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Abstract 

Deep sea biology is known to thrive at pressures up to ≈ 1 kbar, which motivates fundamental 

biophysical studies of biomolecules under such extreme environments. In this work, the 

conformational equilibrium of the lysine riboswitch has been systematically investigated by single 

molecule FRET (smFRET) microscopy at pressures up to 1500 bar. The lysine riboswitch 

preferentially unfolds with increasing pressure, which signals an increase in free volume (∆V0 > 

0) upon reverse folding of the biopolymer. Indeed, the effective lysine binding constant increases 

quasi-exponentially with pressure rise, which implies a significant weakening of the riboswitch-

ligand interaction in a high-pressure environment. The effects of monovalent/divalent cations and 

osmolytes on folding are also explored to acquire additional insights into cellular mechanisms for 

adapting to high pressures. For example, we find that although Mg2+ greatly stabilizes folding of 
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the lysine riboswitch (G0 < 0), there is negligible impact on changes in free volume (∆V0 

   and thus any pressure induced denaturation effects. Conversely, osmolytes (commonly at 

high concentrations in deep sea marine species) such as the trimethylamine N-oxide (TMAO) 

significantly reduce free volumes (∆V0   0) and thereby diminish pressure-induced denaturation. 

We speculate that, besides stabilizing RNA structure, enhanced levels of TMAO in cells might 

increase the dynamic range for competent riboswitch folding by suppressing the pressure-induced 

denaturation response. This in turn could offer biological advantage for vertical migration of deep-

sea species, with impacts on food searching in a resource limited environment. 

I. Introduction 

The effective free volume of a biomolecule can vary substantially upon folding, mainly 

due to changes in accessibility of hydrophilic regions and compactness of the resulting water 

configuration1-4. Consequently, the equilibrium between each conformation can be modulated by 

pressure, according to Gibbs free energy: ∆G0 = ∆U0 −T∆S0 + P∆V0.5,6 Although pressure is often 

a relatively benign variable in biology, pressure dependence of folding is extremely important to 

deep sea marine species, as a result of the rapid increase of hydraulic pressure with ocean depth ( 

1 bar every 10 meters). In fact, multiple organisms have been found thriving in the deep sea and 

some even at the bottom of the Mariana Trench7, where pressure at the deepest point is P  1.1 

kbar. It is thus of considerable interest to investigate not only the biophysical response of 

biomolecules to pressure fluctuations, but also the molecular strategies developed by deep sea 

organisms to accommodate extreme pressures and changes in pressure by vertical migration. As 
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an explicit focus of this work, we combine single molecule fluorescence microscopy tools in a 

high pressure apparatus to explore the folding dynamics of RNA riboswitches.

As a simple test construct for such studies, riboswitches are noncoding mRNA elements 

that can regulate their shape and gene expression in response to the specific presence of small 

molecular ligands.8-11 The aptamer domain of a riboswitch structurally changes to selectively 

capture a specific ligand molecule(s), with which the gene expression platform may toggle 

between “on” and “off” conformations and thus result in disparate regulatory outcomes. In order 

to optimize gene regulation, therefore, the folding equilibrium of a riboswitch must be delicately 

modulated by a multitude of external variables such as external pressure, temperature, and 

concentrations of monovalent/divalent cations and osmolytes. Although external pressure might 

seem only a relatively small perturbation, typical free volume changes associated with DNA 

hairpin formation with only 7-10 bp (say, V0  25 mL/mol) translate into free energy changes of 

  kcal/mol   kT at 1 kbar pressures common to deep ocean marine life12. To date, pressure-

dependent studies of nucleic acid folding have been largely limited to secondary structure 

formation,12-18 with studies of higher order (tertiary) interactions only for the DNA G-

quadruplex19-21 and RNA tetraloop-tetraloop receptor (TL-TLR).22 This leaves the highly diverse 

arena of RNA riboswitch tertiary structure motifs largely uninvestigated and ripe for further 

exploration as a function of external hydrostatic pressure. In the present work, we have chosen the 

lysine riboswitch23 (see Fig. 1) as a model system to study the pressure dependent effects on ligand 

binding and tertiary folding, both of which are among the most important conformational 

transitions in biologically functional RNA. 

To achieve these goals, we have recently converted our single molecule confocal FRET 

(smFRET) apparatus into a novel tool for biomolecular folding studies at high pressure (see Fig. 
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2)12,17,18,24. The present high pressure smFRET measurements are performed in a square (50 m x 

50 m) quartz capillary sample cell, which due to relatively small surface area of the inner capillary 

can sustain pressures up to 5 kbar without shattering12. Such a large dynamic range of pressures 

enables us to obtain precise measurement of free volume differences upon nucleic acid folding 

(∆V0), as well as changes in these free volumes (∆V0) in response to various cationic and 

osmolytic buffer conditions.  

The basic organization of this paper is as follows. Key aspects of the i) high pressure 

confocal experimental apparatus, ii) construct design and preparation, and iii) sample data analysis 

are presented in Sec. IIA-C, followed by a detailed pressure dependent studies under a variety of 

buffer conditions. Specifically, since both solvent and solute, in addition to the biomolecule itself, 

can contribute significantly to the folding thermodynamics,25-27 the pressure-dependent response 

of the lysine riboswitch has been systematically studied as a function of three classes of solutes: i) 

ligand (lysine), ii) monovalent (Na+) and divalent (Mg2+) cations, and iii) osmolyte 

(trimethylamine N-oxide, TMAO) concentrations, as presented in Sec III A-D. First of all, as the 

cognate ligand, lysine plays an obviously central role in lysine riboswitch folding, which from 

previous detailed kinetic analyses28 has been shown to be triggered by a single lysine in a “induced-

fit” mechanism, whereby the ligand first binds and then folds.28,29 Secondly, nucleic acids interact 

strongly with cations, due to its polyanionic nature of the RNA polymer. Thus, cationic solute 

species as Na+ and Mg2+ can not only result in compaction of a folded (or unfolded) nucleic acid 

structure, but also significantly alter the hydration shell through partial Debye shielding of the 

Coulomb interactions30,31. Thirdly, TMAO is an osmolyte commonly found in marine species32,33, 

with increasing accumulations in deep sea fish and amphipods.34,35 Moreover, TMAO has been 

shown to act as a chemical chaperone36 to stabilize protein37,38 and nucleic acids39,40 structures at 
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ambient pressures, and to preserve enzyme activity at high pressures41,42. These suggest TMAO to 

be a crucial “piezolyte” with which to counteract pressure induced denaturation effects. Indeed, in 

the present work, we find that an increase in TMAO results in a novel preferential stabilization of 

the folded riboswitch conformation at high pressure (V0 < 0), thereby counterbalancing the 

above-noted tendency for RNA to be destabilized with increasing pressure, as discussed further in 

Sec. IV. Finally, the paper presents summary results, possible directions for future investigation, 

and concluding remarks in Sec V. 

