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ABSTRACT: RNA folding thermodynamics are crucial for structure prediction, which requires characterization
of both enthalpic and entropic contributions of tertiary motifs to conformational stability. We explore the
temperature dependence of RNA folding due to the ubiquitous GAAA tetraloop—receptor docking
interaction, exploiting immobilized and freely diffusing single-molecule fluorescence resonance energy
transfer (smFRET) methods. The equilibrium constant for intramolecular docking is obtained as a function
of temperature (T = 21—47 °C), from which a van’t Hoff analysis yields the enthalpy (AH®) and entropy
(AS°) of docking. Tetraloop—receptor docking is significantly exothermic and entropically unfavorable
in 1 mM MgCl, and 100 mM NaCl, with excellent agreement between immobilized (AH® = —17.4 £ 1.6
kcal/mol, and AS® = —56.2 & 5.4 cal mol™! K™!) and freely diffusing (AH®° = —17.2 & 1.6 kcal/mol,
and AS° = —55.9 4 5.2 cal mol~! K1) species. Kinetic heterogeneity in the tetraloop—receptor construct
is unaffected over the temperature range investigated, indicating a large energy barrier for interconversion
between the actively docking and nondocking subpopulations. Formation of the tetraloop—receptor
interaction can account for ~60% of the AH° and AS° of P4—P6 domain folding in the Tetrahymena
ribozyme, suggesting that it may act as a thermodynamic clamp for the domain. Comparison of the isolated
tetraloop—receptor and other tertiary folding thermodynamics supports a theme that enthalpy- versus
entropy-driven folding is determined by the number of hydrogen bonding and base stacking interactions.

RNA folding is generally hierarchical, with tertiary
structure occurring through interactions of preformed sec-
ondary elements (/—3). As a result, the kinetics and
thermodynamics of tertiary interactions are crucial to un-
derstanding RNA folding and functionality as well for
accurate structural predictions (/, 4). Toward this end,
individual folding motifs must be characterized both in
isolation and in combination for a unifying thermodynamic
description of RNA folding to emerge. Among the most
widespread long-range RNA interactions are A-minor
motifs (5—7), which are commonly manifested in GNRA
tetraloop—receptor binding, where N is any nucleotide and
R is a purine (5, 8). The ubiquitous GAAA tetraloop—receptor
interaction has been of particular interest because it properly
forms outside of the ribozyme’s framework (9, 10). The
GAAA tetraloop docks into an 11-nucleotide internal receptor
(11), the bound and unbound structures of which have been
extensively studied (/0—13). There have been previous
thermodynamic investigations of the tetraloop—receptor
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interaction in a variety of RNA folding contexts (8, 14—18).
However, none of these studies has been able to isolate the
enthalpy and entropy changes associated with tetraloop—receptor
tertiary docking.

Enthalpies and entropies of tertiary structure formation can
be obtained from the temperature dependence of equilibrium
constants and/or precision calorimetry measurements. Dif-
ferential scanning calorimetry has revealed enthalpy and free
energy changes for pseudoknot tertiary folding (/9). How-
ever, thermodynamics for tertiary structure formation can
be challenging to isolate by methods such as isothermal
titration calorimetry (ITC),' since studies are performed as
a titration of two species, for which resolution of secondary
and tertiary contributions is achieved through clever experi-
mental design (20—24). Other ensemble methods for dis-
secting thermodynamic contributions to folding, such as
temperature gradient gel electrophoresis, have had restricted
application because experimental conditions are constrained
by the limited resolution of gel shifts (25). Time-resolved
ensemble FRET methods have been elegantly employed to
probe tertiary folding thermodynamics, though data inter-
pretation often requires preconceived models of fluorophore
distance distributions, which potentially mask rare subpopu-
lations (26).

! Abbreviations: HPLC, high-performance liquid chromatography;
HEPES, N-(2-hydroxyethyl)piperazine-N’-2-ethanesulfonic acid; EDTA,
ethylenediaminetetraacetate; ITC, isothermal titration calorimetry;
NMR, nuclear magnetic resonance.
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FIGURE 1: Secondary structure depiction of the tetraloop—receptor
RNA docking—undocking equilibrium that can be observed by
Cy3—Cy5 FRET. The undocked (left) GAAA tetraloop docks
(right) into the receptor via a flexible A; linker, resulting in an
increased FRET efficiency. Biotinylation of the RNA allows for
immobilization on streptavidin-coated coverglass.

Single-molecule fluorescence resonance energy transfer
(smFRET) methods have been widely applied to RNA
folding (for recent reviews, see refs 27 and 28). Such
methods allow isolation and direct characterization of RNA
tertiary conformational dynamics with subpopulations that
exhibit different rate constants and conformations readily
distinguished under a wide range of experimental conditions,
e.g., varying Mg?" concentrations (16, 29, 30). Despite the
potential for temperature-dependent SmFRET measurements
of tertiary RNA folding thermodynamics, there have been
surprisingly few such studies, specifically only P1 helix
docking into the prefolded core of the Tetrahymena ribozyme
and four-way helical junction folding (37, 32). Additionally,
both of these smFRET studies have utilized surface-im-
mobilized constructs.

