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ABSTRACT

A predictive understanding of conformational folding of nucleic acids depends crucially on the
underlying competition between enthalpic and entropic contributions to overall free energy
changes. In extreme environments (e.g. deep ocean vents), such free energy changes are in turn
impacted by both pressure and temperature as strongly coupled intensive variables,
emphasizing the importance of a detailed molecular level understanding of the underlying
thermodynamics. In this work, single-molecule fluorescence energy resonance transfer
(smFRET) microscopy methods are implemented for quantitative study of secondary structure
(i.e., DNA hybridization) and tertiary structure (i.e., RNA Mn?* riboswitch folding) equilibria
as a function of both pressure (P = 1 to 1000 bar) and temperature (T = 21 to 27 °C).
Temperature dependent studies at a series of fixed pressures reveal the single molecule DNA
and RNA constructs to be stabilized and destabilized, respectively, with increasing T.
Interestingly, results for the Mn?* riboswitch indicate a positive entropy change (AS > 0) for
achieving the native tertiary conformation at all external pressures. This is contrary to more

common physical expectations of increased order and thus an entropically penalty for tertiary
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folding of the RNA. On the other hand, pressure dependent scans for a series of constant
temperature conditions confirm that both the DNA hairpin and RNA riboswitch constructs
destabilize (“melt”) under increasing pressure, which by van’t Hoff analysis implies a positive
volume change (AV? > 0) for both secondary and tertiary folding into the native state.
Furthermore, slices through these two-dimensional free energy surfaces permit parameters for
isobaric thermal expansion in both secondary and tertiary conformational folding coordinates
to be extracted. Finally, experimental control of both (P, T) allows determination of the folding
free energies as a two-dimensional function of pressure and temperature (AG(P, T)). To the
best of our knowledge, this facilitates a novel experimental confirmation of the underlying
Maxwell relation (0AS/OP)r =-(0AV/0T)p for the exact free energy differential dG(P, V, S, T)

at the single molecule level.

I. INTRODUCTION

Biological function in the cell is exquisitely impacted by 3D conformation of biomolecular
structures,! which in turn can be modulated by an array of external thermodynamic variables?
such as pressure and temperature in the intracellular environment. To understand how
organisms manage and adapt to external pressure/temperature fluctuations, detailed
characterization of the structural response of a biomolecule to such thermodynamic forces
becomes crucially important.3-3 Indeed, the quest for understanding these thermodynamic and
kinetic impacts on biomolecular structure is further intensified by interest in the origin of life
under extremophilic conditions, for example in deep-sea or potentially even extraterrestrial

environments.%’

Temperature is arguably the most commonly studied intensive thermodynamic

variable, as it profoundly impacts biological function of organisms though diurnal and annual
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thermal fluctuations in cellular surroundings. With notable exceptions,® most complex
biomolecules (e.g. , proteins, enzymes, DNA, RNA nucleic acids) lose their native structure at
elevated temperatures, i.e., denaturing with sufficient heating.® Such behavior is of course
thermodynamically consistent with the simple physical picture that the unfolded biomolecular
conformations are less ordered (AS? > 0), and therefore entropically favored toward unfolding
with increasing temperature.'® Though far less well studied, the effects of pressure can be
equally profound for biological structures, particularly for marine organisms where ambient
pressures increase by 1 atm every 10 meters of depth and reach well into the kilobar range (1
kbar =~ 1000 atm) in the deepest regions of the ocean.!! As many species of marine life have
evolved to survive at great ocean depths (e.g., in hot hydrothermal vents),!?-13 it is clearly of
fundamental relevance to understand the coupling of temperature and pressure dependent

effects on the structure and thermodynamic stability of biomolecules.!

Of particular interest, many complex biomolecules such as proteins and nucleic acids
have been found to unfold (“melt”) under increasing pressure.!3-1® The physical reasons behind
such pressure induced unfolding (“denaturation”) phenomena are not well understood and still
remain a controversial topic.® Partially fueling this controversy is that such a result, at least
initially, seems counterintuitive. Simple thermodynamic reversible work (PAV) considerations
predict pressure to favor the “maximally compact” conformations (AV < 0) lowest free energy,
which for nucleic acids might have been anticipated to be the form with greater secondary
and/or tertiary structure. Although such a pressure induced melting phenomenon remains
incompletely understood, one plausible explanation has been that the folded nucleic acid
structure forms solvent-excluded “voids” and/or changes the hydration shell structure of the
solvent, such that the fotal system volume (i.e., solute + solvent) is larger in the folded vs.
unfolded state.!’-'® However, the volume changes for such processes can be quite small,

providing additional challenges to any quantitative description of such phenomena. It is
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therefore important to consider impacts from multiple competing microscopic hydration effects
upon folding, between solute-solute (e.g. protein and/or nucleic acids), solvent-solvent, and
solute -solvent hydration effects, relatively small differences in which could accentuate/reverse