II. Experiment 

IIA. High Pressure Capillary Sample Cell and Pressure Control

These high pressure smFRET experiments are made possible by introduction of a high 

pressure glass capillary sample cell12,18,24 into a time correlated single photon counting confocal 

microscope (see Fig. 2).43 Specifically, for the sample cell we use square capillary tubing made 

from fused silica, with  360 µm and  50 µm outer and inner sidewall lengths, respectively 

(Polymicro, Phoenix, AZ). Due to the small surface area of the inner capillary, the cell can sustain 

repeated high internal pressure cycling up to 5 kbar without fracturing. Moreover, the wall 

thickness ( 155 m) and relatively flat interior and exterior surfaces of the square capillary mimic 

a standard cover slip and thereby optimize the excitation/collection photon efficiencies for 

fluorescence studies. 

To prepare a sample for high pressure smFRET study, one end of the capillary is first glued 

to a modified stainless-steel pressure plug (High Pressure Equipment, Erie, PA). A small section 

of the opaque hydrocarbon polymer coating of the capillary is then removed by low temperature 
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propane flame oxidation to create a clear optical window for fluorescence excitation and detection. 

We load the sample by capillary forces, simply immersing one end into the sample solution; once 

the capillary is filled, its free end (far from the pressure plug) is sealed by momentary heating with 

an oxy-propane torch. Prior to coupling the cell to the high pressure system, the open end of the 

capillary is dipped into low viscosity silicone oil to create a thin, immiscible liquid layer. This 

prevents any contamination of the sample from the pressure-transmitting ethanol and yet still 

conducts pressure effectively from the hydraulic press (vide infra) to the single molecule detection 

volume. More detailed description of sample cell preparation and alignment of the 

excitation/fluorescence microscope can be found in our previous work12. 

 The source of high pressure is a manually operated piston screw pump (High Pressure 

Equipment) which can generate and deliver pressures up to 5 kilobars. The pressure generator is 

connected to the sample cell and a Bourdon pressure gauge via high pressure stainless steel tubing 

with 1/4" O.D. and 1/16” I.D. (High Pressure Equipment, rated at 100,000 psi), with the entire 

manifold using ethanol as the pressure-transmitting fluid. Prior to high pressure experimentation, 

any residual air bubbles in the manifold are removed by repeatedly venting and flushing the high 

pressure valves. The end-point absence of any residual air bubble is unambiguously evidenced by 

dramatic increase in the pressurizing efficiency with manual displacement of the piston screw 

pump. 

IIB. RNA Lysine Riboswitch Construct and Sample Preparation 

The crystal structure of the B. subtilis lysC riboswitch aptamer is shown in Figure 1A23. 

According to previous structural characterizations of the ligand-bound and ligand-free lysC 

aptamer domain23,44,45, the lysine induced conformational change (Fig. 1B) mostly likely involves 
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a change in the relative orientation of the P1 and P5 helices in response to ligand binding at the 

five-way aptamer junction. Therefore, to optimize smFRET contrast in the construct design, the 

Cy3 and Cy5 dyes are attached at the distal ends of P1 and P5, respectively (Figure 1B).28  The 

three-strand lysine riboswitch smFRET construct is specifically illustrated in Fig. 1B, with detailed 

RNA oligomer designs and synthesis methods available from our previous lysine riboswitch 

studies under ambient pressure conditions.28 In anticipation of future smFRET studies, we have 

also incorporated an additional biotin modification at the extended P1 stem for tethering the RNA 

construct onto BSA-biotin/streptavidin modified surfaces, which will restrict free diffusion and 

enable much longer observation times for studies of single molecule kinetics. For maximum 

simplicity in these early high-pressure experiments, however, we have chosen to not tether the 

construct to the surface. This allows the RNA riboswitch construct to freely diffuse in the capillary 

cell through the laser beam focus, for which detection/sorting fluorescence photon “bursts” ( ~ 1 

ms duration) through dichroic filters onto avalanche photodiodes permit statistical probing of the 

instantaneous biomolecular conformations by smFRET. 

In preparation for smFRET sample solutions, the stock RNA solution is diluted in imaging 

buffer to ~ 50 pM, i.e., sufficiently low that each fluorescence burst results exclusively from only 

one doubly-labeled construct diffusing through the confocal volume. The imaging buffer contains 

i) 50 mM hemipotassium HEPEs buffer (pH 7.5), ii) Trolox/PCA/PCD oxygen scavenger cocktail 

to catalytically remove oxygen, iii) 25 mM KCl, 100 mM NaCl and 0.5 mM MgCl2 to provide 

background salt, and iv) sufficient lysine, TMAO, additional NaCl and MgCl2 to achieve the 

desired experimental conditions. 

IIC. Single-Molecule FRET Spectroscopy and Data Analysis 
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The high pressure smFRET experiment is based on a homebuilt inverted confocal 

microscope setup with details described in previous work (Figure 2)43. In short, a water immersion 

objective with 1.2 NA tightly focuses the collimated incident beam into a nearly diffraction limited 

spot (1/e2 radius = 310(30) nm). The resulting fluorescent photons are collected through the same 

objective, sorted into spatially distinct color/polarization channels with dichroic filters/polarization 

cubes before being detected by an array of four single-photon counting avalanche photodiodes. 

Since the double fluorophore labelling efficiency is < 100%, alternating laser excitation methods 

(ALEX) with interleaving green and red laser pulses are used to rigorously ensure that only bursts 

from doubly-labeled RNA constructs are included in the FRET energy transfer efficiency (EFRET) 

distributions.28,46 Sample fluorescence traces are exhibited in Fig. 3A and Fig. 3B, with the ALEX 

signal plotted downward (pink) to distinguish it from the upward FRET (green/red) emission 

channels. By way of example, the series of photon events flagged by arrows in Fig. 3B and 

numbered from 1 to 3 can be unambiguously sorted into fluorescent bursts corresponding to 1) 

doubly labeled, 2) Cy3 only and 3) Cy5 only RNA constructs, respectively.      

Integrated over the full burst diffusion time, the EFRET value (EFRET = IA/(IA + ID)) for each 

event from doubly-labeled DNA is computed and used to generate a EFRET histogram (Fig. 3C). 