In this work, we combine a microfluidic temperature-
controlled stage with time-correlated single-photon counting
methods in a confocal sSmFRET microscope to extract
thermodynamic parameters for RNA folding under both
freely diffusing and surface-immobilized conditions. We
determine the standard state free energy (AG®), enthalpy
(AH°®), and entropy (AS°) changes for intramolecular GAAA
tetraloop—receptor docking under physiologically relevant
cation conditions and identify the folding process as enthal-
pically driven but at a large entropic cost. We extract tertiary
folding enthalpies and entropies by freely diffusing SmFRET
methods, which are advantageous because they require only
trace amounts of sample while avoiding possible perturbative
effects of surface tethering. Such freely diffusing methods
have already yielded great insight into the secondary folding
of RNA hairpins (33). We interpret the GAAA—tetraloop
tertiary interaction in the context of previous thermodynamics
studies to illuminate a possible enthalpic and entropic
paradigm for RNA folding.

EXPERIMENTAL PROCEDURES

RNA Preparation. Cy3-Cy5-labeled tetraloop—receptor
constructs depicted in Figure 1 were prepared as previously
described (15, 16). Briefly, synthetic 5’-amino-modified RNA
oligomers (Dharmacon, Lafayette, CO) are labeled with Cy3
and Cy5 N-succinimidyl esters (Amersham Biosciences,
Piscataway, NJ) and HPLC-purified. The sequences of the
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RNA oligonucleotides are 5 Cy5-GCC GAU AUG GAC
GAC ACG CCC UCA GAC GAG UGC G 3’ and 5" Cy3-
GGC GAA AGC CAA AAA AAC GUG UCG UCC UAA
GUC GGC 3. We formed the complete construct (Figure
1) by annealing the Cy3 (1 M) and Cy5 (1.5 uM) RNA
oligomers with 2 uM biotinylated DNA oligomer (5" biotin-
CGC ACT CGT CTG AG 3, Integrated DNA Technologies,
Coralville, IA), heating the sample to 70 °C, and slowly
cooling the sample to room temperature in an annealing
buffer of 50 mM HEPES, 100 mM NaCl, and 100 uM EDTA
(pH 7.5). The secondary structure of the Cy3 strand forms
the tetraloop with an A5 linker connecting it to the receptor
domain created by the hybridized Cy3 and Cy5 strands.
Molecules can be tethered to streptavidin-coated glass
surfaces with the biotinylated extension formed by base
pairing of the DNA and Cy5 strands. The micromolar stock
of annealed RNA is diluted in working buffer that differs
from the annealing buffer by the addition of 1 mM MgCl,.

Single-Molecule Fluorescence Measurements. Immobilized
or freely diffusing molecules are observed using a time-
resolved confocal microscope system (Microtime 200, Pi-
coQuant, GmbH) based on an inverted microscope (Olympus
IX-71) equipped with a time-correlating single-photon count-
ing module and objective scanning mode (P-721 PIFOC
objective nanopositioner with x-y scanner P-733.2CL, Physik
Instrumente, Karlsruhe, Germany). A 1.2 NA water-immer-
sion objective (Olympus UPLSAPO 60XW) is used to focus
a frequency-doubled pulsed picosecond (40 MHz) semicon-
ductor laser at 532 nm (PicoTA, PicoQuant, GmbH) onto a
glass surface for immobilized studies (1 4W at the micro-
scope back plane, 1.7 kW/cm? at the focus) and 15 xm above
the glass surface for freely diffusing studies (100 W at the
back plane, 170 kW/cm? at the focus). Fluorescence collected
through the same objective is separated from the excitation
source by a dichroic beamsplitter (Z532/635, Chroma
Technology, Rockingham, VT) and focused through a 50
um pinhole. Donor and acceptor emission are separated by
a dichroic beamsplitter (645DCXR, Chroma Technology) and
transmitted through bandpass filters (HQ585/70 M and
HQ700/75M, Chroma Technology) for detection by single-
photon counting avalanche photodiodes (SPCM-AQR-14,
Perkin-Elmer). Data acquisition is achieved with a photon
counting module (PicoHarp 300, PicoQuant, GmbH) in the
time-tagged time-resolved mode, enabling the recording of
every detected photon with its individual timing and detection
channel information and processing with SymPhoTime
(PicoQuant, GmbH).

Precise temperature control of the sample is achieved by
implementation of a heated flow cell (FCS2, Bioptechs,
Butler, PA) with an internal volume of 31 uL defined by a
gasket spacer (0.1 mm x 14 mm x 27 mm) between the
coverglass and a resistively heated, indium—tin oxide-coated
slide (Bioptechs). The objective is heated to the same
temperature as the flow cell to prevent a temperature gradient
with respect to the immersion optic, with the objective
thermally isolated from the microscope turret by a thermal
spacer (Bioptechs). The reported temperatures and standard
deviations are from an average over four point measurements:
the top of the heated slide, on the coverglass in an immersion
droplet, on the objective in an immersion droplet, and on
the side of the objective. Temperatures are stable within £0.2
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°C during a given measurement, which are performed from
ambient temperature to 47.4 °C.

Round No. 1.5 coverslips for the flow cell assembly are
cleaned by rinsing with acetone, ethanol, HPLC-grade water,
and then methanol followed by baking at 500 °C for 5 h.
All experiments are performed in a buffer of 50 mM
hemisodium HEPES (pH 7.5 at 25 °C), 100 mM NaCl, 100
UM ETDA, and 1 mM MgCl,. HEPES is a temperature stable
buffer with only minor changes in pH with temperature
(ApK, = —0.014 °C™!), indicating a pH reduction to 7.22 at
45 °C (34). Immobilized samples are prepared in the FCS2
holder using a biotinylated BSA—streptavidin—biotinylated
RNA tethering scheme (35). An enzymatic oxygen scaveng-
ing solution of glucose (9 mg/mL), glucose oxidase (0.43
mg/mL), catalase (0.072 mg/mL), and 2 mM Trolox is added
to the buffer to reduce fluorophore photobleaching and
photophysics (36). For freely diffusing measurements, the
glass surfaces are passivated with BSA and experiments are
performed with a 200 pM RNA solution in the holder (37).
The oxygen scavenging system is not used in the freely
diffusing experiments as it was found to offer no advantage
at the powers used (37).

