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Abstract

Recent studies have demonstrated that the mechanisms through which biopolymers like RNA interconvert between multiple folded structures
are critical for their cellular functions. A major obstacle to elucidating these mechanisms is the lack of experimental approaches that can resolve
these interconversions between functionally relevant biomolecular structures. Here, we dissect the complete set of structural rearrangements
executed by an ultra-stable RNA, the UUCG stem-loop, at the single-molecule level using a nano-electronic device with microsecond time
resolution. We show that the stem-loop samples at least four conformations along two folding pathways leading to two distinct folded structures,
only one of which has been previously observed. By modulating its flexibility, the stem-loop can adaptively select between these pathways,
enabling it to both fold rapidly and resist unfolding. This mechanism of stabilization through compensatory changes in flexibility broadens our
understanding of stable RNA structures and we expect it to serve as a general strategy that can be employed by all biopolymers.
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Introduction

The unique ability of biopolymers like nucleic acids and
proteins to fold into and stably maintain complex three-
dimensional structures is essential for their biological func-
tions [1-5]. However, biopolymers rarely exist as a single
static structure over the course of their functional lifetimes
[6-8]. Instead, they form an ensemble of interconverting con-
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formations with varying stabilities [3, 4, 9]. To understand the
functions of biomolecules, it is essential to elucidate how these
interconverting conformations contribute to the stability and
dynamics of the ensemble as a whole.

In particular, the functional dynamics of nucleic acids,
most prominently RNA, are governed by chemical proper-
ties distinct from proteins and other biomolecules. The four
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ribonucleotide building blocks can form stable short-range in-
teractions in a variety of combinations that collectively yield a
wide range of possible RNA secondary structures [10]. Forma-
tion of a specific secondary structure further sets the stage for
establishing the longer-range tertiary interactions typically re-
sponsible for the three-dimensional organization of the struc-
tured RNA [1, 3, 11]. Thus, elucidating the conformational
dynamics of these foundational RNA secondary structural el-
ements is essential for understanding the functional dynamics
of larger-scale RNA structures.

One such foundational RNA secondary structural element
is a stem-loop, consisting of a double-stranded stem capped
by a single-stranded loop. At least two families of stem-loops,
in which the loop of each family is composed of a specific sub-
set of four-nucleotide ‘tetraloop’ sequences (Fig. 1), have been
shown to be exceptionally stable and widely occurring [12-
14]. Due to their prevalence and unanticipated stabilities, such
ultra-stable stem-loops are thought to serve as nucleation sites
for RNA folding, as elementary building blocks that anchor
larger and more complex RNA structures, and as binding sites
for RNA-binding proteins [15-18]. Despite decades of work
investigating these ultra-stable RNA tetraloops [12, 13, 19—
27]; however, the unique properties of these specific tetraloop
sequences that allow them to confer exceptional stability to
stem-loops over other loop sequences remain unknown.

Early structural work attributed their exceptional stability
to the ability of these tetraloops to form unique loop struc-
tures that establish a network of non-canonical interactions.
For example, the ultra-stable UUCG stem-loops (containing
the UUCG tetraloop sequence) has been shown to adopt a
loop structure that forms a trans-G-U wobble pair between
Gp4 and Up; and a stacking interaction between Up; and Cp3
(Fig. 1A) [13, 27-29]. Consequently, this unique loop struc-
ture has suggested that UNCG tetraloops primarily serve as
ultra-stable structural scaffolds and do not form interactions
with other RNA motifs and proteins [15].

Recent nuclear magnetic resonance (NMR) and computa-
tional studies, however, show that stem-loops do not exclu-
sively fold into the single static structures captured in early
structural studies, but instead exist as a dynamic ensemble
of varying loop conformations while retaining its stem struc-
ture [23, 24, 26, 30-32]. Moreover, ensemble fast kinetics
studies directly characterizing the folding process of these
tetraloops have shown that there are long-lived intermedi-
ates that significantly attribute to its stability [19-21, 33].
Finally, contrary to the popular view that UNCG tetraloops
are mere structural scaffolds, a recent study analyzing ex-
isting structures of RNA stem-loops in the PDB database
found that UNCG tetraloops can indeed form interactions
with other RNA and protein partners. UNCG tetraloops in
such contexts were found in various ‘non-native’ loop con-
formations that deviate from the loop structure identified in
early structural studies [34]. Hence, the growing evidence that
(i) UNCG loops remain highly dynamic even when it is sta-
bly folded and (ii) UNCG tetraloops involve significant in-
termediate states during its folding process suggests that the
native loop structure cannot be the sole factor underlying
its exceptional stability. Instead, the net stability of such an
ensemble would arise collectively, from the number of pop-
ulated intermediates, their individual thermodynamic stabil-
ities, and their rates of interconversion. Unfortunately, de-
spite the growing evidence that UNCG stem-loops exist in
multiple conformations throughout its folding process, a sin-

gle unifying model that explains its exceptional stability is
lacking.