The lysine riboswitch histogram clearly reveals two distinct populations with low EFRET (~ 0.3) 

and high EFRET (~ 0.7) states, which corresponds well with predictions for unfolded and folded 

conformations, respectively.28 Therefore, data are fit to a two-Gaussian distribution function with 

the center and width of the high EFRET peak floating globally (Fig. 3C).28,46 As a function of 

hydrostatic external pressure, the unfolded population clearly increases while the folded 

population decreases (see Fig. 3C). The relative abundance of the two states can be quantified by 

taking the ratio of the areas under the two fitted Gaussian functions to obtain the riboswitch 
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equilibrium constant for folding. Note that under saturating lysine/salt concentrations, the 

maximum fraction of free diffusing riboswitch constructs folded is only 71(8) % of the value 

obtained from direct single-molecule observation of an immobilized construct (see Fig. S1). This 

fraction is in good agreement with previous reported values of 67(3) % in earlier riboswitch studies 

restricted to a narrower range of [lysine] due to time resolution limits.28 As shown previously, such 

discrepancies between the diffusing and immobilized measurements occur because a small fraction 

(28(4) %) of the constructs are stuck in long lived misfolded states, with only 72(4) % actively 

undergoing conformational transitions.28 Thus, accurate extraction of single molecule equilibrium 

constants (Kfold) is obtained after correction for the inactive non-folding subpopulations,47,48 with 

these corrected values used in all further analyses.

III. Results and Analysis 

IIIA. Pressure-Induced Denaturation of the Lysine Riboswitch 

The systematic decrease in the folded (high EFRET state) construct population as a function 

of increasing pressure (Fig. 3C) clearly indicates that folding of the lysine riboswitch is 

energetically disfavored at high pressure. We can quantitatively express the pressure dependence 

of this folding equilibrium constant from5 

, Eq. 1(
∂𝑙𝑛𝐾𝑓𝑜𝑙𝑑

∂𝑃 )
𝑇

=  
―∆𝑉0

𝑅𝑇

where R is the gas constant and ∆V0 denotes the change in effective free volume upon folding: 

∆V0 = Vfold - Vunfold. The pressure induced denaturation we see experimentally signifies that ∆V0 

> 0, e.g. the effective free volume increases upon folding. Such a free volume change can be 

further quantified by a ln(Kfold) vs pressure “van’t Hoff” plot (Figure 3D), for which Eq. 1 predicts 
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a slope of -∆V0/RT. In Fig. 3D, the free volume change of lysine riboswitch folding at [lysine] = 

2 mM is extracted from a linear least squares fit to be ∆V0 = +75(3) mL/mol. 

The positive sign of this free volume change may seem at first counterintuitive. The folded 

RNA state is generally thought to be more compact in size, but such intuitions are only valid for 

the solute and ignore the complete solute + solvent system. The positive ∆V0 values therefore arise 

from changes not just in the biopolymer solute itself but in the effective volume of the surrounding 

solvent and solvent accessibility1-4. For example, unfolded RNA presents a less shielded 

polyanionic conformation to the solvent, which therefore becomes more hydrated due to larger 

solvent-exposed surface area. This could in general result in a more highly ordered hydration shell 

with smaller effective volume and therefore a V0 > 0 upon refolding10,49. Alternatively, folding 

with more tertiary/higher order contacts can create hydrophobic voids that exclude water 

molecules, which would also contribute to the folded state occupying an effectively larger volume 

with V0 > 0.2 We note that a similarly counterintuitive effects also occur in high pressure studies 

of protein folding, which routinely indicate pressure induced denaturation effects consistent with 

V0 > 0.4,5 One clear take home message from the anomalous sign of V0 for nucleic acid and 

proteins is that coupled solute + solvent dynamics must play an exceedingly important synergistic 

role and cannot be ignored. 

It is also worth noting that these ∆V0  75(3) mL/mol free volume changes in the lysine 

riboswitch are an order of magnitude larger than the ∆V0  5 to 9 mL/mol values obtained from 

bulk fluorescence studies of the RNA tetraloop-tetraloop receptor (TL-TLR) at high pressures over 

a series of buffer conditions.22 However, given that multiple tertiary structure formations are 

involved in lysine riboswitch folding, these differences become much easier to rationalize23. 

Indeed, the lysine riboswitch construct is a much more complex RNA folding motif than the simple 
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TL-TLR system, with a multi-helix junction connecting 5 mutually interacting stem-loops. 

Moreover, the lysine riboswitch also has a larger molecular size (~ 6 kDa) comparable to that of a 

small protein. Thus, the V0 values measured for the lysine riboswitch are in fact comparable with 

values measured for small proteins ( 50-150 mL/mol) over a similar range of molecule weights 

(10-20 kDa).37,41 

IIIB. Pressure-Dependent Effects on Ligand-Induced Folding of the Lysine Riboswitch 

Binding of the cognate ligand lysine to the 5-way junction promotes the folded state of the 

riboswitch and thus brings stem 1 and stem 5 in close proximity (Fig. 1B).28 The association of a 

lysine molecule has been previously identified to be crucial for conformational change of the lysine 

riboswitch through an “induced-fit” (i.e., bind-then-fold), mechanism,28 suggesting a well-defined 

ligand-bound folded conformation.29 We are therefore naturally interested in the role of ligand in 

promoting or decreasing the pressure stability of the well-established ligand-riboswitch interaction. 

The pressure dependence of lysine riboswitch folding has been studied as a function of [lysine] 

from 0.5 to 8 mM. Since lysine (side chain pKa = 10.5) is already positively charged in our buffer 

(pH ~ 7.5), this could in principle influence the riboswitch stability due to Debye shielding effects 

in the Na+ and Mg2+ cation studies reported below. To specifically isolate the ligand-aptamer 

interactions from the less ligand-specific effects due to the positive charge of lysine, the dynamic 

range of lysine concentrations explored has therefore been restricted to < 10 mM, i.e., more than 

an order of magnitude lower than typical [Na+] values (> 100 mM) previously shown necessary to 

promote nucleic acid stability.43,50 
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The pressure dependence of Kfold as a function of [lysine] is displayed as a logarithmic plot 

in Fig. 4A, with each set of data well fit to a linear function predicted by Eq. 1. By visual inspection, 

the slopes remain relatively unaffected, while the intercepts all vertically shift upwards with 

increasing [lysine]. Stated alternatively, the presence of lysine significantly stabilizes the folding 

of the lysine riboswitch, and yet with negligible effect on any change in the free volume (∆V0  

0). The results are more quantitatively summarized in Table I, where ∆V0 is plotted in Fig. 4B as 

a function of [lysine]. Fig. 4B demonstrates the remarkable insensitivity of ∆V0 to lysine 

concentrations (note the break in the vertical axis, visually magnifying any such lysine 

dependences by a factor of two). 

