(5) 0.021(4)

Temperature compensation in lysine riboswitches

TMA riboswitch still rely on exothermic bond formation
to promote the closed conformation. At first this seems sur-
prising, as exothermicity implies a decrease in riboswitch
folding stability at higher temperatures and thus potentially
limits gene regulation. It is worth noting that this is not al-
ways the case, as demonstrated in the yybP-ykoY manga-
nese riboswitch (77), for which the free energy to
spontaneous folding arises primarily from entropically
favorable disorder of the solvent rather than enthalpically
favorable bond formation between RNA and the ligand.
This allows the entropic advantage (-TAS <0) to compen-
sate for enthalpic penalty (AH > 0), thereby achieving ther-
modynamic stability that increases with elevated
temperature. For the present case of TMA and BSU lysine
riboswitches, however, it appears that the strategy for
high-temperature compensation is based on many small
changes to the RNA primary sequence and possibly tertiary
structure. Specifically, there is a notable increase in G-C
basepair percentage (76% in TMA vs. 44% in BSU) which
stabilizes the five helices comprising the riboswitch aptamer
domain and in particular supports critical long-range P2-P3
kissing loop and the P2-P4 interactions, thereby protecting
them from melting at the higher temperatures. These pre-
served tertiary interactions serve to prepare the riboswitch
for ligand binding and, consequently, folding.

Importantly, we note that it is common for an increase in
G-C basepair content to be combined with other high-tem-
perature adaptations, since relying too heavily on increasing
G-C basepairing can result in reduced structural diversity
and an increased probability of misfolding (78). Indeed, pre-
vious studies of hyperthermophilic versus mesophilic spe-
cies have revealed the importance of additional RNA
tertiary interactions such as extra hydrogen bonds, inter-
nal-loop interactions, cross-strand purine stacking, and a va-
riety of motifs that can tune the contact angle for important
tertiary structures or adjust RNA compactness or flexibility
(12,13). For example, temperature-gradient gel electropho-
resis studies of the Tetrahymena ribozyme have shown
that the most important mutations for high-temperature sur-
vival are those that increase tertiary interactions in the core
of the structure or stabilize interactions between the
different RNA domains but rarely increase GC content,
even in basepaired regions (79).

Indeed, x-ray crystallography structure studies of the
TMA lysine riboswitch reveal several tertiary interactions
that may have a role in preserving function at high temper-
atures. While many lysine riboswitches, including BSU
(55), use a kink-turn to achieve the correct orientation of
the P2 terminal loop, the TMA version uses an internal
loop motif to create the required 120° bend to form the
P2-P3 kissing loop (48,49), which is critical in stabilizing
the junction to correctly bind lysine. In addition, an unusual
stacking interaction between G42 and U93 (see Fig. | b,
blue circles) perpendicular to the P2 helical axis is thought
to confer a crucial piece of extra stability to the P2-P3
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element (48). The interaction between the P2 internal loop
and the P4 terminal loop (P2-P4) is also stabilized by subtle-
ties in tertiary structure; notably, the P4 U127 residue (see
Fig. 1 b, orange circle) is flipped outward to create a
GNRA tetraloop that interacts with the P2 minor groove,
anchored by a U23A125G67 triple (see Fig. 1 b, yellow cir-
cles). These and other such specialized tertiary interactions
(80-82) may confer additional stability to the TMA ribos-
witch structure and ensure biocompetency at higher temper-
atures (82—84) Clearly detailed crystallographic data on
other lysine riboswitches (e.g., BSU) and thermophilic/mes-
ophilic riboswitch families would be extremely useful
in helping identify which of these possible tertiary interac-
tion mechanisms are the most critical and/or universal in
protecting riboswitch functionality in high-temperature
environments.

