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ABSTRACT Fluorescent RNA aptamers have the potential to enable routine quantitation and localization of RNA molecules and
serve as models for understanding biologically active aptamers. In recent years, several fluorescent aptamers have been selected
and modified to improve their properties, revealing that small changes to the RNA or the ligands can modify significantly their fluo-
rescent properties. Although structural biology approaches have revealed the bound, ground state of several fluorescent ap-
tamers, characterization of low-abundance, excited states in these systems is crucial to understanding their folding pathways.
Here we use pressure as an alternative variable to probe the suboptimal states of the Mango Ill aptamer with both fluorescence
and NMR spectroscopy approaches. At moderate KCI concentrations, increasing pressure disrupted the G-quadruplex structure
of the Mango Il RNA and led to an intermediate with lower fluorescence. These observations indicate the existence of suboptimal
RNA structural states that still bind the TO1-biotin fluorophore and moderately enhance fluorescence. At higher KCl concentration
as well, the intermediate fluorescence state was populated at high pressure, but the G-quadruplex remained stable at high pres-
sure, supporting the notion of parallel folding and/or binding pathways. These results demonstrate the usefulness of pressure for
characterizing RNA folding intermediates.

SIGNIFICANCE G-quadruplex RNA structural dynamics are important for pre-mRNA maturation, mRNA transport,
stability, and translation, genome duplication and maintenance via telomerase RNA transitions. Understanding the
sequence-structure relationships and folding pathways for these RNA structures remains challenging. High hydrostatic
pressure represents an alternative perturbation to high temperature or low ionic strength that allows for enhanced
population of RNA structural excited states. High hydrostatic pressure was coupled to fluorescence and 1D 'H NMR to
reveal and characterize intermediates in the folding pathway of the fluorescent RNA Mango Il aptamer.

INTRODUCTION specific RNA molecules is critical for studying the biological
roles of both coding and noncoding RNA. Fluorescent RNA
aptamers are RNA molecules selected to bind and significantly
enhance the fluorescence of their ligands. Because these RNA
aptamers are relatively small and can be genetically encoded,
they have proven useful for the quantitation and localization of
RNA molecules in living cells, much the way fluorescent pro-
tein fusions have enabled protein research. Despite recent ad-
vances from several research groups, improvements are still
needed in aptamer properties such as brightness, stability,
and affinity. However, the sequence to function relationships

RNA molecules perform numerous important biological func-
tions (1-5) but can be challenging to study because they are
dynamic in space and time (6,7). In recent years advances
in single-molecule fluorescence resonance energy transfer
(e.g., Bisaria and Herschlag (8)) and multidimensional NMR
(e.g., Bothe etal. (9)) have provided insights into RNA confor-
mational heterogeneity and excited state structure and dy-
namics (10-13). In particular, fluorescent labeling of
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for these systems remain poorly understood, impeding the
improvement of their properties by either rational design or
selection. Contributing to this challenge is the fact that
several fluorescent aptamers have a G-quadruplex binding
site (14—16). Prior investigations have suggested that RNA
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FIGURE 1

Structure of the Mango III aptamer. (A and B) Two 180° orientations of the original Mango III aptamer structure (PDB: 6e8s) reported in Trach-

man et al. (15). Lower (dark blue) and upper (teal) G-quadruplexes are capped by dye (TOI-B, purple spheres). The dye is capped by the canonical WC A-U
basepair (yellow). The G-quadruplex is stabilized by a potassium ion (large green sphere) and interacts with a flanking helix of WC basepairs (wheat). Un-
derlying the G-quadruplex are three hydrogen-bonded bases A30-U24-A12 (light pink) followed by a canonical double helix (red). Two bases, A11 and U16
(CPK colors), are extruded from the structure, and one base, U21 (pale green), interacts with the dye. (C) Topology of the Mango aptamer structure used in the
present study (color coded as in A and B), which has four extra basepairs in the bottom stem (in black), and the basepair, G6-C41 (underlined in red), in that
stem is inversed compared with the crystal structure in which it is the second basepair, C2-G37.