Single-Molecule FRET Efficiency Analysis. Immobilized
single-molecule trajectories are analyzed with 10 ms data
binning, which clearly resolves the undocked and docked
events (16, 37). Freely diffusing time traces are analyzed
with 1 ms integration times, which is on the order of a
molecule’s dwell time in the laser focus (16, 37). As
previously derived, the corrected intensity-based FRET
efficiency (Eprgr) is calculated from the background-
subtracted signals on the two channels, Al and A/, designed
primarily for donor and acceptor detection, respectively.
Corrections are implemented for (i) collection efficiencies
and cross talk of the donor and acceptor emission on channels
1 and 2 (Bi4, 8.4, Bi°, and B,P), (ii) differential quantum
yields of the donor and acceptor (Qp and Q,), and (iii)
fractional direct excitation of the acceptor versus donor (0,
where 1 — ap = o)

LN
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Quantum yield ratios and collection efficiencies are deter-
mined in independent measurements of singly labeled
constructs: QA/Op = 1.2 & 0.3, ;4 = 0.00000 == 0.00003,

»A =0.0242 £ 0.0018, 5,° = 0.0269 £ 0.0024, and 3,° =
0.00211 =+ 0.00018 (37). Fractional direct laser excitation
of the acceptor and donor is calculated from the extinction
coefficients at 532 nm (o, = 0.07 £ 0.01, and op = 0.93 £+
0.01) (37). In contrast to the immobilized studies, donor-
only species in the freely diffusing studies are necessarily
included and appear at negative Erggr values due to correc-
tion for acceptor direct excitation (37).

RESULTS

Temperature Dependence of Tetraloop—Receptor Docking
Equilibrium Revealed in Single-Molecule Trajectories. The
docking—undocking equilibrium of the GAAA tetraloop and
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FIGURE 2: Immobilized single-molecule Epggr trajectories and the
corresponding probability distributions at 26 (top), 36 (middle), and
38 °C (bottom). The low and high Erggr peaks correspond to the
undocked and docked states, respectively. Integrated areas of the
undocked and docked peaks are determined from the superimposed
two-Gaussian fits with the equilibrium constant for docking, Kqock,
calculated as the ratio of the docked to undocked area. Increasing
temperature shifts the equilibrium to the undocked state.

receptor is readily monitored by FRET between the donor
(Cy3) and acceptor (Cy5) in the RNA construct (Figure 1),
as described elsewhere (/6). The tetraloop is flexibly attached
to the receptor domain with a single-stranded A linker,
which was previously shown to allow for an isolated
thermodynamic study of a tertiary interaction (/5, 16).
Temperature-dependent conformational dynamics in single-
immobilized molecules under physiological conditions [100
mM NaCl, I mM MgCl,, and 50 mM HEPES (pH 7.5)] are
observed in Erggr trajectories calculated ratiometrically from
real-time donor and acceptor fluorescence signals (see
Experimental Procedures) (/6, 37). Sample trajectories
portraying the temperature dependence of the tetraloop—
receptor docking equilibrium are shown in Figure 2. Fluctua-
tions between undocked (low Erggr) and docked (high Erggr)
conformations are visible in each of the time traces (/6).
Probability distributions from the Egggr trajectories allow two
states to be distinguished (right panel, Figure 2).

The Epger probability histograms are described well by
Gaussian distributions (37); fitting the histograms to a sum
of Gaussians permits quantitation of relative docked versus
undocked populations. From cumulative probability distribu-
tions of many molecules, we determine (Errgr) = 0.29 +
0.02 and 0.70 =+ 0.02 and width o = 0.14 £ 0.01 and 0.094
£ 0.003 for the undocked and docked states, respectively,
in excellent agreement with previous studies of this construct
(37). The Egggr centers ((Eprery) and Gaussian widths (o)
for the molecules shown in Figure 2 at 26, 36, and 38 °C
show no systematic shifts as the temperature is increased,
indicating that (i) obscuring of docked and undocked peaks
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due to finite binning is negligible and (ii) the tetraloop and
receptor secondary structure are maintained upon heating,
since disruption of these regions would lead to shifts in the
Errer peaks. Secondary structure is expected be unaffected
in this study as both the tetraloop and receptor domains are
extremely stable; the melting temperature (7},) of the
tetraloop domain was experimentally determined at ~64 °C
(38), and the T, of the receptor domain is predicted to be
~62 °C from the DINAMelt server (39). Furthermore,
the robustness of the Ergpr peak position suggests fluorophore
quantum yields are sufficiently independent of temperature
over the range measured.