the net impact on pressure induced denaturation of biomolecules.! 1°

As a result of high levels of both biological relevance and interest, pressure-dependent
conformational dynamics of proteins and nucleic acid biomolecules have been studied by
multiple spectroscopic methods.?’?2 Due to simple mechanical limitations, this often has
required minimizing sample size to reduce bulk volume and contact surface area, and thereby
limiting the forces exerted by high external pressure.?>?* Single molecule microscopy
approaches offer the intrinsic advantage of relatively small sample size (in both volume and
concentration) and have been utilized for high pressure experiments over the last decade (Fig.
1A).16: 25 Furthermore, single molecule Fluorescence Resonance Energy Transfer (smFRET)
methods bring additional advantages to such high pressure studies, whereby the energy transfer
efficiency between donor/acceptor fluorophores offers quantitative structural information with
which to identify a specific (e.g., folded/unfolded, hybridized/dehybridized) conformational
state.!® 2627 Indeed, high pressure smFRET studies have proven quite informative in several
nucleic acid systems, specifically demonstrating that single nucleic acid structures dehybridize
(“melt”) at modest (= 1 kbar) pressures, based on both equilibrium and kinetic measurements
of the underlying pressure-dependent thermodynamics.?®2° Interestingly, however, we are
aware of no single molecule studies to date that have simultaneously been able to probe both
the temperature and pressure dependence of RNA tertiary conformational dynamics,’® the
combination of which is essential to deconstructing pressure dependent free energies into

enthalpic and entropic contributions.

The organization of this paper is as follows. In Section II we describe the experimental

apparatus for pressure and temperature dependent single molecule folding, followed in Section

4
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III by the equilibrium folding results. Specifically, Section IIIA addresses pressure dependent
equilibrium thermodynamics, focusing on a 40A DNA hairpin as a simple model for free
volume changes (AV?) associated with secondary structure folding. In Section IIIB, we then
utilize microscope stage heating methods to explore the temperature dependence of free
volume (AV?) changes in the well-studied 40A hairpin, which allows us to deconstruct the free
energies (AGY) and into entropic (AS®) and enthalpic (AH®) components for a more complete
thermodynamic overview of the folding events. In Section IIIC, we extend these pressure and
temperature dependent results for DNA structure formation to the RNA Mn?* riboswitch, in
order to explore and compare simple models for secondary vs. tertiary folding. In Section IV,
these pressure and temperature dependent smFRET results are then interpreted to extract and
elucidate the underlying thermodynamics of nucleic acid folding. Of particular interest, the free
energy landscapes for these model DNA and RNA systems are found to depend quite
differently on temperature, revealing starkly contrasting enthalpic and entropic advantages vs.
penalties for secondary vs tertiary folding. Also, the novel availability of such thermodynamic
data as a simultaneous function of both P and T allows extraction of cross derivatives such as
single molecule thermal expansion coefficients ((CAV/0T)p) as well as the dependence of
entropy change on pressure (0AS/0P)r, which by the properties of an exact differential (dG(P,
V .S, T)) must be rigorously interconnected. As a parting contribution, therefore, we analyze
the smFRET data in light of these mathematical connections, which allow explicit empirical
validation of the relevant Maxwell relation (i.e., (OAS/OP)r = - (0AV/0T)p) at the single

molecule level.

II. EXPERIMENT

ITA. smFRET Sample preparation
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The oligomer sequences and details of construct assembly for both the DNA 40A hairpin and
RNA manganese riboswitch nucleic acid structures (Fig. 1B), have been discussed and
presented in single molecule studies from our group. For simplicity, we therefore focus on
specific modifications to the protocol relevant to the present study and refer the interested
reader to previous work.>!-32, Prior to each smFRET experiment, the nucleic acid constructs
are diluted to = 100 pM with imaging buffer to ensure sufficiently extended photobleaching
lifetimes for fluorescence observation. The hemisodium HEPES imaging buffer (pH = 7.5) also
contains the TROLOX/PCD/PCA oxygen scavenger system, background monovalent cations
100 mM KCI, and additional 0.5 mM MgCl, to facilitate the riboswitch folding. It has been
previously demonstrated that submillimolar levels of Mg?* are sufficient to promote loop-loop
contact and successful tertiary folding of the manganese riboswitch, even in the complete
absence ([Mn?'] = 0) of the cognate Mn?" ligand.3?> Most importantly, this allows us to focus
on the Mg?"-mediated tertiary structure formation dynamics. This is critical for achieving
success in this study, since Mn?" is also found to decrease the photostability of cyanine dyes,>?
which, with millisecond resolution/exposure times and the relatively high (50 uW) laser
excitation conditions required for burst fluorescence methods, would otherwise be susceptible

to severe photobleaching.

The sample holder is crafted from a hollow square capillary tube with a 75 pm x 75 um
internal square cross section to minimize optical aberration (Fig. 1A, right panel).'® 3Use of
such a minimal surface area greatly decreases the net pressure-induced forces on the capillary
walls, enabling us to routinely sustain pressures up to and in excess of 2 kilobars prior to failure.
The outside of the capillary is coated with a polymer, which can be cleaned in a cool oxidizing
flame to open a = 1-inch-wide clear window and permit confocal laser access to the sample
region via a water immersion microscope objective. We then flow in imaging buffer with

fluorescently labelled (Cy3/Cy5) DNA or RNA (100 pM) constructs to achieve sufficiently
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low densities of single molecule fluorophores in the confocal laser volume. The capillary end
is then sealed and annealed with an oxygen/propane torch comfortably far (> 4”) from the
sample detection region, with the other capillary end sealed with epoxy into a narrow bore
stainless high-pressure ferrule. Finally, the remaining open end of the fiber is dipped in silicon
oil to form a freely translating/pressure transmitting membrane between the aqueous buffer and
ethanol pressure reservoir, which can be manually varied from 1 to 5000 bar by a piston driven

hydraulic system and measured with a high-pressure manometer.