G-quadruplex structures are dynamic in biological systems,
and that their folding and unfolding is functionally relevant.
For example, G-quadruplex RNA structural dynamics are
important for pre-mRNA maturation, mRNA transport, stabil-
ity, and translation, genome duplication and maintenance via
telomerase RNA transitions (17,18). Itis possible that G-quad-
ruplex structural dynamics might play important roles in fluo-
rescent RNA aptamers as well, but the dynamics of these
structures are not well studied.

RNA aptamer-ligand interactions are often modeled as a
two-state system. However, there are numerous RNA struc-
tural intermediates that might contribute to ligand binding
in various ways. The ability to study RNA conformations de-
pends on the degree to which excited state conformations are
populated. NMR relaxation approaches have allowed map-
ping of excited state structures of biomolecules (19,20) but
remain limited to those that are well populated under standard
conditions. The effect of pressure on RNA structures pro-
vides a means to favor excited states so they can be studied.
Pressure perturbation has been shown to favor the population
of partially disrupted, excited states of proteins. These states
are characterized by a decrease in the number of stabilizing
interactions relative to the ground state and are consistent
with more dynamic structures that can allow for more effi-
cient ligand binding (21-23). These structures are populated
under high pressure conditions because they exhibit smaller
molar volumes than fully folded states.

Although pressure in general does not significantly destabi-
lize canonical nucleic acid double helices (24-27), it can have
significant effects on more complex nucleic acid structures.
For example, pressure has been shown to disrupt DNA
G-quadruplex structures (28-33), with volume changes for
transitions to “unfolded” or disrupted states of ~ —30 to
—60 mL/mol, on the order of those observed for protein un-
folding. Ribonucleic acid hairpins or tetraloops can be either
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slightly stabilized or slightly destabilized by pressure, depend-
ing upon the sequence of the loop (34-36). Ribozyme function
is generally inhibited by hydrostatic pressure, due to positive
activation volumes for the reactions (37-40), and subtle effects
of pressure on tRNA structure based on high-pressure Fourier
transform infrared spectroscopy studies have been reported
(41). However, molecular insight into the actual structural
changes in RNA molecules caused by pressure perturbation
remains extremely limited. In addition to its utility in mapping
conformational landscapes of biomolecules, understanding
pressure effects on biomolecules is essential in that much of
the microbial biomass on Earth is found in the deep biosphere,
where pressures can reach hundreds to thousands of atmo-
spheres (42-48). Moreover, life is thought to have originated
with RNA-based chemistry (49), possibly at hydrothermal
vents in the deep ocean where it would have been protected
from bombarding radiation on the early Earth.

To evaluate structurally dynamic states of fluorescent RNA
aptamers, we characterized pressure effects on the Mango 111
aptamer (15,16). Several structural variants of the Mango ap-
tamer have been selected with the goal of improving single-
molecule RNA detection in vivo (15,50,51). They bind a
visible fluorescent dye, thiazole orange-biotin (TOI1-B,
labeled TO here) that is strongly quenched in water or in pres-
ence of nonspecific RNA, but which undergoes a >1000-fold
increase in fluorescence intensity when bound to its target
RNA (50). The Mango III RNA aptamer forms a two-layered
G-quadruplex structure, seated on a canonical double helix
and flanked by a second helical element (Fig. 1) (15). The
Mango III sequence used in this study (GGCACGUACGAA
GGAAGGAUUGGUAUGUGGUAUAUUCGUACGUGCC)
differs slightly from that in the structure in Fig. 1 only in the
length and sequence of the double-stranded helical segment
underpinning the G-quadruplex structure. The TO dye interca-
lates between the upper G-quadruplex and a canonical A-U
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FIGURE 2 'H NMR spectrum of Mango III at
10 mM KCL (A) 1D 'H NMR spectra in absence
of dye (yellow) and in presence of TO (blue). The
most prominent peaks to appear in the G-quadruplex

10 imino range are labeled G1-G4. (B) 2D "H-'H NOE
ppm spectra in absence of dye and (C) in presence of dye.
Spectra were acquired in 20 mM MOPS buffer, 20°C