For ligand-induced riboswitch folding, the dissociation constant is a common measure of 

the ligand-RNA interaction strength,51 where Kd is equivalent to the lysine concentration at the 

point of 50% folding, i.e., where [folded]  [unfolded] and thus ln(Kfold) = 0. One should note that 

Kd represents an apparent dissociation constant, since the actual ligand binding and riboswitch 

folding event (which triggers the FRET change) could in principle be decoupled and separated in 

time.29 Conveniently restated, we can therefore empirically determine the corresponding 50% 

pressures (P50%) for which [lysine] equals Kd from the data in Fig. 4A, obtained from the 

intersection of each least squares fit with ln(Kfold) = 0. For example, the x-intercept for [lysine] = 

0.5 mM corresponds to P50% ≈ 221 bar (see Fig. 4A), which implies that at 221 bar applied pressure, 

the lysine riboswitch is 50% unfolded and thus Kd  0.5 mM. In this fashion, the results in Fig. 4A 

can be more usefully replotted as Kd vs applied pressure (see Fig. 5), where we have included the 

value (Kd = 0.31(10) mM) determined from concentration dependent folding at ambient pressure 

(see Figure S1). Interestingly, Fig 5 reveals that the dissociation constant Kd increases dramatically 

and indeed roughly exponentially as a function of increasing pressure. On the one hand, this result 
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follows immediately from the fact that the plots in Fig. 4A are linear and free energies scale as the 

logarithm of equilibrium constants. On the other hand, our simple restatement of the data in terms 

of the apparent lysine Kd suggests a subtler interpretation – that external pressure weakens the 

apparent binding/binding-induced folding of lysine to the riboswitch. Furthermore, this behavior 

predicts that weakening of the RNA-ligand interaction becomes exponentially more significant at 

higher pressure. For example, at the bottom of the Mariana Trench (≈ 1.1 kbar), Fig. 5 predicts 

that Kd will be increased by 3 orders of magnitude (≈ 300 mM), signaling much higher [lysine] 

required to achieve biochemically competent folding of the riboswitch. Due to such strong 

denaturation influences, one anticipates the need for deep sea organisms to develop adaptive 

mechanisms to counteract pressure in order to maintain correct biochemical function,32,33 a point 

to which we will return and discuss further in Sec IVC.

IIIC. Cation Effects on Pressure Dependent Folding of the Lysine Riboswitch 

 Nucleic acids are highly negatively charged polymers, with one phosphate group per 

nucleotide and which therefore interact strongly with solute cations. It has been well established 

that mono- and divalent cations are crucial to stabilizing the native structure of a nucleic acid 

riboswitch, with tertiary interactions in the riboswitch folding particularly sensitive to 

physiologically important multivalent cations such as Mg2+.30,31,52-55 We thus are naturally 

interested in both monovalent and divalent cation effects on the pressure dependent response of 

the lysine riboswitch. To explore the monovalent cation effects, the pressure dependence on 

riboswitch folding is first studied as a function of [Na+] at constant divalent ([Mg2+] = 0.5 mM) 

and ligand ([lysine] = 0.5 mM) concentrations (Fig. 6A). Interestingly, over the physiologically 

relevant scale of [Na+] from 100 to 500 mM, the effects are quite similar to that of lysine, i.e., with 
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the slopes in Fig. 6A predicting essentially negligible dependence of free volume change on Na+. 

Indeed, the slopes are indistinguishable within experimental uncertainty, which from the above 

lysine analysis indicates that i) V0 is independent of Na+ over physiological range and ii) the 

dependence of Kfold on pressure is insensitive to [Na+] from ambient up to 1 kbar. These ∆V0 

results are quantitatively summarized in Fig. 6B and Table II, with the data confirming that both 

the folding equilibrium constant and its pressure-dependent response remain relatively constant 

over the range of physiologically relevant [Na+]. 

We next turn to the effects of divalent Mg2+ on this pressure dependent riboswitch folding. 

Once again, the slopes (see Fig. 7) in each of the plots of ln(Kfold) vs P plots are equal within 

experimental uncertainty. This is equivalent to the statement that there is no Mg2+ dependence to 

free volume changes observed upon folding of the lysine riboswitch, as more quantitatively 

captured in the nearly horizontal data plot in Fig. 7B. This contrasts, however, with the monovalent 

Na+ results in that there are very significant effects on Kfold due to the presence of Mg2+ even at 

ambient pressure (Fig. 7A). Note that the range of [Mg2+] studied is nearly 3 orders of magnitudes 

lower than [Na+], again indicating much stronger Mg2+ stabilization effects on RNA tertiary 

structures and consistent with many previous studies.30,31,45,56 In the ln(Kfold) vs pressure plots in 

Fig. 7A, the least squares fits reveal ∆V0 to remain nearly constant (as echoed in Fig. 7B, Table 

II), while the significant upward vertical shifts in Fig. 7A indicate that Mg2+ strongly stabilizes the 

folded lysine riboswitch at all pressures. We note that the independence of ∆V0 on Na+ and Mg2+ 

demonstrated in Figs. 6A and 7A is quite different from previous studies, where ∆V0 for 

DNA/RNA folding was found to be sensitive to cations.22,57 For instance, ∆V0 for folding of the 

40A DNA hairpin is reduced from 11.5(35) mL/mol to 5.9(10) mL/mol with [Mg2+] increasing 

from 0.3 mM to 1.0 mM (∆∆V0 < 0),57 while the ∆V0 of TL-TLR formation increases from 5(3) 
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mL/mol to 9(2) mL/mol with [Mg2+] increasing from 0 mM to 1.0 mM (∆∆V0 > 0).22 Despite the 

fact that the pressure denaturation is repeatedly observed (i.e., ∆V0 > 0) for each nucleic acid 

structure, the differential cation response (∆∆V0) can change sign depending on the interactions 

involved in the folding. A simple framework with which to understand cation effects is by charge 

neutralization/association between the cations and nucleic acids, resulting in a weaker hydration 

structure.58 At first this would seem to predict a reduced ∆V0 at higher cation concentrations (∆∆V0 

< 0) as the hydrating water molecules become less ordered.10,49 However, just as for nucleic acid 

conformations, the solvent configuration is also highly dynamic during nucleic acid folding; 

therefore, the additional cations may preferentially interact with either the folded/unfolded state or 

only stay in the bulk/hydration shell during folding. As a result, the presence of cations could give 

rise to negative, zero or positive values of ∆∆V0 simply due to the redistribution of hydration at 

different stages of folding.22,57 Such cationic association along the riboswitch folding coordinate 

further motivates future pressure dependent analysis of the folding kinetics, which may provide 

additional physical insights with which to help interpret such cation response from a structural 

perspective.