The effect of temperature on fluorophore quantum yields
is independently assessed on singly labeled constructs at the
experimental extremes. Comparison of relative quantum
yields at 21 and 45 °C shows a decrease of ~20% for both
Cy3 and Cy5 as the RNA is heated over this range; the
quantum yield effect is reversible as observed by temperature
cycling. A similar diminution of Cy3 quantum yield has also
been observed by Levitus and co-workers for Cy3—DNA
conjugates (40). Quantum yield changes induce a 2-fold
effect on the observed Epggr, Where Epger = Ro%/(R® + RY),
both through the Forster radius (Rp) and in the Eprgr
calculation from emission intensities (see eq 1) for a defined
distance (R). The latter contribution is negligible in the
ratiometric determination of Erggr as the relative ratio Qa/
Op does not change (see eq 1). The Ry effect is also subtle
because Ry is proportional to Qp'® (41). For the observed
decrease of ~20% in donor quantum yield, we predict an
Erger center decrease of only ~0.03 for undocked and
docked peaks over the entire temperature range investigated
(see Figure S1 of the Supporting Information). Such a peak
shift may be present but is on the order of Ewgrgr center
reproducibility (+0.02) and not relevant within experimental
uncertainty. Furthermore, absolute positions of these peaks
have no effect on the analysis presented here as we seek
only the relative areas of the docked and undocked peaks,
which are populated on the basis of the fractional dwell time
of the molecule in each configuration.

The calculated fluorophore distance from the corrected
Erger in the docked conformation is consistent with proper
formation of the tetraloop—receptor interaction as observed
in the X-ray crystal structure of the P4—P6 domain of the
Tetrahymena ribozyme (/7). The interphosphate distance
between the corresponding nucleotides to which the fluoro-
phores would be attached in the PA—P6 domain is 31.6 A.
Our observed Erggr of 0.29 corresponds to an R of 46 Ain
the docked state for an Ry of 53.4 A [R® = R,*(1/Erer —
1)]. The functionalized fluorophores are attached to amino-
modified RNA with a three-carbon linker, which places 12
atoms between each fluorophore and its nucleotide phosphate.
This added distance can easily account for the additional 14.4
A between Cy3 and Cy5 as compared to the interphosphate
distance in P4—P6, though the exact position of the fluoro-
phores in this construct is not structurally known. The
observed Eprgr for the undocked conformation also indicates
a distance (R = 62 A) that is consistent with a right angle
extension of the tetraloop A; arm with respect to the receptor
helix (R ~ 70 A). However, inferring absolute distances from
FRET efficiencies is challenging because fluorophore rotation
is potentially hindered upon covalent attachment to biomol-
ecules. Hindered rotation affects R, which is calculated
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Table 1: Temperature Dependence of Kyox and Thermodynamic
Parameters for Tetraloop—Receptor Docking from Immobilized and
Freely Diffusing (free) Single-Molecule Methods

AG° (kcal/mol) =

T (°C) Kyoex(immobilized) Kyoek(free) —RT In Ko
21 +£0.2 4.18 £ 0.18 37+1.8 —0.80 £ 0.05
26 +0.2 234+0.1 - —0.50 £0.03
29 +0.2 22402 1.7£0.3 —04+£0.1
34+2 1.32 +0.08 0.87 £ 0.16 —0.05+0.16
36 +2 1.17 +0.09 - —0.10 £ 0.05
38+2 0.64 + 0.03 0.60 +0.11 0.30 + 0.03
43 +3 - 0.55+0.10 043 +0.12
474 +£3.6 - 0.42 + 0.09 0.58 +0.12
immobilized free
AH® (kcal/mol) —174+1.6 —172+1.6
AS° (cal mol™' K1) —562+5.4 —559+5.2

assuming free rotation (i.e., x> is assumed to be %/3), though
this assumption is spurious as shown in recent studies by
Lilley and co-workers (42). Nevertheless, observed Epggr
values are in agreement with the anticipated unfolded and
folded conformations of the tetraloop—receptor construct.

The undocked and docked conformations of the tetraloop
receptor are clearly assigned, allowing determination of
equilibrium constants from the ratios of integrated peak areas
(K4ock = area docked/area undocked), which is the fractional
dwell time in the docked versus undocked state (/8). An
enhanced tendency for tetraloop—receptor constructs to be
in the undocked conformation with an increase in temperature
is apparent from the single-molecule traces, with Kok
decreasing from 2.1 &£ 0.1 at 26 °C to 0.54 & 0.03 at 38 °C
(Figure 2). Cumulative Kyox values for many molecules are
in good agreement with the individual molecules (see Figure
2) and summarized over the full temperature range (21.0—47.4
°C) in Table 1 [Ky.x(immobilized)], indicating a strongly
exothermic folding process.