A
G1 G2 G3 G4 i
h b 'H Frgquency "
B C

S S

(pH 7.2). Several new peaks appear in the 1D spec-
trum, both in the G-quadruplex region (~11-12

1

<
12
I
-~

o ﬂ 3
r

13

i
"
Jf‘['

ppm) and in the duplex region (~12-14 ppm)
upon addition of TO and correspond to imino pro-

iy tons that become protected upon stabilization of

N | ey = the G-quadruplex by the dye. Three NOEs between
° G-quadruplex imino protons and three NOEs be-

Fe é« tween duplex imino protons and the G-quadruplex
amino/aromatic protons also appear upon TO bind-

Y ing. NOESY spectra were acquired using a 700-

MHz spectrometer equipped with a cryoprobe.

S R o R R T i ikl T T T T
14 13 12 11 14 13 12
F2 (ppm)

basepair (underscored in the above sequence) above it. Here
we used fluorescence and NMR under conditions of variable
ionic strength and high pressure to observe changes in struc-
tural states of Mango III. We found that pressure leads to the
population of at least two intermediate states of Mango III.
In one of these intermediates, populated at high pressure and
intermediate salt concentration, the G-quadruplex structure
is disrupted, yet the aptamer retains some interactions with
the TO dye, leading to an intermediate fluorescence intensity,
similar to that observed for Mango I'V. At higher salt concen-
tration, the high-pressure intermediate retains an intact
G-quadruplex, but a reduced fluorescence level relative to
the fully folded aptamer.

MATERIALS AND METHODS

Materials

Mango III RNA oligo (5-GGCACGUACGAAGGAAGGAUUGGUAU
GUGGUAUAUUCGUACGUGCC-3’) was purchased from Dharmacon
(Lafayette, CO). TO1-PEG-Biotin dye was purchased from Applied Bio-
logical Materials (Richmond, BC, Canada).

High-pressure fluorescence

For fluorescence experiments, samples contained 2 pM RNA and 1 pM dye
in 20 mM MOPS buffer at pH 7.2 and indicated KCI concentration. The
setup for high-pressure fluorescence experiment has been previously
described (52). The bound dye is excited at 495 nm, and fluorescence emis-
sion spectra were recorded from 520 to 570 nm. After pressurizing the sam-
ple, the sample was equilibrated for 60 min at each pressure before
recording the final spectrum. Total intensity for each spectrum was calcu-
lated by integrating area under the curve.

F2 (ppm)

1

High-pressure NMR

Samples for all NMR experiments contained 0.4 mM RNA and 0.4 mM dye
in 20 mM MOPS buffer at pH 7.2 with 10% D20 and indicated KCI concen-
tration. High-pressure 1D "H NMR spectra were acquired on a Bruker Avance
III 600 MHz spectrometer in a standard 5-mm OD pressure-resistant zirconia
tube from Daedelus Innovations. Hydrostatic pressure was applied to the sam-
ple using the Xtreme Syringe Pump (Daedelus Innovations, Aston, PA). Stan-
dard "H 1D experiments were performed with the zgesgp pulse sequence
using excitation sculpting for solvent suppression. The sample was allowed
to equilibrate for 60 min at each pressure before collecting data. At each pres-
sure, 192 scans were collected with a recycle delay of 5 s. The spectra were
processed and analyzed on Bruker’s Topspin software.

2D nuclear Overhauser effect (NOE) data
acquisition

Ambient pressure 'H-'"H 2D NOESY experiments were performed on a
Bruker Avance III 700 MHz spectrometer with a cryoprobe using the “noe-
syesgpph” pulse sequence with excitation sculpting for solvent suppression.
The spectra were collected with 4096 points in the t2 dimension and 256
points in the t1 dimension, with a mixing time of 150 ms. 128 scans
were collected with a recycle delay of 1 s. The data were processed and
analyzed on Bruker’s Topspin software.