I1B. High pressure smFRET experiment and data analysis

To achieve high pressure operating conditions, a manual piston (Fig. 1A) supplies up to 5 kbar
to a stainless-steel tubing manifold filled with ethanol as the pressure transmitting fluid. Prior
to each single molecule experiment, the sample holder, capillary and ferrule assembly is
mounted onto a high-pressure valve via an optical rail system to allow positioning with respect
to the surface and optical axis of the microscope objective. Once the rectangular window of the
sample is correctly translated (xyz) and rotated (¢) with respect to the objective axis, the entire

capillary is raised to the desired pressure by the piston pump.

The smFRET experiment is performed with a home-built confocal microscope system
with alternating (two color, green/red) laser excitation (ALEX) to ensure the presence of both
donor and acceptor species on a given construct. In brief, the 532 nm and 633 nm pulsed lasers
(20 MHz repetition rate) are first collimated and then focused into the sample with a high
numerical aperture (NA = 1.2) water immersion objective.>> The resulting photon stream
emitted through the glass capillary walls is subsequently recollimated with the same
epifluorescence objective, sorted by color/polarization, and imaged onto avalanche photodiode

(APD) single photon counting detectors. For each photon event, we record the 1) color (red vs.



Physical Chemistry Chemical Physics

green), ii) polarization (horizontal vs. vertical), ii1) “micro-time” with time-to-amplitude
converters (achieving = 50 ps precision) with respect to the laser pulse, and iv) “macro-time”
i.e. wall-clock time (with = 50 ns precision) for postprocessing of the single molecule diffusion
dynamics. From the micro-time information, we obtain relative count rates of red (Ir) vs green
(Ig) fluorescence photons associated with 532 nm excitation, while the presence of additional
red photon emission from purely 633 nm pulsed excitation confirms that the freely diffusing

single molecule constructs contain both Cy3 and Cy5 fluorophore labels.3

In such “burst fluorescence” smFRET experiments, the fluorescent constructs are
untethered to the capillary wall surface and allowed to freely diffuse through the laser beam.
The fluorescence events are thus only observed when a single construct diffuses through the
confocal volume, and for each event (“burst”) the photon rates (red vs. green) are used to
estimate the FRET efficiency for a single freely diffusing encounter. With information
collected from thousands of such single molecule burst events, we can then calculate the Epggr
probability distribution from Epger = Ij/(Ir+1g). As shown in sample data in Fig. 2A, the DNA
construct clearly reveals two well-resolved FRET subpopulations, the distributions of which
are least squares fit to a sum of two Gaussians. The folding equilibrium constant (Kyq) for
both DNA and RNA constructs can then be calculated from the ratio of the folded (high Eggrgr)

to the unfolded (low Eggrgr) populations obtained from the integrated Gaussian areas.

IIC. Sample temperature control

In order to explore temperature dependence of these high pressure experiments (or
equivalently, pressure dependence of these temperature dependent studies), the temperature of
the capillary varied under servo-loop control by resistive heaters mounted onto the microscope

objective,?’” incorporating a sample cover to minimize ambient air currents and thermal drift.
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Prior to any data acquisition, the system is allowed to equilibrate for 30 minutes to achieve
reliable, steady state thermalization, with both temperature and temperature fluctuations
monitored throughout the experiment. The fluctuations are observed to be =~ 0.2 °C, i.e.,
significantly smaller than the 2.5 °C grid of temperature intervals explored in these studies. We
note that dissociation constant of water is weakly temperature dependent, and so is the pH value
of our aqueous sample solution. However, the pH variation is estimated to be < 0.1 within our
temperature range for our HEPES buffer and does not significantly affect the conformation of

the smFRET constructs.

ITI. RESULTS

IITA. 40A hairpin DNA secondary structures destabilize with increasing pressure

The 40A DNA hairpin construct serves as a well-studied model system to investigate the
stability of nucleic acid secondary structure under external thermodynamic pressure and
temperature perturbations.>! The two complementary strands are each labeled with Cy3 and
Cy5 respectively and separated by a 40-adenine loop with 8 complementary base pairs in the
stem region (5°-ACTGAAGA-(A)4-TCTTCAGT-3").2” As the DNA hairpin folds and forms
the stem-loop structure through Watson—Crick base pairing, the fluorophore distance decreases
systematically and enhances FRET energy transfer. We thus anticipate unfolded/folded
conformations to reveal themselves as low/high Egrgr states, respectively. Indeed, the 40A
DNA hairpin shows two clearly resolved populations in the FRET histograms (see Fig. 2A),

consistent with these expectations.