Significant kinetic heterogeneity exists in the tetraloop—
receptor system, as discussed previously (/6). This hetero-
geneity can be adequately described as two non-intercon-
verting populations: (i) 68% of species that actively dock
and undock, and (ii) a 32% minority population of molecules
that exhibit no folding events. The presence of “nondocking”
molecules was also confirmed under freely diffusing condi-
tions, yielding a 32% subpopulation in quantitative agreement
with the tethered studies (37). Since these molecules show
no docking events over the range of time scales and
temperatures sampled, they are excluded from the equilib-
rium analysis described above. The molecular origin of the
species is not yet known, e.g., whether the kinetic trap is of
secondary or tertiary origin. These molecules never achieve
the bound form of the tetraloop receptor so cannot be
included in assessing tetraloop—receptor thermodynamics.
Studies have suggested that the nondockers can be removed
from the sample by native gel electrophoresis (/5); however,
we retain them in the study, to assess whether they can
interconvert at increased temperatures. Temperatures greater
than investigated may allow the nondockers to fold, which
would be consistent with the remarkable robustness of
subpopulations in the hairpin ribozyme (43). Further con-
firmation of the temperature insensitivity of the nondocking
RNA subpopulation is provided by studies under freely
diffusing conditions as described below.
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Temperature Dependence of the Docking Equilibrium in
Freely Diffusing RNA. For temperature-dependent measure-
ments of the tetraloop—-receptor interaction without surface
immobilization, the equilibrium conformational distribution
of the tetraloop—receptor construct is acquired from indi-
vidual molecules freely diffusing through the confocal
detection volume. This method allows for rapid sampling
of many molecules, but with the ability to still discern
conformational states (37). Low concentrations (200 pM) of
RNA ensure that we are in the single-molecule detection
regime, which is confirmed by cross correlation analysis of
the donor and acceptor channels for freely diffusing time
traces (see Figure S2 of the Supporting Information), yielding
an average occupancy of the focal volume of 0.71 4 0.09
molecule. Cross correlations also indicate the concentration
of donor- and acceptor-labeled species is maintained upon
heating, indicating that RNA construct remains intact. Time
traces are binned at 1 ms integration for analysis, which is
on the order of the dwell time of a molecule in the detection
volume (37). This bin time is much shorter than the typical
duration of a docking or undocking event; thus, a molecule
can be cleanly identified in either the undocked or docked
conformation (/6). Fluorescence emission from labeled RNA
molecules is distinguished from background via an intensity
threshold (Zipresh = 100backgrownd = 30 kHz) of a minimum
sum of photons above background levels with typically >10*
events acquired to ensure high-quality statistics (44). In freely
diffusing studies, all fluorescent species in the solution are
sampled. Therefore, signals from donor-only molecules give
rise to a peak at negative Epgrgr due to direct excitation
correction for the missing or photobleached acceptor (see
Experimental Procedures) (37). As illustrated in Figure 3,
the donor-only population shows no change with temperature,
consistent with the RNA constructs remaining hybridized
throughout temperature cycling.

The freely diffusing Errgr histogram data can be globally
fit over all temperatures by a sum of Gaussian distributions
with common widths and centers, confirming that the docked
and undocked peak shapes and positions are not significantly
affected by heating. Such an analysis yields an (ErreT)undocked
of 0.291 &£ 0.003 and a Oupgockea Of 0.153 £ 0.004, and an
<EFRET>d0cked of 0.679 £ 0.004 and a Odocked of 0.112 £+ 0003,
in agreement with the above immobilized results and
previous freely diffusing studies at room temperature ({Erret)
= 0.28 £ 0.01 and 0.687 + 0.005 and o = 0.165 £ 0.004
and 0.106 = 0.002 for undocked and docked states,
respectively) (37). Temperature and immobilization, there-
fore, do not introduce any observable changes in FRET
centers and widths for both the undocked and docked RNA
conformations, indicating that the system is described well
by a two-state reaction scheme under all conditions in these
studies. As demonstrated in Figure 3, the docked and
undocked Epggr amplitudes do display temperature sensitiv-
ity. Specifically, increased temperature shifts the tetraloop—
receptor construct to the undocked conformation, which is
quantified by extracting Kyo.x from the equilibrium distribu-
tions. Extracting equilibrium constants from the threshold
event distribution is potentially only an estimate of Kgock
because of preferential detection of molecules dominantly
emitting photons from the fluorophore with higher net
collection efficiency. However, systematic variation of the
threshold (15—75 kHz) reveals a negligible effect on the
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FIGURE 3: Temperature dependence of tetraloop—receptor docking
shown in Egggr histograms generated from photon bursts
occurring when freely diffusing RNAs traverse the laser focal
volume (see Experimental Procedures). Three distinct popula-
tions with peaks corresponding to the donor-only (Egggr < 0),
undocked (center Ergpr = 0.291 £ 0.003), and docked RNA
(center Erger = 0.679 £ 0.004) exist at 29, 34, and 38 °C. There
is a marked increase in the relative fraction of the undocked
population with temperature, indicating disruption of the tertiary
interaction, which is quantified by fitting the histograms to a
sum of Gaussian distributions (solid black lines).

results presented. Such a result is expected as the collection
efficiencies and quantum yields of the donor and acceptor
are nearly equivalent in our experimental apparatus (see
Experimental Procedures).

The freely diffusing detection method samples an equi-
librium conformational distribution of all tetraloop—receptor
constructs, including both actively docking (68%) and
nondocking (32%) subpopulations. The nondocking sub-
population can be incorporated in the analysis by noting that
the fractional population in the docked state (Fi..) must scale
linearly (i.e., Fiee = OFimmobilizea) With the fractional docked
state populations under immobilized conditions, where
nondocking molecules are excluded (37). This fraction can
be written explicitly as

F _ N docked
free —
N docked +N undocked + N nondock
N, docked
=
N, docked + N undocked
Kdock
=0z (@)
Kdock +1

where Nyocked aNd Nyndocked T Nnondock are integrated areas of
docked and undocked peaks in freely diffusing studies,
respectively. The actively docking fraction, a, has been
previously measured for both immobilized (oc = 0.68 £ 0.01)



Single-Molecule Tetraloop—Receptor Docking Thermodynamics

4

® freely diffusing 4
A immobilized

N\

'
[\

g1
RInK, , (cal mol'K")
(e

1
~

0.0031  0.0032  0.0033

/T (K

FIGURE 4: Thermodynamics of the tetraloop—receptor docking—
undocking equilibrium from van’t Hoff plots (see eq 4). The
temperature (7) dependence of the docking equilibrium constant
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the freely diffusing (solid gray line) and immobilized (dashed black
line) data.