In this work, we have characterized the complete con-
formational ensemble of the UUCG stem-loop. Using a car-
bon nanotube-based nano-electronic device combined with a
precise temperature-control setup, we have recorded the dy-
namics of a single UUCG stem-loop at microsecond resolu-
tion over a range of experimental temperatures (Fig. 1). We
have identified the two distinct conformations the stem-loop
folds into, and resolved the differences in the loop structures
adopted by these conformations, that result in varying flexi-
bilities of the folded stem-loop. Only one of these folded con-
formations, the more rigid one, has been previously identified
as the ‘native’ folded conformation for this motif [13, 27, 29].
We demonstrate that the non-canonical interactions in the na-
tive loop structure stabilize this native folded conformation by
increasing the rate of structure formation. On the other hand,
we show that when faced with destabilizing perturbations, it
is the ability of the stem-loop to sample the more flexible ‘al-
ternative’ loop structure discovered here while maintaining a
zipped stem that allows it to retain its overall folded structure
and resist unfolding. Beyond underpinning the physical ba-
sis for the exceptional stability of the UUCG stem-loop, this
mechanism of stabilization through compensatory changes in
flexibility represents a fundamental shift in our understanding
of RNA folding, structure, dynamics, and function. We pre-
dict this mechanism to be a general strategy employed in the
folding of other structured biopolymers. Thus, this concep-
tual breakthrough will be crucial in the design of mutations
and small-molecule ligands to both disrupt [35] and program-
matically engineer [16] specific biomolecular functions.

Materials and methods

Design of the smFET experiments

The SWCNT-based smFET experimental platform, including
details describing the theoretical basis for the function of an
smFET device, practical aspects of how the current is mea-
sured, and how the temperature is controlled, has been pre-
viously described [36-38]. Briefly, an smFET device provides
a measure of current through the SWCNT as a function of
time. This current signal is extremely sensitive to the local
charge environment near the surface of the SWCNT where
the biomolecule is tethered. Because conformational changes,
including folding and unfolding, of a biomolecule such as an
RNA alters the electrostatic charge distribution near the sur-
face of the SWCNT, the current versus time trajectory (here-
after referred to as the current trajectory) recorded by an sm-
FET device very sensitively reports on these conformational
changes.

The smFET experiments reported in this work utilized
a chemically synthesized RNA stem-loop construct (Inte-
grated DNA Technologies) that we refer to here as h-SL-bio
(Supplementary Table S1). h-SL-bio consisted of a stem con-
taining two G-C base-pairs and a loop composed of a four-
nucleotide UUCG ‘tetraloop’ sequence. The 5’ end of h-SL-bio
was modified with a hydrazide functional group that allowed
us to tether the construct to the surface of the SWCNT of
our smFET devices. The 3’ end of the h-SL-bio was further
functionalized with a biotin for potential downstream valida-
tion of tethering with additional markers. Fortunately, teth-
ering of h-SL-bio to the surface of SWCNT could be directly
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Figure 1. Following the zipping and unzipping kinetics of a single RNA stem-loop using single-molecule field effect transistor (smFET). (A) A schematic of

the smFET experimental platform consisting of a single-walled carbon nanotube (SWCNT) connected between two electrodes, with the UUCG
stem-loop tethered to the carbon nanotube surface. The inset details the three-dimensional structure of the stem-loop construct (PDB ID: 1F7Y)
highlighting the stem, the loop, and the nucleotides forming the loop and the closing base-pair. (B) A 100 ms representative observation window of a
normalized current versus time trajectory showing the real-time zipping dynamics of a single UUCG stem-loop as it transitions between U and Z
conformations at 50°C. The idealized trajectory is overlaid over the raw signal. (C) Histograms of normalized current across an entire 60 s trajectory
collected at 35°C, 40°C, 45°C, and 50°C. (D, E) The transition rates for (D) zipping and (E) unzipping of the stem-loop at varying temperatures. (F) A
schematic of the observed slow and fast kinetic phases, and the corresponding conformations that they transition from.