High-pressure "H-"H 2D NOESY experiments were performed on an Agi-
lent DD2 500 MHz spectrometer using the “NOESY” pulse sequence with
WET solvent suppression. The spectra were collected with 2048 points in
the t2 dimension and 200 points in the t1 dimension, with a mixing time of
150 ms. At each pressure, 128 scans were collected with a recycle delay of
1 s. The data were processed and analyzed on VNMR and plotted on
Mestrenova.

Data analysis

For both fluorescence and NMR experiments, intensity versus pressure
curves were plotted and fitted to a two-state curve according to the equation
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FIGURE 3 Pressure dependence of Mango III TO fluorescence. (A) at
10 mM KCl 20°C; (B) at 10 mM KCl 5°C (red: increasing pressure,
blue: decreasing pressure); (C) Data and fits of the increasing pressure pro-
files at 1 (red), 10 (blue), and 100 (green) mM KCl and 20°C.

= (Imin 11, e~ (4Go+paVo)/RT) / 1+ e(—(AG(H»pAVa)/RT))
(Equation 1)

where [ is the intensity at a given pressure p, 1,,;, and I,,,, are the plateau
values at high and low pressures respectively, 4V’ is the molar volume
change, 4G’ is the free energy change at atmospheric pressure, R is the
gas constant, and 7 is the temperature.

RESULTS

A stable Mango G-quadruplex structure is
induced by ligand binding

The 1D proton and 2D proton NOE NMR spectra of the
imino proton region of the Mango aptamer in absence of
dye (Fig. 2 A and B) at 10 mM KCI exhibits peaks only in
the chemical shift range known to correspond to canonical
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Watson-Crick basepairs. When dye is present at atmo-
spheric pressure (Fig. 2 A and C), eight new peaks appear
in the chemical shift range (10-12.4 ppm) known to corre-
spond to imino protons engaged in Hoogsteen basepair in-
teractions and thus protected from solvent exchange (53).
These correspond to the imino protons of the eight guano-
sine bases implicated in the G-quadruplex structure
(Fig. 1, teal and blue). The most prominent and upshifted
peaks that appear in presence of dye are labeled G1-G4.
Three NOE peaks of the four expected between the imino
protons of the eight guanosine bases are observed in the
2D spectra, in addition to three of the four expected NOE
peaks between the imino protons of the guanosines and
those of bases in the underlying duplex. Finally, we observe
several NOEs between the imino protons of the G-quadru-
plex and the aromatic-amino region of the spectrum
(Fig. S1). Together these observations indicate that at
10 mM KC1 at equilibrium at 20°C and near atmospheric
pressure (10 bar), the Hoogsteen basepairs of the G-quadru-
plex of Mango III are unstable in absence of the TO dye.

Pressure leads to a partially fluorescent state of
Mango Il

The TO1-B dye is nearly completely quenched when free in
solution or in presence of nonspecific RNA and exhibits a
>1000-fold increase in intensity upon interaction with the
Mango III RNA aptamer (15,50). The pressure dependence
of the TO dye fluorescence of Mango III was monitored in
10 mM KCl, 20 mM MOPS buffer (pH 7.2) at both 5°C and
20°C (Fig. 3 A and B). At 20°C, the fluorescence intensity
decreased by ~50%, nearing a plateau at 3 kbar. No change
was observed below ~1500 bar at 5°C, and the total
decrease was smaller than at the higher temperature, indi-
cating a stabilization of the aptamer at low temperature.
The observed <50% decrease at 20°C, reaching a high-
pressure plateau, indicates the population of a distinct inter-
mediate species by pressure in which the dye is exposed to
solvent, but is not dissociated, since the fluorescence of the
free dye is nearly 100% quenched. Rather, pressure induces
a Mango III conformation in which the dye-RNA interac-
tions have been altered. At both temperatures the return to
atmospheric pressure revealed hysteresis that was more pro-
nounced at 5°C, indicating that the system is not in true
equilibrium. Fits of the profiles for increasing pressure yield
apparent thermodynamic parameters (4G° and 4V°) for the
transition (Table 1). Profiles obtained at 1, 10, and 100 mM
salt at 20°C are consistent with the known stabilization of
the aptamer by potassium (Fig. 1). The similarity of the
apparent volume change for the transition (4V°) at all three
salt concentrations indicates that the same transition is
monitored. The value of 4V° = —32 mL/mol is on the order
of values (—22 to —68 mlL/mol) previously reported for
pressure disruption of DNA G-quadruplexes (30-32,54),
although here the observable is dye fluorescence.