As a parting comment, although we experimentally sort
the single-molecule trajectories into open or closed state ep-
isodes, it is important to note that low FRET observation
does not distinguish between 1) an open state with signifi-
cantly preformed secondary and/or tertiary structure and
2) an open state that cannot bind lysine and therefore close
successfully. In fact, some open states available to the ribos-
witch prevent folding entirely, as demonstrated in previous
studies that probed misfolding or blocking the formation
of tertiary structures (56). Therefore, increasing the G-C
basepair stability of an open (albeit “binding-competent”)
TMA riboswitch conformation could enhance lysine bind-
ing and thereby increase kgo1q and K4 compared with BSU
for similar temperatures and salt conditions, thereby pro-
moting TMA function at elevated temperatures. Such a
mechanism for ligand binding at different temperatures
could similarly impact the unfolding dynamics, with the
presence of greater G-C basepairing and stable, preexisting
structures triggering a decrease in kyufo1q for the lysine-
bound, closed state. From such a perspective, the strategy
of higher basepair count in the TMA riboswitch might be
better interpreted as not stabilizing ligand binding directly,
but rather enhancing the thermal stability of critical tertiary
structures such as the P2-P3 kissing loop and P2-P4 loop-
loop interactions. These structures can in turn support the
central junction (i.e., the lysine binding pocket) with the ul-
timate effect of promoting lysine binding and, consequently,
successful gene regulation. Most importantly, such a G-C
basepair adaptive strategy offers additional flexibility in
the entropic versus enthalpic thermodynamic landscapes
to achieve desired performance for a specific riboswitch
and highlights the importance of preexisting tertiary struc-
tures in riboswitch function.

Conclusions

TMA and BSU riboswitches have undergone adaptations in
primary sequence with largely conserved secondary and ter-
tiary structures that allow them to function under signifi-
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cantly different temperature environments. We have
studied these two lysine riboswitches with temperature-
dependent single-molecule FRET microscopy to explore ge-
netic adaptation between hyperthermophilic and mesophilic
conditions and find surprisingly similar ligand binding stra-
tegies. In probing the lysine-dependent kinetics, we find that
both TMA and BSU require lysine binding before the ribos-
witch switches conformation, i.e., an IF mechanism. In
addition, thermodynamic landscapes for both riboswitches
reveal that binding is an exclusively exothermic and entro-
pically costly process in which entropic/enthalpic compo-
nents compete to generate large transition state free
energy barriers to folding, despite modest changes in overall
free energy. Most importantly, the transition states in these
riboswitches are both characterized by only partial release
of the full bond formation exothermicity (AH* ~ 45%
AH?). In clear contrast, by the time these transition state bar-
riers are crossed, the constructs have already paid the major-
ity (AST ~70-80% AS®) of the entropic penalty required by
conformational changes in the lysine-bound RNA. This sug-
gests that only a few critical lysine-RNA contacts are neces-
sary to trigger folding in each of the TMA and BSU
riboswitches.

We also directly compare folding in these riboswitches
by extrapolating TMA and BSU results to near physiolog-
ical K* cation conditions to predict free energy contribu-
tions to folding for each riboswitch at their respective
biological temperatures. This analysis reveals the en-
thalpic advantages (AH < 0) and entropic penalties
(-TAS > 0) to be in near quantitative agreement with
each other at the same [K'], with free energies AG®s
and AG's for TMA (80°C) and for BSU (40°C) within
1-2 kcal/mol. Finally, under the same salt conditions
and at environmentally relevant temperatures, the TMA/
BSU folding and unfolding rates are also predicted to be
in good agreement. The study therefore reveals lysine-
binding for both mesophilic (BSU) and thermophilic
(TMA) riboswitches to be remarkably comparable and
suggests that G-C basepair modifications are used to
tune secondary and tertiary structure stability such that
folding and unfolding can still occur on timescales
commensurate with transcription. This provides at least
one example of genetic adaptation to the environment
that does not require major changes in ligand binding
strategy to accommodate a large range of thermal condi-
tions, but instead exploits multiple, smaller single basepair
(e.g., G-C versus A-T) and tertiary structure modifications
to allow the same riboswitch folding strategy to succeed in
multiple biological windows of operation.
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