validated using the current trajectories recorded by the sm-
FET device (see below) and therefore downstream validation
of tethering using the biotin functional group was unneces-
sary. To confirm that the 3’ biotin moiety does not alter the
overall thermodynamic stability of the UUCG stem-loop, we
conducted additional thermal melting experiments in which
we compared the h-SL-bio construct to the same chemically
synthesized RNA construct (Integrated DNA Technologies)
that did not contain the biotin modification (a construct that
we refer to as h-SL; Supplementary Table S1). The presence
of the biotin did not perturb the thermodynamic properties of
the stem-loop, demonstrating that it did not alter the fold-
ing dynamics of the stem-loop (Supplementary Fig. S1 and
Supplementary Table S2).

A single molecule of the h-SL-bio construct was tethered
to the SWCNT surface using an electrically coupled diazo-
nium reaction [38, 39] (Supplementary Fig. S2A). Briefly, a
source-drain current versus liquid-gate voltage (Is4-Vj,) curve
was obtained from the smFET device prior to running the di-
azonium reaction by applying a constant source-drain voltage
(Vi) and a sweeping Vj, from —0.5 V to +0.5 V through the
platinum electrode of the smFET device in Recording Buffer
[10 mM sodium phosphate (Na;HPO4)/sodium dihydrogen

phosphate (NaH,PO4), pH = 7.0]. Before the introduction of
4-formylbenzene diazonium hexafluorophosphate (FBDP) to
the devices, the device was placed at a Vj, of —0.5 V to prevent
spurious diazonium reactions. The device was subsequently
incubated in 300 uM FBDP dissolved in Recording Buffer
to initiate the reaction. All devices were then slowly ramped
towards a positive Vi, until a clear downward transition in
current was observed, indicating the coupling of FBDP to
the SWCNT surface (Supplementary Fig. S2B). Following the
FBDP reaction, all devices were rinsed with 1 ml of Record-
ing Buffer at 50°C to remove any residual FBDP salts, and a
new I,4-Vj, curve was obtained with the same conditions as
before the diazonium reaction. The comparison between the
I,4-V}, curves shows a clear reduction in conductance before
and after FBDP exposure (Supplementary Fig. S2C). To tether
each stem-loop construct, the hydrazide functional group at
the 5’ end of the stem-loop construct was coupled to the alde-
hyde functional group of the SWCNT-tethered FDBP via a
hydrazide-aldehyde coupling reaction. To achieve this, the de-
vice was incubated in 100 uM of the stem-loop construct in
Reaction Buffer (100 mM sodium acetate (NaOAc), pH = 4.5)
overnight (for ~20 h) followed by a 2-h reduction in Re-
duction Buffer [10 mM NaHPO4/Na,H,PO4, pH = 7.0 and
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50 mM sodium cyanoborohydride (NaCNBHj3)]. The device
was then rinsed twice with 500 ul of Recording Buffer at 50°C
to remove any non-specifically bound RNA. The smFET ex-
perimental data in this work derives from this single RNA
molecule tethered to the smFET device.

The smFET experiments were performed in Recording
Buffer. Current trajectories were recorded at varying temper-
atures (35, 40, 45, and 50°C) for 5 min at a Vj, of 0.1 V and
a Vi, of 25 mV. To achieve the desired temperature, the mi-
crofluidic chamber was incubated in the heating chamber of
the smFET instrument for 15 min at the specified tempera-
ture before data collection was initiated. The smFET device
was sampled at a time resolution of 40 ps using a 5.3 kHz
antialiasing filter.

Thermal melting experiments

To validate that our single SWCNT-tethered RNA molecule
recapitulated the ensemble thermodynamic stability of the
UUCG stem-loop, thermal melting experiments of the h-SL-
bio construct were performed by monitoring the circular
dichroism (CD) of the RNA at 280 nm as a function of tem-
perature over a temperature window from 5°C to 95°C us-
ing a Chirascan V100 CD spectrophotometer. For this ther-
mal melting experiment, a 10 pM sample of the h-SL-bio con-
struct was prepared in Recording Buffer. Prior to the ther-
mal melting experiment, the stem-loop construct was folded
by pre-heating to 95°C and subsequent cooling to 5°C at a
ramp rate of 2°C min~!. CD measurements were recorded
at every 0.2°C increment with a ramp rate of 1°C min™!
(Supplementary Fig. S1). Using a two-state model comprised
of unimolecular transitions between single U and Z confor-
mations [20], the equilibrium changes in enthalpy (AH!,;)) and
entropy (AS(%)) of folding for the stem-loop, where the super-
script of (2) is used to denote the two-state model described
above, was calculated using the following set of equations:

(2)
Y = (mUT + bU) + [(mZT + bz) — (mUT —+ bU)] 15;25) s
Nt
K = ™ (-4, and
(2)
a5 = 4.

where Y is the observed CD signal, my and m are the base-
line slopes for the U and Z states, by and bz are the corre-
sponding baseline intercepts, Kéé) is the two-state equilibrium
constant for the zipping reaction, R is the universal gas con-
stant (1.987 cal K~! mol™), T is the absolute temperature of
the measurement, and T,, is the absolute ‘melting’ tempera-
ture at which the corresponding free energy AG(eé) (given by
AG%) = AHe%) — TAS&I)) is zero. The above equations were
fit to data collected for two independent replicates of the ther-
mal melting experiment using a nonlinear curve fitting algo-
rithm implemented with Matlab to yield the values of AHQ
and AS%) for the stem-loop (Supplementary Table S2). These
values were subsequently used to calculate the AG‘(,,%I) for the
UUCG stem-loop at the temperatures for the smFET experi-
ments. The theoretical fractional occupancy of the U confor-
mation (fy) at each temperature was directly calculated from
Kéé) as

1

U= — 3
f 1+KG

The AG(eé) and corresponding fy computed from
the thermal melting experiments are compiled in
Supplementary Table S3.

An additional set of thermal melting experiments were per-
formed for the h-SL construct in a manner identical to the
h-SL-bio construct described above (Supplementary Fig. S1).
The data from two replicates of this thermal melting experi-
ment was similarly used to estimate the AHS%) and AS%> for
the h-SL construct (Supplementary Table S2).

Identification of current states within current
trajectories

The current trajectories for all of the experimental tempera-
tures (35, 40, 45, and 50°C; Supplementary Fig. S3) were first
individually background corrected using an iterative detection
algorithm (as previously described in [38, 40, 41]) to correct
for the slowly drifting current baseline inherent to smFET de-
vices [37 38, 41]. The current trajectories at each tempera-
ture were subsequently divided into 200-ms time intervals,
each containing 5 000 data points. Each interval was normal-
ized such that the lowest current value for the interval corre-
sponded to a normalized current signal of 0 a.u., and the high-
est current value corresponded to 1 a.u. This normalization
further corrected for long-time-scale changes in the signal due
to any remaining background current drift in the smFET de-
vice [41]. Intervals where excessive local background current
drift and/or noise in the smFET device obscured transitions in
the current trajectory resulting in an inability to clearly distin-
guish the two current states were discarded. In total, such in-
tervals represented <3%-10% of the total intervals collected
at each temperature point.

At all temperatures other than 35°C, the two current states
present in the current trajectories could be identified and char-
acterized using Gaussian mixture models (GMMs) inferred by
employing a variational Bayesian expectation-maximization
algorithm [42] implemented in the single-molecule data anal-
ysis platform, tMAVEN [43]. These GMMs yielded the
means and standard deviations of the two observed states
(Supplementary Fig. S3), which were subsequently used to
generate idealized trajectories from the experimental data
(based on the responsibilities [42] of the individual data points
for each Gaussian distribution). The high-current state was
centered around a normalized current value of ~0.7 a.u. and
the low-current state was centered around a normalized cur-
rent value of ~0.3 a.u. For the 35°C dataset, the relative pro-
portion of the low-current state was so small that the signal
for this state could not be reliably described as a Gaussian
distribution using a GMM. In this case, a threshold of 0.4
a.u. (which corresponded to a normalized current value three
standard deviations below the mean of the high-current state)
was utilized to differentiate between the two states. Based on
a previous smFET study of RNA stem-loops, the high-current
state was assigned to zipped (Z) conformations of the stem-
loop, and the low-current state was assigned to unzipped (U)
conformations [41].