Finally, the apparent lack of Na+ influence on pressure dependent folding of the full lysine 

riboswitch is noteworthy, since monovalent cations have been shown to promote formation of the 

isolated TL-TLR folding motif at the hundred millimolar level.31,59 However, multiple tertiary 

contacts in the Tetrahymena thermophila ribozyme have been shown to be unresponsive to Na+ up 

to [Na+] = 1.5 M in previous X-Ray footprinting studies,56 suggesting that Mg2+ can be crucial to 

certain tertiary folding motifs such as bending at internal loops.56,60 A similar metal ion dependence 

can also be observed in the hairpin ribozyme61 and its four-way junction62, where from EFRET 

differences it appears that monovalent Na+-induced compaction only partially folds the RNA in 
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the absence of divalent Mg2+. Indeed, even simpler tertiary folding motifs (such as the RNA kink-

turn) may adopt different conformations in the presence of Na+ vs. Mg2+.63,64 Furthermore, the 

importance of Mg2+ in the lysine riboswitch folding can be seen in the strongly [Mg2+]-dependent 

Kd for lysine binding.28,44,45 Moreover, most of the monovalent cation effects have been studied in 

the absence of multivalent cations.31 In our experiments, Na+ must compete with 0.5 mM Mg2+ to 

interact with the lysine riboswitch and thus the results could be dominated by the more prominent 

Mg2+ effects.65 

IIID. TMAO Effects on the Pressure Dependent Lysine Riboswitch Folding

We now return to the experimental dependence of the Kd ligand binding affinity on external 

pressure. Many marine organisms accumulate small organic molecules known as osmolytes inside 

cells to adjust cellular osmotic pressures against sea water.35,66 Much of these osmolytes are 

thought to have cytoprotective roles to stabilize biomolecular structures against environmental 

stressors such as temperature and pressure.67 Indeed, the TMAO contents of fish and amphipods 

have been recently found to correlate strongly with ocean depth, further corroborating the 

protective role of TMAO against hydraulic pressure34,35. As a final focus of this paper, we have 

explored the influence of TMAO osmolyte concentration on folding of the lysine riboswitch, with 

the hope of gaining additional molecular insight into the mechanism of TMAO stabilization on 

RNA tertiary folding of the lysine riboswitch and ligand binding under extreme pressures. 

The pressure dependent data for ln(Kfold) as a function of TMAO concentration are 

exhibited in Fig. 8A. We focus first on results at ambient pressure, P  1 bar, for which the spread 

in intercepts indicates a moderate TMAO free energy enhancement in folding of the lysine 

riboswitch over the range of physiologically relevant concentrations sampled (100 mM to 1200 
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mM). This modest TMAO dependent (3-4 fold) increase in Kfold is consistent with previously 

characterized stabilization effects of TMAO osmolyte on nucleic acid structures39,68,69. However, 

it contrasts with the results obtained previously for lysine, Na+ and Mg2+ cosolutes. This means 

that the free volume change for lysine riboswitch folding decreases significantly with TMAO 

osmolyte (see Fig. 8B and Table III), indeed by nearly 50% by 1.25 M. Stated alternatively, this 

means that the lysine riboswitch unfolds much less effectively (i.e. is more stable) at higher 

[TMAO], with a difference in excess of 3-4 log units in ln(Kfold) up at the highest pressures 

observed. 

The results in Fig. 8A, B highlight two ways in which TMAO provides a protective 

mechanism against changes in external pressure, which could be crucially important in maintaining 

accessibility of marine species to wider range of vertical depth profiles. Firstly, the compaction of 

curves in Fig. 8A near ambient pressures indicates that TMAO increases folded lysine riboswitch 

stabilities only relatively modestly ( 3-4 fold), which could be crucial to preserving biochemical 

function of the riboswitch.35,67 This differs specifically from the more dramatic dependence of 

riboswitch stability on Mg2+, which strongly favors riboswitch folding and thus completely 

switches the gene regulation on or off. Instead, TMAO at ambient pressures only shifts the 

equilibrium moderately toward the folded state. As a consequence, this allows the riboswitch to 

dynamically shift between two comparable free energy conformations and thereby still efficiently 

regulate gene expression. 

As an important secondary effect, however, the incorporation of TMAO into the cell 

systematically decreases the slopes in Fig 8A and thus creates an exponential sensitivity of Kfold 

on pressure. As a result, what are only modest riboswitch stabilization effects under low pressure 

ambient conditions grow exponentially stronger at higher pressure. More quantitatively, the slopes 
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and intercepts in Fig. 8A indicate that [TMAO] = 1250 mM achieves an equivalent lysine 

riboswitch folding stability at ~ 800 bar as obtained at ambient pressures in the complete absence 

of TMAO.  This may signal an elegant strategy behind controlled build-up of osmolytes such as 

TMAO in cells. Specifically, it promotes biomolecular folding under high pressures and yet also 

maintains the requisite “on-off” two-state riboswitch sensitivity to lysine over a wider range of 

ocean depth profiles and external pressures. 

IV. Discussion 

IVA. Pressure Denaturation of Lysine Riboswitch Folding 

The pressure dependence of our biomolecular folding is dominated by the positive free 

volume difference between the folded and unfolded conformations (∆V0 = V0
fold – V0

unfold  + 74 

mL/mol), which according to Le Chatelier’s principle, predicts pressure-induced denaturation.5 

The physical reason why ∆V0 > 0 for the lysine riboswitch is not immediately obvious, since folded 

conformations of biopolymers are generally considered to be more compact. However, one must 

remember that measured ∆V0 values represent changes for the entire solute + solvent system, for 

which the solvent can contribute significantly to the overall ∆V0.1-4 For instance, solvent voids can 

be generated due to formation of hydrophobic contacts upon folding, which can decrease the 

solvent accessible volume and result in a net outward displacement of the solvent (∆V0 > 0).2 

Alternatively, the unfolded RNA conformation can expose the polyanionic backbone to more 

solvent (water) and thus can form a more compact hydration shell.10,49 Since a more highly ordered 

hydration structure for the unfolded conformation takes up less volume,10,49 this could translate 

into an increase in free volume (∆V0 > 0) as the riboswitch folds and partially disrupts these water 

contacts. The potential for competition between solute vs solvent volume changes makes 
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unambiguous deconstruction of the contributions to V0 challenging. However, it is the case that 

pressure-induced denaturation effects (which require V0 > 0) have been noted in ensemble studies 

of many other protein and nucleic acid systems.4,70    

Pressure-induced denaturation of the lysine riboswitch is clearly indicated in each of the 

ln(Kfold) vs. pressure plots in Fig. 4-8, where negative slopes correspond to ∆V0 > 0 (Eq. 1). 

Interestingly, an increase in [lysine] stabilizes the folded conformation predominantly by parallel 

translation of the curves with negligible changes in the slope, consistent with ∆V0  0 (Fig. 4). 