TABLE 1 Apparent thermodynamic parameters for the
fluorescence-detected pressure-induced transition in Mango lli
at 20°C

[KCI] (mM) 4G, (keal/mol) 4V°,,,, (mL/mol)
1 046 + 0.03 320+ 16
10 0.93 + 0.14 327 + 33
100 1.89 + 0.16 —31.8 + 56

The signs of 4G’ and 4V are for the “unfolding” direction of the reaction.

Pressure reversibly disrupts the Mango lii
G-quadruplex structure

We next examined the pressure effects on the fully folded
dye-bound Mango III structure in 10 mM KCl using high-
pressure proton NMR. Upon increasing pressure, the inten-
sities of the imino proton resonances of the G-quadruplex
decreased to nearly the level of the noise (Fig. 4) in a revers-
ible manner (Fig. S2). The pressure dependence of the 2D
NOE spectrum was also investigated (Fig. S3). The decreased
sensitivity of the high pressure experiments (due to the neces-
sity of using a 500-MHz spectrometer that is not equipped
with a cryoprobe) resulted in the detection of fewer and
weaker NOEs compared with the spectra in Fig. 2 (obtained
using a 700-MHz spectrometer with cryoprobe). Nonethe-
less, the detected NOE peaks disappeared at 3000 bar. These
observations indicate that pressure reversibly disrupts the
G-quadruplex structure sufficiently to allow solvent exchange
of these protons. Note that several other imino proton peaks
are not significantly perturbed by pressure (Fig. 4). High-
pressure 1D "H NMR experiments on Mango III were also
carried out at 1 and 100 mM KClI (Figs. S4 and S5). In addi-
tion to peaks in the imino region of the spectrum, one reso-
nance in the amino-aromatic region of the spectrum could
also be quantified as a function of pressure (Figs. S6 and 5).
The pressure dependent loss of NMR peak intensity, at all
three salt concentrations and 20°C, of the four most prominent
G-quadruplex imino proton peaks between 10.8 and 12.4 ppm
(Figs. 4, S3, and S4) were fit to a two-state model for the
apparent AG® and AV’ values of the transition (Figs. 5 and
S7; Table 2). The stabilizing effect of KCI is apparent from
the data and the fits. The curves for the imino protons obtained
at 1 and 10 mM KCI appear to report on the same transition,
stabilized at the higher salt. The values of 4V for this transi-
tion at 1 and 10 mM KClI are similar (Table 2). They are also
consistent with those observed for DNA G-quadruplex disrup-
tion under pressure (30-32,54). In contrast, the change in the
intensities of the four G-quadruplex imino proton peaks and
the amino/aromatic proton peak at 100 mM KCI were small
and do not appear to report on the same pressure-induced tran-
sition as that which occurs at the lower salt concentrations.

DISCUSSION

We have reported structural states and fluorescence data of
the Mango III aptamer under variable pressure, salt, and
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FIGURE 4 Pressure dependence of the imino region of the 1D '"H NMR
spectrum of Mango III. Pressures are 10 bar (blue), 1000 bar (red), 2000 bar
(green), and 3000 bar (purple). The spectrum at atmospheric pressure in
absence of dye is also shown for reference (yellow). All spectra were ac-
quired in presence of TO except at atmospheric pressure, no dye (yellow).
Experimental conditions were 10 mM KCl, 20 mM MOPS (pH 7.2), 20°C.

temperature conditions. Our results show that pressure can
change the Mango III aptamer-ligand interaction by chang-
ing the dominant structural states of the RNA molecule.
These results add to a growing understanding of how bio-
molecules respond to changes in pressure, and how pressure
can be used as an experimental variable to investigate struc-
ture-function relationships.