0.0034

(37) and freely diffusing (a0 = 0.66 £ 0.02) species (37).
As a result, Kyo is readily extracted from Fpe. by
Ffree

o—F

free

3)

Kdock =

where the nondocking fraction is identified by immobilized
studies to be independent of temperature. As summarized
in Table 1, Kyocx under diffusing conditions decreases from
3.7+ 1.8 at 21 °C to 0.42 + 0.09 at 47 °C. The equilibrium
constants are in agreement for freely diffusing and im-
mobilized constructs, confirming that the nondocking fraction
is constant over this temperature range.

Thermodynamics for Tetraloop—Receptor Docking. To
extract thermodynamic information from these two indepen-
dent methods, we analyze both the immobilized and diffusing
data sets according to the van’t Hoff equation

RInKy, = —= + AS° 4)

T
from which a plot of R In Ky, versus 1/T yields a slope of
—AH° and an intercept of AS® (see Figure 4), where R is
the gas constant (1.987 cal mol~! K™!). Both data sets yield
straight line van’t Hoff plots, of which least-squares fits
weighted for uncertainty of the dependent and independent
variables yield the following: AH mmobitizea = —17.4 £ 1.6
kcal/mol, AH .. = —17.2 £ 1.6 kcal/mol, AS®inmobilized =
—56.2 + 5.4 cal mol™! K™, and AS°ee = —55.9 + 5.2 cal
mol~! K™!, which can be converted to standard international
units with the conversion factor 4.184 J/cal. Freely diffusing
and immobilized approaches for characterizing the thermo-
dynamics of the tetraloop—receptor tertiary interaction are
in excellent agreement (Figure 4). Docking of the tetraloop
with the receptor results in a substantial decrease in enthalpy
with an unfavorable entropy change (i.e., “enthalpy-driven
folding™), where exothermicity is balanced at room temper-
ature by a high entropic cost. More quantitatively, the
standard state free energy (AG®) for forming the tetraloop—
receptor interaction can be directly calculated as a function
of temperature from the equilibrium constants (AG® = —RT
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In Kyocr), as summarized in Table 1. At 21 °C, the docked
state is only marginally favored (AG° = —0.08 % 0.05 kcal/
mol), with docking becoming thermodynamically unfavor-
able at physiological temperatures (37 °C).

DISCUSSION

Accurate thermodynamic characterization of tertiary RNA
folding is clearly important but has been extremely
limited (/5—17, 31). We demonstrate the applicability of
temperature-dependent SmFRET methods under both im-
mobilized and freely diffusing conditions in deconstructing
the docking thermodynamics for an isolated tetraloop—receptor
tertiary motif. Freely diffusing techniques are particularly
useful for monitoring RNA folding thermodynamics in the
absence of surface tethering, which was demonstrated for
the exothermic and entropically disfavored secondary folding
of isolated RNA hairpins (33). We determine the standard
state enthalpic and entropic components of tetraloop—receptor
binding, revealing that the tertiary interaction like the
secondary hairpin formation is enthalpy-driven, but at a large
entropic cost. Extension of these methods to other isolated
tertiary interactions and comparison to RNAs with multiple
interactions should permit valuable insights into, for example,
the thermodynamic origin of tertiary cooperativity (18, 45).
Such dissections of RNA folding interactions are applicable
to well-defined, modular components as in this scheme. Such
a “bottom up” approach complements studies in large RNAs
by avoiding potentially deleterious mutations that may disrupt
the tertiary interaction through changes in global structure.

NMR and X-ray crystal structures of the docked and
undocked tetraloop and receptor reveal structural contribu-
tions to the entropic cost and enthalpic favorability of
tetraloop—receptor association. Specifically, tetraloop—
receptor docking induces structural elements that have been
generally recognized as enthalpically stabilizing and entropi-
cally unfavorable, namely, hydrogen bonding and base
stacking interactions (/0, 11, 46, 47). The large entropic
penalty for folding may also originate from the loss of free
orientational flexibility of the tetraloop in the undocked state
to the specific orientation required for docking (//, 13). The
proposition that the flexibility in an unfolded structure is
correlated with the entropic cost of folding is supported by
thermodynamic studies of the hairpin ribozyme, in which a
four-way junction (4W1J) greatly decreased the entropic
penalty of folding as compared to the two-way junction
(2W1J). The 4W] contributes significant rigidity and orienta-
tion to the unfolded state, leading to a decrease in the level
of disorder prior to the docking event (26). Solvent effects,
such as disruption of ordered water molecules, yield positive
enthalpic and entropic folding contributions; this is opposite
to what is observed for tetraloop—receptor folding and
therefore not the dominant effect (48).