What makes this particularly interesting is that it had been previously shown that the lysine 

riboswitch folding follows an “induced-fit” (bind-then-fold) mechanism and therefore its folded 

state is well characterized as ligand-bound28,29. This would imply that any [lysine] changes must 

therefore correlate with ligand binding to the unfolded conformation. As a result, the fact that 

∆V0 with respect to lysine is experimentally small could reflect that the unfolded conformation 

is dominated by one of the two ligand-bound or ligand-free association states. This looks not to be 

the case, however, as a dissociation constant KD = 1.7(5) mM for the unfolded conformation has 

been determined from previous single molecule kinetic studies.28 which predicts both ligand-

bound and ligand-free states to be significantly present at [lysine]  0.5-8 mM. Thus, the measured 

independence of ∆V0 on [lysine] indicates the volumes of the ligand-bound and ligand-free 

unfolded states to be experimentally indistinguishable. It is also worth noting that the uncertainties 

in ∆V0 are < 5 mL/mol, i.e., less than 1/3 the volume of a single water molecule. 

From the pressure dependent folding data in Fig 4, we obtain the apparent dissociation 

constant Kd for lysine and the corresponding 50% folding pressures (P50%) with which to 

characterize the pressure dependent riboswitch-ligand interaction. Since ∆V0 is approximately 

independent of [lysine], Kd increases nearly exponentially with P (Fig. 5), clearly demonstrating 
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that external pressure impedes cognate ligand-induced folding of the lysine riboswitch. This 

pressure-dependent binding constant for lysine decreases rapidly, with Kd predicted at the bottom 

of the Mariana Trench to be 3 orders of magnitude larger (Kd  300(60) mM) than at ambient 

pressures (Kd  0.31(10) mM). These results demonstrate that high pressure significantly disrupts 

the riboswitch-ligand interaction, which in deep sea species must therefore be compensated by 

some other protective mechanism (e.g., osmotic enhancement) in order to maintain cellular 

function. Finally, we note that these smFRET burst fluorescence studies only report on the 

apparent dissociation constant Kd through observation of overall riboswitch folding. More 

specifically, we cannot rule out whether the increase in Kd occurs by a i) pressure-dependent 

decrease in ligand affinity or ii) pressure-dependent efficiency of the resulting ligand-promoted 

conformational change, although such questions should be addressed by single molecule kinetic 

studies on tethered constructs. 

IVB. Cationic effects on the Lysine Riboswitch   

The equilibrium for lysine riboswitch folding exhibits only a quite modest dependence on 

[Na+] under both ambient and high-pressure conditions. Not only is the free volume change ∆V0 

effectively independent of [Na+], but the riboswitch folding equilibrium constant (Kfold) is largely 

constant over the entire physiologically relevant range ([Na+]  100-250 mM). Since charge 

neutralization and Debye shielding is an essential prerequisite for RNA forming compact 

structures53,71, this is a bit surprising. Indeed, although monovalent cations are found to be less 

effective than divalent cations in stabilizing RNA tertiary structure, they are often still able to 

promote RNA folding at sufficiently high concentrations.31,47,71 However, as discussed in Sec. IIIC, 
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not all tertiary contacts in a full ribozyme can be effectively promoted by monovalent cations 

alone,56,61-63 suggesting Mg2+ to be essential for RNA structure formation.60 Moreover, these Na+ 

dependent studies have been explored in the presence of [Mg2+] = 0.5 mM in order to effectively 

promote the lysine binding.28,44 It is unclear how Mg2+ competes with Na+ to neutralize/solvate the 

RNA; thus the overall monovalent cation effects may still be dominated by Mg2+, which is known 

to interact strongly with RNA.65    

By way of contrast, Mg2+ is known to strongly promote RNA structure formation and has 

been shown in previous studies to be essential for lysine riboswitch folding,23,28,44 primarily in 

promoting tertiary contacts and pre-organizing the ligand binding site.45 It is thus not surprising 

that Mg2+ strongly stabilizes the folded lysine riboswitch, as evidenced by strong upward 

displacement of the semilogarithmic plots in Fig. 7A. Instead, it is the parallel nature of these 

curves as a function of Mg2+ (which implies an Mg2+-independent change in ∆V0) that becomes 

most noteworthy. Interestingly, although only a limited nucleic acid systems have been studied as 

a function of external pressure, ∆V0 values for nucleic acid folding have been found to be small 

and [Mg2+] sensitive.22,57 For example, ∆V0 for secondary structure formation in a DNA 40A 

hairpin is reduced from 11.5(35) mL/mol to 5.9(10) mL/mol between [Mg2+] = 0.3 mM - 1.0 mM,57 

while ∆V0 for folding of the tetraloop-receptor tertiary interaction motif is increased from 5(3) 

mL/mol - 9(2) mL/mol between [Mg2+]  = 0.0 - 1.0 mM.22 As described in Sec. IIIC, such sign 

reversals in ∆∆V0 may result from preferential interaction of Mg2+ with folded vs. unfolded RNA 

conformations. This again provides additional motivation for high pressure kinetic studies at the 

single molecule level, which would permit further thermodynamic deconstruction of these 

equilibrium constants into forward (folding) and reverse (unfolding) rate constants over a 

transition state barrier.
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Despite an RNA construct-dependent sign of ∆V0 with respect to divalent cation 

concentration, the data in Fig. 7A make clear that Mg2+ strongly stabilizes lysine riboswitch folding. 

In principle, this additional stabilization could also be used to protect lysine riboswitches from 

pressure-induced denaturation under deep sea conditions. However, the riboswitch gene regulatory 

mechanism relies on efficient, high dynamic range “switching” between on- and off-states of 

comparable free energy, triggered by presence or absence of the cognate ligand.9 Therefore, 

overzealous stabilization of one of the two conformations by Mg2+ would shift this equilibrium 

and therefore be less desirable for robust riboswitch competency. This could represent yet another 

reason why marine species do not accumulate divalent salts to modulate their cellular osmotic 

pressure, as these species could significantly perturb riboswitch equilibria and therefore 

biomolecular function.35,67 

IVC. Osmolytic Protection against Pressure Denaturation 

As described in Sec. III and above, common monovalent (Na+) and divalent (Mg2+) cations 

exert a negligible influence on free volume changes (V0  0) due to lysine riboswitch folding. 

As a result, modulation of cation concentrations should have little impact on riboswitch folding 

equilibria as a function of external pressure. Instead, marine species have evolved to accumulate 

small highly polar organic molecules (“osmolytes”) to help achieve the correct osmotic balance 

between cellular and external environments.32 Unlike inorganic cations, these osmolytes do not 

significantly alter biomolecular folding equilibria and may also protect the cell from multiple 

environmental stressors such as temperature and pressure.67 Trimethyl amine oxide (TMAO) is 

one of the most common of these osmolytes, empirically known to be crucial for survival of 
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organisms at extreme deep sea pressures.34 Indeed, TMAO concentrations in fish and amphipods 

increasing quasi linearly with ocean depth up to as high as [TMAO]  0.5 M.34,35 TMAO has 

explicitly been shown to protect proteins and DNA helices from pressure-induced 

denaturation,57,72 while effects on the stability of RNA tertiary folding under pressure have 

remained largely unexplored. Although the precise biological mechanism for protection against 

high external hydrostatic pressure in deep sea bacteria is still unclear, our current study of TMAO 

pressure-induced denaturation of the lysine riboswitch highlights some useful principles for 

identifying potential “piezolytes,” which can hope to counteract external pressure effects by not 

only stabilizing biomolecular folding of the riboswitch but also reducing pressure sensitivity to 

riboswitch folding formation by control of V0.