Under ambient pressure conditions (P = 1 bar), the FRET distributions exhibit
approximately equal populations for folded and unfolded 40A DNA hairpin conformations

(Fig. 2A). As a function of increasing hydrostatic pressure (1 to 750 bar, T =26.8 °C), however,

9
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the high/low Epgrgr populations systematically decrease/increase respectively, which reflects
the DNA hairpin stem dehybridizing (“melting”) from folded to unfolded conformation. Such
“pressure-induced denaturation” effects have been noted for both protein and nucleic acid
structures and previously reported in the literature,!’ with the unique capabilities of the current
apparatus further permitting us to examine such phenomena from a i) dual pressure/temperature
dependent and i1) single molecule thermodynamic perspectives. For the moment, we note from

Fig. 2A and the simple equilibrium relation

AGO = -P(AVO) = -RTll’l(Kfold) (Eq 1)

that such a spontaneous pressure-induced denaturation unambiguously implies an increase in
free volume (AV? > 0) upon secondary structure formation of the 40A DNA Hairpin stem under
isothermal conditions. More quantitatively, Eq. 1 permits extraction of the isothermal change
in free volume from a plot of In(Kg,q) vs P (see Fig. 2B), the slope of which yields AV =
17.8(0.4) mL/mol at 26.8 °C. It is worth stressing that the magnitude of such free volume
changes upon hybridization is roughly equivalent to a single water molecule (18 mL/mol),
clearly representing only an exceedingly small fraction of the overall DNA construct volume.
Irrespective of absolute magnitude, however, the sign of this pressure dependent free volume
change is singularly impactful. This predicts, for example, a pressure induced destabilization

of dsDNA for marine life at the bottom of the ocean and in deep sea vents.!>!3

ITIB. Increasing temperature destabilizes secondary structure in the 40A DNA hairpin

In the temperature dependent experiments for freely diffusing constructs under variable
pressure conditions (see Fig. 3A), the equilibrium constant for folding of the 40A DNA hairpin
exhibits a rapid exponential decrease with increasing pressure. However, temperature has an

equally significant impact on the equilibrium structure of DNA, resulting in dehybridization

10
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(“melting”) of secondary Watson-Crick base pair structure. Upon closer examination of the
data in Fig. 3A, one can furthermore see that the intercepts and pressure dependent slopes
change visibly even over the relatively modest range (AT =~ 6 C) of temperatures sampled
experimentally. Most importantly, this indicates that increasing temperature not only
dramatically lowers the equilibrium constant for DNA 8 bp stem hybridization under constant
pressure conditions, but also that such temperature sensitivities are additionally dependent on
applied external pressure. In simplest thermodynamic terms, this implies that the free volume
change (AVY(T)) for secondary structure folding of the 40A hairpin DNA is itself a function of
temperature (e.g., thermal expansion or contraction), a point we will address in the discussion
section. Specifically, we note that Fig. 3B indicates a significant temperature dependent impact
on the free volume change (AV) for folding (from AV = 24.7(1.4) to 17.8(0.4) mL/mol, see
Table 1), which allows novel empirical extraction of partial derivatives of AV and AS with
respect to the corresponding conjugate variables P and T. We will explicitly return to this later
in the discussion, but simply note for now that such cross partial derivative capabilities permit
empirical tests and confirmations of the Maxwell relations between (0AV/0T)p and (OAS/OP)t

at the single molecule level.

IIIC. Increasing pressure destabilizes tertiary folding of the RNA Mn?* riboswitch

It is of equivalent biophysical value to probe the thermodynamic response for
ribonucleic acid (RNA) construct folding as a function of external pressure and temperature.
Of particular relevance to these folding studies, RNA naturally occurs as a single stranded
species and is able to form both secondary and tertiary structures. Interestingly, previous
pressure/temperature efforts have focused on secondary structure in nucleic acids, largely
ignoring potential thermodynamic impacts on any corresponding changes in tertiary
conformation.'® 38-3% To address this issue, we have therefore chosen to also explore tertiary

folding dynamics for the RNA Mn?" riboswitch, as a model RNA system for probe/compare
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pressure/temperature dependent changes in tertiary vs. secondary nucleic acid structures.*
Riboswitches are RNA motifs upstream of the genomic mRNA which undergo tertiary
conformational transitions that translationally or transcriptionally regulate gene expression by
sensing the presence/absence of cognate ligands in the cellular environment.*! The structure of
the Mn?* riboswitch construct is identical to that used in previously single molecule work.?%- 32
42 Importantly, this also permits taking advantage of a thoroughly tested smFRET construct
design used in previous investigations of temperature dependent single molecule folding
kinetics as a function of both Mg?* and Mn?" divalent species. Indeed, to achieve maximum
cationic simplicity in the folding behavior, we choose to work in the absence of the cognate
ligand Mn?*, which allows us to isolate and highlight the purely Mg**-promoted loop-loop

tertiary interaction thermodynamics previously determined to be important in this riboswitch.3?

To complement the above DNA results described in Sec. IIIA, B, we therefore have
explored burst fluorescence studies under isothermal conditions for freely diffusing RNA
riboswitch constructs, varying external pressures in the capillary samples from 1 bar to 500
bar. As noted above for secondary structure formation in the 40A DNA hairpin, the FRET
histograms (see data in Fig 4A) reveal an even larger systematic decrease in Kgyq (i.€.,
destabilization of riboswitch structure) with increasing pressure, predicting even larger
increases in free volume upon RNA tertiary structure formation. More quantitatively, the slope
from the corresponding van’t Hoff plot in Fig. 4A indicates a AV = 71(9) mL/mol change in
free volume (at 26.6 °C) upon folding (Table II). Tertiary structure sensitivity to external
pressure for the RNA manganese riboswitch is therefore substantially (3-4x) stronger than

observed for secondary structure formation in the simple 8 bp 40 A hairpin DNA construct.