Although the measured enthalpy and entropy changes are
dominated by the tetraloop—receptor interaction, we also
consider thermodynamic contributions arising from the RNA
construct design. Specifically, contributions could arise from
the flexible A; linker because of small differences in its base
stacking in the docked and undocked forms. Additional
negative entropic contributions to folding due to the reduced
conformational space accessible to the linker in the docked
versus undocked states are expected to be modest because
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Table 2: Thermodynamic Parameters for Tetraloop—Receptor Docking and Other Tertiary Folding (4.184 J/cal)
AG® at 37 °C =
AH° AS° AH® — TAS®
RNA tertiary interaction conditions (kcal/mol) (cal mol™' K71 (kcal/mol)
tetraloop—receptor docking immobilized, | mM MgCl,, 0.1 M NaCl —174+ 1.6 —562+5.4 0.02+23
freely diffusing, | mM MgCl,, 0.1 MNaCl ~ —17.2+ 1.6 —559+52 0.13+23
P4—P6 domain folding(25) 0.9 mM MgCl,, 10 mM NaCl —28+3 —91+8 0.21 £3.9
hairpin ribozyme folding (26) 2W1J, 1 mM MgCl, —9.7+45 —34+17 0.84 £7
4WJ, 1 mM MgCl, —4.1+£23 —9.6 5.7 —1.1+29
P1 helix docking into Tetrahymena 10 mM MgCl, (31) 8§£2 25£38 025+£32
group I intron core 5 mM MgCl,, 135 mM NaCl (53) 8 40 —4
10 mM MgCl, (54) 19+9 62 £ 30 —0.22 +£ 13
3WI folding of hammerhead ribozyme core (21) 10 mM MgCl,, 0.1 M NaCl 41£1 120 £ 10 3.8+33

this region is sufficiently long to maintain disorder. By way
of confirmation, previous studies of linker length (A; vs Ayy)
and composition (A vs U) dependence of tetraloop—receptor
docking and undocking revealed minimal changes in the
equilibrium constant (15, 16).

Our results allow us to place the tetraloop—receptor
interaction in thermodynamic context with global folding of
the P4—P6 domain in the Tetrahymena ribozyme, which has
been studied at the ensemble level by temperature gradient
gel electrophoresis under similar cation conditions (see Table
2) (25). Results for the global fold indicate large net enthalpy
and entropy decreases of —28 =+ 3 kcal/mol (AH®) and —91
+ 8 cal mol™! K™! (AS°), respectively, i.e., also enthalpically
driven with a magnitude only slightly larger than the
tetraloop—receptor values. Although there are additional
tertiary interactions and structural complexity to consider in
the full P4—P6 folding problem, it would appear that the
GAAA tetralop—receptor construct alone may contribute
~60% of the AH° and AS°. The tetraloop—receptor interac-
tion has been proposed as a thermodynamic clamp for
stabilizing the global fold of large RNAs (/7). This work
supports such a picture by determining that thermodynamic
stability may originate from the strongly favorable tetraloop—
receptor docking enthalpy. Further inspection will be neces-
sary to evaluate how the complexity of large RNAs affects
the folding thermodynamics, with assessment of the role of
global architecture, secondary elements, and solvent accessibility.

However, the docked form of the tetraloop—receptor con-
struct is thermodynamically disfavored (i.e., AG®inmobilized free =
0.022 + 2.3 or 0.13 + 2.3 kcal/mol) under physiologically
relevant conditions (37 °C, 1 mM MgCl,, 100 mM NaCl), with
similar results for the P4—P6 domain (AG®° = 0.21 =+ 3.9 kcal/
mol). This borderline stability of even strongly enthalpy-driven
folding underscores that RNA folding dynamics must be
addressed for a complete understanding of functionality. Folding
of both P4A—P6 domain and the tetraloop—receptor construct
becomes favorable with increased Mg?* concentrations (16, 18).

The thermodynamic parameters for P4—P6 and tetraloop—
receptor folding are consistent with that of other RNA
folding, specifically global folding of tRNA (49), the
1051—1108 rRNA fragment (50), the hairpin ribozyme (26),
pseudoknot tertiary structure formation (/9), ligand-induced
riboswitch folding (57), and secondary loop formation (33, 52).
Although differing in magnitude, each of these systems
exhibits significant enthalpic gain (AH® < 0) and entropic
penalty (AS° < 0) for folding. Furthermore, in a recent ITC
study, Reymond et al. demonstrated through systematic
mutations that various steps in the folding pathway of the
hepatitis delta virus ribozyme are exothermic and entropically
disfavored (24). However, these observations of enthalpy-

driven RNA folding are not a universal trend, as evidenced
in Table 2. The final stage of Tetrahymena ribozyme folding,
i.e., the docking of the P1 duplex into the prefolded core,
was investigated by smFRET of immobilized molecules and
found to be enthalpically disfavored (AH® = 8 £ 2 kcal/
mol) and entropically favored (AS® =25 & 8 cal mol™' K1),
in reasonable agreement with ensemble methods (53, 54).
ITC studies of the three-way junction (3WJ) in the minimal
hammerhead ribozyme core reveal a similar degree of
endothermicity and entropic advantage (Table 2) (27). As
yet a third case, smFRET investigation of the hairpin
ribozyme’s 4W1J revealed no temperature dependence in the
folding equilibrium constants, from which one can infer the
processes to be nearly thermoneutral (AH° =~ 0 kcal/mol)
with only a modest decrease in disorder (AS® &~ —2 £ 1 cal
mol~! K1) between the various folded conformations (32).

As illustrated in Table 2, each tertiary association has a
AG® near zero; thus, RNA folding can be regarded as either
enthalpy- or entropy-driven. Folding events in the tetraloop—
receptor, PA—P6 domain, and hairpin ribozyme constructs result
in many hydrogen bonds and base stacking interactions, of
which tetraloop—receptor docking forms the fewest, i.e., 10
hydrogen bonds and improved base stacking (10, 11, 55). By
way of contrast, such enthalpy-driven interactions are much less
prevalent in the entropy-driven P1 docking, which nets only
four or five hydrogen bonds and no base stacking (56). The
reduced prevalence of these secondary-like interactions (i.e.,
from ~11 to 4) may account for the shift from enthalpy-driven
to entropy-driven (solvent-driven) folding. The net entropic drive
for this folding has been proposed to arise from displacement
of ordered water molecules and/or Mg?t ions (53, 54).
Furthermore, the Tetrahymena ribozyme is already highly
structured prior to P1 docking, which reduces the entropic cost
associated with the final folding transition.