Induced fit by ligand binding to RNA

Our finding that at atmospheric pressure and 10 mM KClI, sta-
ble Mango III quadruplex formation is only observed in the
presence of TO1-B is consistent with previous observations
of RNA-ligand interactions. A compilation of binding ki-
netics showed that the association rates for small molecule
RNA interactions are generally slower than diffusion, sug-
gesting that many RNA molecules exist in different structural
states when free or bound by ligand, and that binding and for-
mation of the stabilized bound structure are coupled. Our re-
sults extend these observations to the unusual quadruplex
structure of Mango IIl. Our data are consistent with an
induced fit model because at 10 mM KCIl, we see no evidence
of the G-quadruplex structure at atmospheric pressure in the
absence of TOl-biotin. However, our experiments cannot
rule out that the G-quadruplex structure is sampled, but that
the dynamic nature of the ensemble results in exchange of
the G-quadruplex imino protons. Further experiments using
isotope-labeled RNA would be needed to probe the structural
dynamics of Mango III at atmospheric pressure to address the
biophysical details of TO1-biotin binding (55).

Pressure leads to the population of intermediate
states

Pressure effects on the Mango III structure arise from differ-
ences in molar volume between the various conformational
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states of the aptamer. Negative volume changes for disrup-
tion of nucleic acid structure are essentially due to hydration
of the exposed molecular surface and of the released ions
upon unfolding (electrostrictive effect), ~6 mL/mol in the
case of potassium ions (31). For particular cases, filling of
void volume upon unfolding could play a role as well. Com-
parison of the high-pressure fluorescence and high-pressure
NMR results at different KCI concentration reveals the pres-
sure-induced population of at least two intermediate species
in the folding of Mango III (Fig. 6).

Under all tested conditions, pressure leads to a modifica-
tion of the interactions between the dye and the RNA, form-
ing structural ensembles in which the dye is bound but
~50% less fluorescent. Free dye is 1000-fold less fluores-
cent than when bound to the Mango III RNA, and nonspecif-
ically bound dye is seven-fold less fluorescent. Rather than
the TO dye being unbound or nonspecifically bound, the
~two-fold decrease in fluorescence indicates a conforma-
tion that allows increased quenching by solvent, consistent
with a decreased volume due to hydration. One scenario
for the partial loss of fluorescence intensity is the unstacking
of the TO dye molecule with the bases between which it in-
tercalates, allowing entry of solvent and moderate quench-

3000

2000
Pressure (bar)

ing (Fig. 1). Indeed, recent structures of Mango I and
Mango II aptamers with two variants of the thiazole orange
dye (TO1 and TO3) (51) reveal plasticity in the orientation
of the dyes in the binding site, with multiple orientations of
the benzothiazole and methylquinoline moieties of the dyes
as well as multiple orientations of the A-U bases that stack
above them (51). In contrast, significant and sigmoidal loss
of Hoogsteen basepaired imino proton peak intensities for
the G-quadruplex resonances as a function of pressure is
only observed at the two lowest salt concentrations, consis-
tent with a volumetric contribution of electrostriction of the
potassium ion released upon G-quadruplex disruption under
these conditions, in addition to increased hydration and loss
of cavities (31). Because G-quadruplex structures are not
stable in absence of the central ion, this argues against the
pressure-induced population of a native-like, yet dynamic
state in which the imino protons are subject to exchange.
However, such a native-like state could explain the more
limited decrease in imino proton peak intensity with pres-
sure observed at 100 mM KCIl.