IIID. Increasing temperature stabilizes tertiary folding of the RNA Mn?* riboswitch

12
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Continuing this parallel comparison of DNA/RNA nucleic acid constructs, we next
explore the corresponding temperature dependence of free volume changes for the RNA Mn?*
riboswitch tertiary structure. Indeed, inspection of the pressure/temperature dependent data in
Fig. 4A reveals that the van’t Hoff plots for K¢, 4 all shift systematically to higher values as a
function of increasing temperature. Stated alternatively, decreasing temperature destabilizes
tertiary structure in the Mn?* riboswitch construct. This represents a relatively novel example
of “cold denaturation” of nucleic acids, with relatively few such cases reported in the
literature.*?>4* This differs fundamentally from the more conventional behavior observed for
the 40 A hairpin DNA (see Fig. 3A), which clearly exhibits a more typical destabilization of
secondary structure (i.e., “heat denaturation”) with increasing temperature. Previous work has
suggested that such novel “cold denaturation” phenomena in RNA constructs might reflect an
exceptional case, due to the presence of purely Mg?" promoted folding pathway in the absence
of the cognate riboswitch Mn?* ligand.#* Further pressure and temperature dependent folding
studies as a function of both Mn?" and Mg?* cation concentrations will be necessary to confirm
or reject such an interpretation. For the present purposes, however, such unambiguous sign
differences in the temperature dependence for the DNA vs RNA single molecule constructs
offers greater behavioral diversity in our comparison/interpretation of the secondary and

tertiary folding thermodynamics.

As a final comment on the Mn?* riboswitch data, the nearly parallel slopes in Fig. 4A
indicate “cold denaturation” behavior for RNA tertiary structure to be only very weakly
dependent on pressure. This is in stark contrast with the DNA hairpin studies (Fig. 3A), for
which there is a pronounced decrease in slope with increasing temperature. This is additionally
evident by inspection of the corresponding free volume changes in Fig. 4B, which demonstrates
a slow but finite drop in AV(T) as a function of increasing temperature. It is particularly

interesting to note that, despite these dramatic sign differences in AH and AS (e.g., resulting in

13
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hot vs cold denaturation behavior) between the 40A Hairpin and RNA Mn?" riboswitch, the
qualitative shapes of AV(T) vs T curves are similar for both constructs (Fig. 3B, 4B). A self-
consistent interpretation would be that the negative slopes in both AV(T) vs T plots (Fig. 3B,
4B) imply a weakening of the pressure dependent destabilization (i.e., decrease in AV) for both

DNA (secondary) and RNA (tertiary) folding with increasing temperature.

IIIV. Synergistic P/T effects on secondary and tertiary folding thermodynamics

Two-dimensional pressure and temperature dependent studies provide particularly valuable
information on coupled thermodynamic interactions between thermodynamic conjugate
variable pairs, e.g., V and P.?’ Indeed, results from Sec IIIA to D have explicitly focused on
pressure-volume contributions (PAV(T)) to the folding free energy landscape, providing
detailed characterization for each of the DNA and RNA nucleic acid constructs. Here we briefly
note that the data also contains complementary information on yet another conjugate variable
pair, T and S. Specifically, the Van’t Hoff temperature dependence of In(Kg,4) in Figs. 5SA and
6A provides quantitative information on both the change in enthalpy (AH? from slopes) and
entropy (AS° from intercepts) upon secondary and tertiary folding (see both Table III and IV).
For the DNA hairpin, the experimentally observed negative entropy change (AS < 0) value is
consistent with conventional “heat denaturation” behavior, for which the free energy
contribution to folding (-TAS) becomes less favored (i.e., AAG > 0) with increasing
temperature. Interestingly, however, the DNA hairpin (Fig. 5B) clearly demonstrates a positive
growth in AS with respect to P. Since AS < 0, this means AS becomes less negative with
pressure, which in turn correctly predicts that increasing pressure reduces the temperature

sensitivity (i.e., the slope of -TAS vs T) associated with “heat denaturation” and strongly
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exothermic folding (AH < 0). The relevant thermodynamic values extracted for the DNA

hairpin (AH, AS) are summarized as a function of pressure in Table III.

Interestingly, however, the thermodynamic landscape changes considerably for RNA
tertiary vs DNA secondary folding. Inspection of Fig. 6A and Table IV indicate tertiary
structure formation in the RNA riboswitch construct to be entropically favored (AS > 0).
Consequently, folding is now thermodynamically favored with increasing temperature (i.e., -
TAS < 0), in agreement with “cold denaturation” behavior. We arrive at the same conclusion
from the sign of enthalpy change (AH > 0) indicated in Table IV upon tertiary structure
formation, which implies by Le Chatelier’s principle the need for increased temperature to
enhance an endothermic folding process. Fig. 6B and Table IV reveal that AS values for the
RNA riboswitch construct nevertheless increase with pressure. Thus, even despite opposing
signs for (AS, AH) upon folding and a complete reversal of these signs between DNA and RNA
constructs, such an increase in AS with pressure is in fact qualitatively similar to that of the
DNA hairpin (see Fig. 5B and 6B). Simply summarized, this implies that increasing pressure
enhances the thermal sensitivity (i.e, -TAS < 0 negative contributions to AG) for both nucleic
acid constructs. This is completely consistent with the experimental observation of pressure-
induced “melting” of both secondary (DNA) and tertiary (RNA) nucleic acid constructs at high

pressures.