From pressure dependent plots of ln(Kfold) vs. [TMAO] (see Fig. 8A), the folded lysine 

riboswitch is stabilized (i.e., Kfold increases with TMAO]) all the way down to ambient pressure 

(1 bar). There are three closely related predictions and corollaries from Fig. 8A that bear 

emphasizing, all arising from the simple observation in Fig. 8B of a negative V0. 1) First and 

foremost is that the pressure dependence becomes weaker (i.e., the slopes become shallower) with 

increasing [TMAO]. 2) The corollary is that increasing [TMAO] does not shift folding equilibria 

as dramatically at low vs. high pressure conditions. As a result, the concentration/pressure “phase 

space” over which ln(Kfold)  0 and thus riboswitch functionality is maximized, which can be 

argued is an essential characteristic of a good osmolyte. 3) The third implication is that the ln(Kfold) 

plots naturally fan out with increasing P, and thus by control of TMAO levels, permit access to an 

exponentially larger dynamic range for osmolytic stabilization of the riboswitch under elevated 

pressure conditions. The combination of these three predictions, all fundamentally arising from 
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V0 < 0, therefore extends the biochemically functional range of the lysine riboswitch for gene 

regulation over a greater dynamic range of pressures. 

We attempt to capture this point in Fig. 9, based on the pressure range over which the lysine 

riboswitch properly functions. We can roughly estimate this range as P = Pmax-Pmin whereby Kfold 

changes by some small factor , which based on elementary thermodynamics of reversible work 

(P  G0V0), translates into P  2RTln()/V0. Next, we least squares fit the [TMAO] 

dependence of (V0) in Fig. 8B to a simple linear function V0(0) + m[osmolyte] (V0(0) = 

70.6(13) mL/mol, slope m = -0.0228(18) mL/mol/mM). The explicit influence of TMAO on 

pressure dependent folding can therefore be plotted as P for finite [TMAO] normalized to P(0) 

at [TMAO] = 0, which from Fig. 9 can be seen to increase nearly 70% over [TMAO] = 0.00 M -

1.25 M. Finally, it is worth noting that this normalization process yields results conveniently 

independent of the arbitrary choice of . The results, however, do indicate the correct sensitivity 

to the experimentally fitted slopes, which predict an enhanced pressure range (P/P(0) > 1) for 

negative values of m. The sensitivity of the pressure range to the osmolyte effects (m) is also 

illustrated in Fig 9 with dark red and pink curves corresponding to + 50% and – 50% m value of 

TMAO.   

Since the environmental factors such as temperature, salinity and dissolved oxygen remain 

largely constant under deep sea conditions,73 pressure represents the major limitation for deep sea 

organisms to migrate and survive at different depths. The data allow us to put this simple model 

on a more rigorous mathematical footing. For example, we can determine from Fig. 8A the 50% 

pressure (P50%) at each [TMAO] for an experimentally convenient value of the apparent 

dissociation constant (e.g., at Kfold  1, for which Kd  [lysine]  0.5 mM). We can then use G0(P) 
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= G0(P=0) + PV0 = -RTln(Kfold)   to plot in Fig. 10 a constant Kd (“iso-Kd”) curve of 

accessible deep sea ocean pressures (P  G0(P = 0)/ V0), which reveals a dramatic exponential 

increase in the accessible pressure range with increasing [TMAO]. Specifically, Fig. 10 makes 

clear that a constant riboswitch-ligand affinity (Kd = 0.5 mM) can be maintained over a 900 bar 

pressure increase ( 9000 m vertical migration) by control of TMAO cellular concentrations 

between 0-1.25 M, with the TMAO stabilization effects becoming exponentially more significant 

at higher pressures.  As a result, the sensitivity to the negative slope (m) is quite high, with the 

results for m and ± 50% of m indicated as dashed lines in Fig. 10.

It is worth noting that the maximum [TMAO] values in this study are close to the theoretical 

upper bound of osmolyte concentration (~1.2 M, sea water) for marine species which tend to 

achieve either isosmotic or hypoosmotic conditions. Thus, the actual [TMAO] must in fact be 

lower due to additional salts, metabolites and other osmolytes required for cellular function. Our 

results therefore support the previous hypothesis34 that fish may be constrained from inhabiting 

the deepest part of the sea below ~8500 m due to these limits on TMAO (~ 0.5 M). However, 

despite this crucial role in promoting biomolecule stability, the fact that fish are found at ~7000 m 

with only 0.5 M TMAO indicates [TMAO] can not be the sole factor for deep sea species to survive 

high pressures. Indeed, genetic adaptation for deep sea organisms can facilitate utilization of more 

pressure resistant protein and nucleic acid structures40 as well as synergies between TMAO and 

other osmolytes/cosolutes to increase biomolecular stability. One important example would be that 

of “macromolecular crowding,” which can not only stabilize biomolecule structures but also 

increase the effective concentration/activity of TMAO by taking up intracellular space.11   

As a final comment, we can attempt a linear deconstruction of these free volume changes 

(∆V0) into solvent voids (∆V0
void) plus solvent hydration effects (∆V0

hydration).1,3,18 The relatively 
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constant values of EFRET values that we observe as a function of [TMAO] supports that TMAO 

does not significantly change the lysine riboswitch conformation nor the overall compactness of 

the folded state. This in turn suggests that ∆V0
void  constant, from which the linear dependence of 

ln(Kfold) on [TMAO] in Fig. 8B could be entirely ascribed to hydration contributions (∆V0
hydration) 

linearly proportional to [TMAO]. Indeed, TMAO has been found in previous studies to be 

excluded from the surfaces of proteins and RNA tertiary folding motifs74-76 and also to greatly 

enhance the water structure77, thereby reducing the effective volume of the bulk water.10,49 It is 

likely that since TMAO tend to orient the water molecules in the bulk, it reduces the effective 

volume difference between water molecules in the solvation shell of RNA and in the bulk, and 

consequently mitigate the pressure effects by reducing ∆V0
hydration. The linear decrease of ∆V0 (Fig. 