The different volume change values and salt dependency
for the transitions observed by fluorescence and NMR
indicate that they report on two separate, but linked

TABLE 2 Thermodynamic Parameters for the NMR-Detected Pressure-Induced Transition in Mango Il

1 mM KC1 10 mM KCl 100 mM KC1
Peak name Q 1 bar A4G° (kcal/mol) AV’ (mL/mol) AG° (kcal/mol) AV’ (mL/mol) AG° (kcal/mol) A4V’ (mL/mol)
G1 imino 11.27 0=x05 —57 £ 20 1.6 = 0.6 —-57 £ 8 1.3 £ 0.5 —22 + 12
G2 imino 11.15 03 £03 —45 +£ 20 1.3 £ 0.5 —45 £ 7 20 £ 0.5 —-30 = 12
G3 imino 10.93 04 £ 0.8 —52 +£ 20 23 £0.7 =52 £ 11 0.1 £0.5 -8+ 12
G4 imino 10.77 0.6 = 0.6 —61 £ 15 23 =+ 0.6 —61 = 10 02 +05 —11 £ 12
Amino 8.6 1.5 =05 —45 £ 14 1.9 = 0.5 —45 + 12 1.4 =05 —21 £ 12

The signs of 4G’ and A4V are for the “unfolding” direction of the reaction.
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FIGURE 6 Schematic for the transition pathways of Mango III deduced
from the high-pressure NMR and fluorescence experiments. MIIIg is fully
folded, maximally fluorescent Mango III. MIIlgp _to;p is Mango III in which
the G-quadruplex is disrupted and the dye is bound in an intermediate fluo-
rescent state. MIIIgg tor is Mango III in which the G-quadruplex is folded
and the dye is bound in an intermediate fluorescent state. Finally, MIIIgp +
TO is Mango III with disrupted G-quadruplex and free dye.

conformational transitions. At high salt and high pressure,
the G-quadruplex of Mango III is minimally perturbed,
leading to the population of an intermediate with intermedi-
ately fluorescent dye and mostly folded G-quadruplex
(MIIIgg o). At lower salt, the G-quadruplex is nearly
completely destabilized by pressure, while the dye popu-
lates a similarly fluorescent intermediate state (MIIgy T0).
If unfolding were to proceed further from this intermediate
(which it does not up to 3000 bar pressure), then the dye
would dissociate (MIIlgy + TO). Transition to this unfolded
and dissociated state is highly improbable at high salt, given
the stability of the G-qaudruplex. Finally, at higher temper-
ature, the secondary structure of the rest of aptamer would
melt (not pictured in Fig. 6). Because, unlike high tempera-
ture, high pressure does not strongly affect canonical sec-
ondary structures, intermediates such as those revealed
here can be more easily populated and characterized.

Implications for in vitro selections

Most aptamers have been discovered in large pools of oligos
through affinity-based in vitro selection experiments (i.e.,
SELEX). Numerous experimental decisions are made when
designing such selections to promote desired properties,
such as K, and stability. We observed that Mango III can
remain bound to TO even when the quadruplex is not formed.
This TO-bound state with disrupted quadruplex may have
contributed to the selection of the Mango III sequence over
other sequences in the pool. It is not known whether the
various conformational states of other Mango structures
have this property as well, although as noted, the fluorescence
intensity of the states populated under pressure is similar to
that observed for Mango IV and higher than that observed
for either Mango I and II. It is possible that these three ap-
tamers bind to the TO dye in a similar fashion in solution
as the high-pressure intermediates observed here. It would
be of interest in the future to compare the affinities of the
two bound states for the TO ligand. Our results further high-
light the importance of selection protocols in producing mo-

Pressure effects on Mango lll

lecular properties, even if unintended, and suggest important
roles for suboptimal structures during selection experiments.

The importance of pressure in biological systems
and origins of life

In addition to the usefulness of high pressure for the analysis
of structural conformations, high-pressure environments are
abundant on Earth. Numerous extremophiles thrive near
deep sea vents, and microbes have been found deep within
the continental and oceanic crusts. Both environments can
produce pressures of several hundred and even 1000 or
more bar. Microbes commonly use RNA structural changes
to regulate gene expression (i.e., riboswitches), and it is
possible that pressure-induced RNA structural changes
might be used for modulating homeostasis in high-pressure
organisms. Indeed, the pressure-dependent differential
expression of a riboswitch has been reported for the faculta-
tive piezophilic Photobacterium profundum (56). Future in-
vestigations into pressure-induced structural changes of
regulatory RNAs from such organisms will provide insight
into RNA-dependent biological regulation in these extreme
environments.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2021.12.037.
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