IV. DISCUSSION

IVA: Pressure denaturation from the full suite of thermodynamic characterization

The data clearly reveal that both secondary (DNA hairpin) and tertiary (RNA riboswitch)
structures unfold at high pressures. This is consistent with previous reports that many

biomolecules lose their native structures with increasing pressure.!> Such pressure denaturation
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behavior for proteins has been well known for decades and unambiguously implies a positive
volume change (AV > 0) upon folding.*® It is this combination of increasing free volume while
achieving a more ordered structure that at first seems counterintuitive. However, such a volume
increase accompanying greater structure is in principle captured by simple physical models
whereby water-excluding cavities are formed upon folding of hydrophobic motifs in the
protein.!”-18 However, the proposed notion of small “hydrophobic cavities” in proteins would
suggest such volume changes to be less pronounced for nucleic acids,*® particularly DNA
hybridization, where a well-characterized secondary structure is formed via hydrogen bonding
between Watson-Crick base pairs.*” Nevertheless, pioneering work on DNA melting in the
1990s did demonstrate the thermal stability of dsSDNA to significantly depend on external
pressure,’®- 48 despite the lack of crystallographic evidence for any such “hydrophobic cavities”
in the DNA double helix structure. Indeed, as more advanced molecular dynamics simulations
have succeeded in explicitly including water-biomolecule interactions,*® a different hydration
model paradigm seems to be emerging that invokes significant reorganization of solvent water
molecules around a secondary or tertiary structure forming region. Though more work will be
required to confirm/reject such a model, reorganization of the surrounding water molecule
network offers a powerful and potentially more intuitive physical picture with which to explain
the small but positive free volume changes (AV > 0) experimentally observed upon nucleic

acid folding.

Specifically, this alternative “hydration model” recognizes the crucial importance of
the overall sum of “solvent + solute” volume changes for the nucleic acid + water system.! In
general, greater hydration results in a more ordered and compact water structure due to
Coulombic attraction and thus would tend to predict a decrease in total volume.>® Upon nucleic
acid folding, however, cation association/neutralization and reduction in solvent-exposed

surface area result in a weaker hydration shell,’! leading to an increase in folded state volume

16
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(AV > 0) and thus correctly predicting pressure-induced denaturation. Indeed, even the
“hydrophobic cavity” models may have to be reinterpreted to reflect substantial changes in the
surrounding water configuration.!’-!8 Specifically, any such cavities formed by the folded
biomolecule do not even require exclusion of water. Indeed, water molecules in such nanoscale
confinement regions have been experimentally demonstrated to be less structured and therefore
lower in density (i.e., AV > 0) than the surrounding solvent.’> Hence one could imagine

“partially hydrated cavity” models as valuable directions to consider in theoretical modeling.

If folding induced reconfiguration of the surrounding solvent/water is largely
responsible for the experimental observation of AV > 0, it is perhaps not surprising that AV
would also depend on temperature. Indeed, our pressure and temperature dependent studies
clearly reveal (see Table I) that AV > 0 systematically decreases with increasing temperature,
irrespective of the secondary (DNA) vs. tertiary (RNA) structure of the construct explored and,
for the present studies, even the positive vs. negative sign of AS. As one simple interpretation,
water becomes increasingly less structured with increasing thermal energy, and therefore any
volume differences between hydrating water, non-hydrating water, and nanoconfined water
molecule would be expected to diminish with temperature, leading to a weaker pressure
induced melting (i.e., less positive AV) response. Furthermore, it is important to note that in
any of these alternative models, AV > 0 arises predominantly from interaction of the
biomolecule with the surrounding solvent network, and thus cannot be identified from
crystallographic structure itself. Finally, we mention that these volume changes for nucleic acid
folding have also been previously demonstrated to depend strongly depend on monovalent
cation concentrations,’® with a dramatic lowering of AV by nearly two-fold under physiological
Na* conditions. This pronounced sensitivity to cationic environment further highlights the
crucial importance of considering “solute + solvent” interactions in predicting and interpreting

pressure-induced melting behavior in nucleic acids.
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IVB. Maxwell relations and beyond conventional thermodynamic analysis

From conventional isothermal Van’t Hoff analysis, the volume change AV is obtained
from slope of the InK vs P plot (Eq. 1). With temperature as additional independent variable,