Folding of the minimal hammerhead ribozyme is more
difficult to categorize in terms of base stacking and hydrogen
bonding because the structure of the core prior to coaxial
stacking of the helices is not clear. However, counting
hydrogen bonds and base stacking interactions that are
contingent on helix alignment, i.e., not including the two
noncanonical base pairs (Ao-Gy, and Gg-A ;) that likely form
in the core prior to helical stacking, we identify a net of
approximately seven interactions (57, 58). This is intermedi-
ate, albeit closer to the case of P1 than tetraloop—receptor
docking; therefore, solvent effects, e.g., displacement of
ordered water molecules, are not overcome, and entropy
increases in minimal hammerhead ribozyme folding
(21, 53, 54). Endothermic changes are associated with
rearrangement of core residues of the hammerhead ribozyme
(21), which may explain the additional enthalpic penalty for
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hammerhead core folding versus P1 docking. In summary,
the data suggest that categorization of enthalpy- versus
entropy-driven RNA folding arises from competing roles of
solvent and hydrogen bonding and stacking interactions, with
anet ~11 interactions providing sufficient negative AH® and
AS° to overcome solvent effects. Furthermore, each of the
entropy-driven RNA folds (see Table 2), as well as the
thermoneutral 4WJ, was measured at significantly higher
concentrations of Mg?* than the enthalpy-driven cases [>10
mM vs ~1 mM Mg”" (see Table 2)]. A Mg?t environment
that is more amenable to RNA folding, though less physi-
ological, may also contribute to the observation of entropy-
driven folding by increasing the magnitude of solvent effects.
Further systematic study of isolated tertiary motifs with
temperature-dependent smFRET methods will be invaluable
in further elucidating the competing roles of solvent and
hydrogen bonding and stacking interaction to categorize
enthalpy- versus entropy-driven RNA folding.

As a final comment, in the course of preparing this work,
we became aware of a simultaneous and independent ITC
investigation of tetraloop—receptor binding by the Butcher
group. Specifically, the Butcher group had cleverly designed
pairs of RNA constructs, based on back-to-back copies of
tetraloops (TT) and receptors (RR). These constructs can
form a duplex (TRTR) through dual tetraloop—receptor
docking, which permits association to be initiated by mixing
of the two constructs. This work by Vander Meulen et al.
published elsewhere (23) yields a AH® of —33.2 &£ 2.0 kcal/
mol at 45 °C for double tetraloop—receptor formation under
similar solvent conditions (2 mM MgCl,, 20 mM KClI).
Assuming zero enthalpy cooperativity between the two
tertiary interactions, this translates into a AH®c of —16.9
=+ 1.0 kcal/mol for single tetraloop—receptor binding, which
agrees with our single-molecule values of —17.2 £ 1.6 kcal/
mol (AH®..) and —17.4 + 1.6 kcal/mol (AH®;umobitized)- This
agreement between isolated and dual tetraloop—receptor
docking enthalpies supports a picture in which tertiary
structure formation in RNA may be largely enthalpically
noncooperative. In turn, this would imply an entropic origin
of tertiary cooperativity between the tetraloop—receptor and
metal—core interactions observed in folding of the complete
P4—P6 domain (I8).

CONCLUSION

Thermodynamics of the isolated GAAA tetraloop—receptor
tertiary interaction are investigated at the single-molecule
level, exploiting the combination of temperature-dependent
FRET and confocal microscopy methods. Results for the
GAAA tetraloop—receptor motif are shown to be enthalpi-
cally driven (AHje. = —17.2 & 1.6 kcal/mol, and AH;ymobilized
= —17.4 £ 1.6 kcal/mol) yet balanced by entropically
unfavorable (ASgee = —55.9 4+ 5.2 cal mol™' K™!, and
ASimmopilized = —36.2 £ 5.4 cal mol™' K™!) conformational
changes upon docking. These results for tetraloop—receptor
folding already achieve 60% of the values obtained from
ensemble studies for folding of the complete PA—P6 domain,
supporting previous views that the tetraloop—receptor con-
struct provides a dominant source of thermodynamic stabi-
lization. However, under physiological temperature condi-
tions, this isolated tertiary motif is found to be marginally
unstable (AG = 0.02 and 0.13 kcal/mol from immobilized
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and freely diffusing, respectively), indicating that confor-
mational change may still play a key role in RNA function-
ality. Further work on temperature and cation dependences
of the rates, kgock and kyngock, Will be necessary to illuminate
the transition state enthalpy and entropy changes associated
with tertiary contact formation and to help develop a
consensus picture for the thermodynamic origin of cation-
mediated RNA folding.
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SUPPORTING INFORMATION AVAILABLE

Prediction of the effect of donor quantum yield (Qp) on the
observed FRET efficiency (Errgr) as a function of Cy3—Cy5
distance (R) (Figure S1) and mean cross correlations of donor
and acceptor channels for the same sample containing
tetraloop—receptor constructs under freely diffusing single-
molecule conditions at 21 and 45 °C (Figure S2). This material
is available free of charge via the Internet at http://pubs.acs.org.
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