8B) which expands a wide range of [TMAO] can be simply explained by the fact that TMAO 

primarily affects the bulk water instead of the hydration shell surrounding the RNA.76 Indeed, it 

has been found in previous molecular dynamics simulations that one hydrated TMAO is in close 

contact with 25 water molecules,77 suggesting the bulk water (55.5 M) could be sufficiently 

ordered by the saturation [TMAO] at ~ 2.2 M. The dynamic range explored in this study for 

[TMAO] is still far from this saturation limit and thus might expect a linear decrease in ∆V0 with 

increasing [TMAO]. It is also worth noting that since TMAO tends to remain strongly hydrated in 

the bulk water and interact only indirectly with RNA/protein,74-76 the sign of these TMAO effects 

(∆∆V0 < 0) is likely to be more universal and system-independent, making it an ideal piezolyte 

with which to protect biomolecular structures from pressure-induced denaturation.  

V. Summary and Conclusion   
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The pressure dependence of lysine riboswitch folding has been investigated at the single 

molecule level with smFRET spectroscopy and up to P  1500 bar pressures. The lysine riboswitch 

unfolds readily at increasing pressure, with a change in free volume determined from linear 

pressure van’t Hoff plots to be ∆V0 = Vfold -Vunfold  75(3) mL/mol. These data can be replotted as 

an apparent lysine riboswitch dissociation constant Kd as a function of P, which reveals the 

riboswitch-ligand interaction to be weakened quasi-exponentially with increasing pressure. While 

monovalent Na+ effects on the free volume change are found to be negligible, the presence of 

divalent Mg2+ greatly stabilizes the folded lysine riboswitch at all pressures, with only negligible 

changes in ∆V0 for both Mg2+ and Na+ cations. By way of contrast, TMAO, a known piezolyte, is 

found to increase pressure stability of the riboswitch by simultaneously promoting folding 

(increase in Kfold) and reducing the folding-induced change in free volume (∆V0 < 0). We argue 

that the latter influence of TMAO on free volume can play a crucial role in migration of deep sea 

species to different ocean depth layers of water in search of sparse resources. Moreover, we 

introduce an empirical deconstruction of the overall free volume change (V0) into solvent void 

formation (V0
void) and changes in the hydration layer (V0

hydration) upon folding. The insensitivity 

of observed EFRET values suggests that TMAO does not significantly alter the folded riboswitch 

conformation and thus that ∆V0
void remains approximately constant over a variety of osmolyte 

conditions. If this is true, our deconstruction would identify the sign of ∆V0 > 0 to be due to 

changes in hydration effects. Furthermore, since TMAO is known to be excluded from 

biomolecular surfaces and to enhance the formation of ordered water, this would be consistent 

with a linear reduction in ∆V0 by TMAO over a wide range of concentration due to greater ordering 

of the bulk water structure and thereby lesser importance of RNA hydration effects.   
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Figure Captions:

Figure 1. Single molecule FRET construct design for studying ligand-induced lysine riboswitch 

folding. (A) Crystal structure of the lysine riboswitch. (PDB: 4ERJ) (B) Schematic representation 

of lysine riboswitch folding and the energy transfer between Cy3 and Cy5 in each conformation.  

Figure 2. High pressure smFRET diffusing experiment setup.

Figure 3. Sample data and analysis. (A) Representative time-resolved fluorescence trajectories. 

The green and red signals plotted upward correspond to Cy3 and Cy5 fluorescence channels, 

respectively. The pink traces from 633 nm alternating laser excitation (ALEX) is plotted 

downward for direct comparison to conform the presence (or absence) of the Cy5 labeling. (B) 

Detailed fluorescent traces displaying individual fluorescent events: (1) folded doubly labeled, (2) 

Cy3-only and (3) Cy5-only labeled construct. (C) Sample EFRET histogram of the lysine riboswitch 

folding with [lysine] = 2.0 mM at increasing pressure. Each set of data is fit to a two-Gaussian 

function where the high and low EFRET populations correspond to folded and unfolded 

conformations of the lysine riboswitch respectively. (D) The ln(Kfold) vs P plot where the slope 

yields the free volume change during folding V0.

Figure 4. Pressure dependence of folding at series of ligand (lysine) concentrations. (A) ln(Kfold) 

vs P plot where the parallel lines indicate constant V0. (B) The insensitivity of folding V0 to 

lysine concentration where the error bars are visually magnified by two with the vertical break. 
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Figure 5. Pressure effects on apparent Kd of lysine binding. Kd increases exponentially with 

pressures, suggesting riboswitch-ligand interactions are efficiently weakened at high pressures.

Figure 6. Pressure dependence of folding at series of Na+ concentrations. (A) ln(Kfold) vs P plot 

where folding shows negligible dependence on [Na+]. (B) [Na+] (in)dependence of V0. 

Figure 7. Pressure dependence of folding at series of Mg2+ concentrations. (A) ln(Kfold) vs P plot 

where Mg2+ greatly promotes folding, while leaving the slopes (V0) mostly unchanged. (B) [Mg2+] 

(in)dependence of V0. 

Figure 8. Pressure dependence of folding at series of TMAO concentrations. (A) ln(Kfold) vs P 

plot where TMAO promotes folding and effectively reduces the slope (V0). (B) [TMAO] 

dependence of V0. V0 decrease linearly with [TMAO] concentration. 

Figure 9. Accessible pressure range for the lysine riboswitch as a function of [TMAO], normalized 

to the corresponding pressure range at [TMAO] = 0. The grey solid line corresponds the pressure 

range without osmolyte effects. The red solid line represents predictions from the fit of the [TMAO] 

dependence of V0 with m = -0.0228(18) mL/mol/mM. The dashed lines indicate effects due to 

the uncertainty in m on the pressure range as a function of [osmolyte]: 50% larger (dark red) and 

50% smaller (pink) m values. 

Figure 10. Iso-Kd curve as a function of both pressure (depth in the ocean) and [TMAO] where 

Kd = 0.5 mM. Kd is maintained by [TMAO] = 1250 mM with ocean depth) > 9 km. Data fit to 

a negative exponential growth function (red), indicating the TMAO effects are even stronger at 
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high concentrations. The dashed lines indicate the effects of changes in slope magnitude on the 

iso-Kd curve: + 50% (dark red) and − 50% (pink). 
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Fig 7
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Fig. 8
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Fig. 9 
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Fig. 10
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Table I

[lysine] (mM) 0.5 1.0 2.0 4.0 8.0

ΔV0 
(mL/mol) 71(4) 73(3) 75(3) 74(3) 76(3)

 

Table II

[Na+] (mM) 125 250 500

ΔV0 (mL/mol) 71(4) 72(5) 76(6)

[Mg2+] (mM) 0.5 1.0 1.5

ΔV0 (mL/mol) 71(4) 69(6) 72(6)

Table III

[TMAO] 
(mM) 0 250 500 750 1000 1250

ΔV0 
(mL/mol) 71(4) 63(4) 59(4) 54(4) 50(3) 40(2)
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