V(T) can be written to lowest order as
VI(T) = V(1 + o"™(T-Trer), (Eq. 2)

where V(T) is the molar volume at the reference temperature and a is the thermal expansion
coefficient. As a result, the volume change AV(T) =V{(T)-V¥T) between the folded and
unfolded states should also depend linearly on temperature, as empirically verified in Figs. 3B
and 4B. To elucidate the slopes of these linear dependences, we can further deconstruct AV(T)

into folded and unfolded contributions
AV(T) =[Vo' (1 + a(T-Trep)] — [Vo" (1 + a*(T-Trep))]
= (Vo' - Vo) + (Vifaf - VotaY) (T-Trep), (Eq. 3)

where Vo™ and o correspond to Vj, and a for the folded/unfolded state, respectively. The
slope in the AV vs T plots (Fig. 3B and 3D) is thus Vo' - VU, which is experimentally seen
to be weakly negative for both secondary and tertiary nucleic acid folding. To achieve a
negative slope requires Vo'a* > Vifaf, which for Vof > V" implies o > of. Although more work
is needed to establish this mechanism unambiguously, such behavior would be consistent with
the simple physical picture of solvent waters accessing a more compact and locally ordered
structure around the unfolded vs folded nucleic acid constructs as the dominant reason for
achieving an increased free volume upon folding. This would also match the experimental

observation (a* > af) of a higher thermal expansion coefficient in unfolded vs folded species
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due to thermal ejection of more highly ordered water molecules from the nucleic acid-water

interface.

As a final comment, we can use the well-known mathematical properties of an exact

differential (dG)
dG = AE + PAV + VAP -TAS — SAT (Eq. 4)

to experimentally test the relationship between the two pairs of conjugate thermodynamic
variables (P, V) and (T, S). Since partial derivatives commute for any analytic function, we can

exploit this symmetry to yield

d ,04G _ .3 ,04G
(E(W)P)T— (ﬁ(ﬁ)T)P- (Eq. 5)
By comparison of Eq 5 and 4, one immediately recognizes (0AG/0T)p = AS and (OAG/0OP)r =

-AV, which can therefore be rewritten in the form of a rigorous Maxwell relation between S,

Tand P, V:

(5, = —(55), (Eq. 6)

Eq. 6 makes a very simple prediction, which can be easily tested against our single molecule
thermodynamic data. Specifically, the right-hand side of the Eq. 6 is equivalent to the slopes
in a plot of AV vs T (see Fig. 3B and 4B), while the left-hand side is nicely captured by the
corresponding slopes in Fig. 5B and 6B. Quantitatively, the left and right sides of Eq. 5 are
found to be (0AS/0P)t = 1.11(25) and -(0AV/0T)p = 1.16(23) mL/mol/K, respectively, for the
DNA hairpin construct. Similarly for tertiary structure in the RNA Mn?" riboswitch, the
corresponding two partial derivatives are (OAS/OP)r = 1.40(24) vs -(0AV/0T)p =1.8(5)
mL/mol/K. As summarized in Table V, both sets of results agree well with predictions from
Eq 6 to within experimental uncertainty. It is worth noting that such Maxwell relations at the

single molecule level provide novel strategies to measure thermodynamic quantities otherwise
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quite difficult to measure.® For instance, Eq. 5 permits the more challenging quantity
(OAS/0P)r to be evaluated through simpler isobaric thermal expansion experiments. To the best
of our knowledge, these results offer a novel first confirmation of the Maxwell relation between
conjugate thermodynamic variables (S, P) and (V, T) with respect to Gibbs free energy at the

single molecule level.

V. Summary and conclusion

The combination of high pressure and temperature control coupled with confocal-based
single-molecule FRET microscopy has been used to successfully demonstrate detailed two-
dimensional thermodynamic study of nucleic acid conformational dynamics at the single
molecule level. First of all, the studies determine that both DNA (secondary) and RNA
(tertiary) nucleic acid structures unfold with increasing pressure. This pressure induced
denaturation necessarily signals an increase in total solute + solvent total free volume (AV >
0) for nucleic acid folding, which we have attributed to weaker solvation/less highly ordered
water molecules sampling the “solvent accessible surface area” (SASA) of the nucleic acid
aqueous liquid interface. Moreover, this corresponding change in free volume (AV) is found to
monotonically decrease with increasing temperature, suggesting that it is the presence of
randomized solvating water molecules that shifts the equilibrium over to a folded
conformation, with a simple physical picture in agreement with the unfolding induced change
in thermal expansion (o* > aof) derived from the corresponding pressure-temperature studies.
Finally, the current two-dimensional studies as a function of pressure (1 to 750 bar) and
temperature (20 to 27°C) have provided first data with which to test and validate the
fundamental Maxwell relation (0AS/OP)r = -(0AV/0T)p for formation of both secondary (DNA

hairpin) and tertiary (RNA Mn?* riboswitch) nucleic acid structure at the single molecule level.
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Figures and Figure Captions
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Figure 1. Schematic of the high-pressure sSmFRET apparatus. A. High pressures (up to 5 kbar)

are generated by a manual piston pump and transmitted to a capillary sample holder through

high-pressure stainless steel tubing. The optical window of the capillary sample holder is

aligned to the microscope objective with a collar heater, with temperature fluctuations reduced

and heating efficiency improved by a sample cover. B. The square interior capillary (75 pm x

75 um), with a picture of the capillary glued into a pressure ferrule to couple into the high-

pressure tubing. C. Cartoon representation of 40A DNA hairpin (secondary) and RNA Mn?*

riboswitch (tertiary) unfolding in response to increased heating and pressure.
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Figure 2. Sample data for pressure dependent DNA hairpin dehybridization/unfolding. A.
Histograms of smFRET data reveal two subpopulations of the 40A DNA hairpin construct with
distinct FRET values 0.2 and 0.8, corresponding to unfolded and folded states, respectively. B.
A van’t Hoff plot of InK,, vs pressure plot illustrating DNA hairpin unfolding with increasing

pressure. The FRET data in A are fit to a sum of 2 Gaussians, with uncertainties in B
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pressure (bar)

representing error bars in the least squares analysis.
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Figure 3. Temperature dependent volumetric analysis of 40A DNA hairpin hybridization. A.
Linear least squares fits of InK.q vs pressure permit volume changes due to DNA secondary
structure folding AV(T) to be obtained as a function of temperature. B. Plot of temperature
dependent data AV(T) indicate a decrease in 40A DNA hairpin expansion volume with
increasing temperature. Error bars in A represent uncertainties in the two-Gaussian Epggr least
squares fits. 2D error bars in B reflect least squares fit uncertainties in AV(T) and measured

fluctuations in T.
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Figure 4. Temperature dependent volumetric analysis of tertiary folding for the RNA Mn?*
riboswitch. A. Van’t Hoff linear fits of InK, vs pressure permit the volume change for RNA
folding AV(T) to be obtained as a function of temperature. B. Plot of AV(T) vs T illustrating
that expansion of RNA due to tertiary folding decreases with increasing temperatures. Error
bars in A represent uncertainties in the two-Gaussian Egggt least squares fits. 2D error bars in

B reflect least squares fit uncertainties in AV(T) and measured fluctuations in T.
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Figure 5. Temperature dependent Van 't Hoff plots for 40A DNA hairpin hybridization. A.
Positive van’t Hoff plot slopes indicate that the DNA unfolds with increasing temperature, i.e.,
folding of the DNA hairpin is exothermic (AH? < 0). B. Pressure dependent entropy changes
for secondary structure formation (AS(P)) obtained from the intercepts in A indicating a
systematic decrease in entropic penalty (AAS > 0) with pressure. Error bars in A and B

represent uncertainties from least squares fits to a linear function
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Figure 6. Pressure/temperature dependent tertiary folding of the RNA Mn?* riboswitch. A. The
negative slopes in the van't Hoff plots indicate novel heat induced folding with increasing
temperatures, which implies tertiary folding to be endothermic (AH® > 0). B. Data revealing
the corresponding folding entropies (AS(P)) for tertiary structure formation in the RNA
riboswitch increase as a function of increasing pressure, despite the unconventional positive
AHC. Error bars in A and B reflect least square uncertainties in the two-Gaussian Epggr

distributions and the van’t Hoff intercepts (AS(P)), respectively.
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40A DNA Hairpin AV(T)
Temperature (°C) AV(mL/mol)
20.93(8) 24.7(14)
23.8(3) 22(2)
26.8(2) 17.9(4)

Table 1. Temperature dependent volume changes AV(T) due to secondary structure folding of
the 40A DNA hairpin construct obtained from linear fits in Fig. 3A. Uncertainties reflect 1o

least squares fitting errors in AV and measured fluctuations in T.

Mn*2 Riboswitch AV(T)
Temperature (°C) AV (mL/mol)
21.18(5) 81(9)
23.86(18) 78(9)
26.6(15) 71(9)

Table 2. Temperature dependent volume changes AV(T) due to tertiary structure folding of the
RNA Mn?* riboswitch obtained from linear fits in Fig. 4A. Uncertainties reflect 1o least
squares fitting  errors in AV  and measured  fluctuations in T
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40A DNA Hairpin
P(bar) AS (cal/mol/K)  AH (kcal/mol) o (mL/mol/K)
1-47.7(15) -14.35(16)
250-35.8(11) -10.71(14)
500-30(5) -8.7(18)
750-27(3) -8.0(9)

-1.16(23)
Table 3. Pressure dependent entropy/enthalpy changes AS(P)/AH(P) for folding of the 40A
DNA hairpin construct obtained from linear fits in Fig. 5SA. Uncertainties reflect 1o least

squares fitting errors in AV.

Mn*? Riboswitch
P(bar) AS (cal/mol/K)  AH (kcal/mol) o (mL/mol/K)
157(3) 17.4(10)
25070(7) 21(2)
37570(27) 22(8)
50075(13) 23.6(4)

-1.8(5)

Table 4. Pressure dependent entropy/enthalpy changes AS(P)/AH(P) for tertiary folding of the
RNA Mn?* riboswitch construct obtained from linear fits in Fig. 6A. Uncertainties reflect 1o

least squares fitting errors in AV.
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Testing Maxwell's Relations at the Single Molecule Level
40A DNA hairpin
(OAS/oP). -(0Av/eT),
1.11(25) mL/mol/K 1.16(23) mL/mol/K

Mn*? Riboswitch
(OAS/oP). -(0Av/eT),
1.40(24) mL/mol/K 1.8(5) mL/mol/K

Table S. Novel tests of the thermodynamic Maxwell relation at the single molecule level.
Agreement with (0AS/OP)r = -(0AV/0T)p is well within the reported (1o) error bars for both
the 40A DNA hairpin secondary structure formation and tertiary folding of the RNA Mn?*

riboswitch.
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