Calculation of two-state zipping model from smFET
current trajectories

The fractional occupancies of the Z and U conformations ( /7
and [y, respectively) were calculated from the smFET cur-
rent trajectories for each experimental temperature using the
GMM- and threshold-based kinetic models described above
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(Supplementary Fig. S3). These fractional occupancies were
subsequently used to calculate the two-state equilibrium con-
stants, K2's, for the zippi i i
, Key's, pping reaction using
ke — Iz
eq fU

and the corresponding two-state equilibrium free energies of
zipping using

2 2

AGY) = —RTInK{,

where R denotes the universal gas constant and T is the
absolute temperature of the measurement. The AGZ) and
corresponding fy computed from the smFET current tra-
jectories are compiled in Supplementary Table S3 and com-
pared to the corresponding thermal melting experiments in
Supplementary Fig. S4 (see Supporting Information for a de-
tailed discussion of this comparison).

Inference of kinetic rates from current trajectories

Based on the idealized trajectories calculated as described
above, dwell times in both U and Z conformations (defined
as the contiguous time period the molecule spent in a U
or Z conformation before transitioning to a Z or U con-
formation, respectively) were calculated. These dwell times
were then used to generate the corresponding survival prob-
ability distributions, F(¢), defined as the fraction of dwells
that were greater than a specific ¢, for each conformation
(Supplementary Figs S5 and S6). Each survival probability dis-
tribution was fit to a single-exponential decay of the form

y(t) = Ae™™,

where k represents the rate constant and A is the pre-
exponential term and a double-exponential decay of the form

y(t) = Ae Mt 4 Aje ™,

where k; and k; represent the rate constants for the two ki-
netic phases, and A; and A are the respective pre-exponential
terms for the two phases that also give their relative propor-
tions. Subsequently, residuals of the fits,

r(t)=F()—y(),

were also calculated. These residuals showed that the single-
exponential fits missed the initial fast decay phase of the
survival probability distribution for both conformations at
all temperatures (Supplementary Figs S5 and S6). Thus, the
double-exponential decays better explained the survival dis-
tributions. The double-exponential decays each yielded a slow
phase (kgow and Aggy) that arises from a long-lived RNA
conformation (UL or ZF) and a fast phase (kg and Agy)
that arises from a short-lived RNA conformation (U’ or
Z%). The kinetic parameter values obtained from the double-
exponential fits at all temperatures for the zipping and unzip-
ping transitions are compiled in Supplementary Tables $4 and
SS§, respectively.

Calculation of activation enthalpies and entropies
using transition state theory

Each k was converted to the corresponding activation free en-
ergy (AG?) (Supplementary Fig. S7A and B) using the relation
specified by transition state theory [44]

Mechanism of UUCG stem-loop folding 5

where T is the absolute temperature, kp is the Boltzmann con-
stant, b is the Planck constant, R is the universal gas constant,
and « is a correction factor that, in our calculations, is set to
1 [44]. For each kinetic phase in both the zipping and the un-
zipping transitions, the corresponding AG?'s over the experi-
mental range of temperatures were used to estimate the AH*s
and AS's using a linear fit to

AGH(T)= AH'— TAS".

The AH's and AS's were assumed to be temperature-
independent in the relatively small temperature range of the
reported experiments, which agreed with the observed linear
dependence of AG* on temperature (Supplementary Fig. S7A
and B). The calculated AG?s for both phases at all temper-
atures, and the fitted AH*s and AS's, are compiled for the
zipping and unzipping transitions in Supplementary Table S6.

Calculation of the equilibrium enthalpies and
entropies between the kinetic phases

For both U and Z conformations, the relative proportions
of the slow and fast kinetic phases were given by their re-
spective pre-exponential terms (Agjo,, and Ag,) in the double-
exponential fits (Supplementary Tables S4 and S5). Since these
phases arose from the individual populations of the long-lived
(U or Z*) and short-lived (US or Z°) conformations, the ra-
tios between these two terms (1::1‘:) were interpreted as the
ratios between the proportions of these long-lived and short-
lived RNA conformations. This allowed us to calculate the
equilibrium constants (Keq) between the two U conformations
(and similarly, the two Z conformations) (Supplementary Fig.
S§7C and D) as

Subsequently, these K.gs, calculated over varying tempera-
tures, were converted to the corresponding free energy differ-
ences, AGeq, at these temperatures as

AGeqg = —RTIn K,

where T is the absolute temperature and R is the universal gas
constant. Similar to the activation parameters, these AG,gs
were fit to the linear equation

AGeq(T) = AHeq — TASeq,

where AH.q and AS¢q are the corresponding equilibrium en-
thalpic and entropic differences, that are also assumed to be
temperature independent in the relatively small experimental
range of temperatures studied here. The calculated AGys at
all temperatures, and the fitted AHcqs and ASegs, are compiled
in Supplementary Table S7.

Results

The UUCG stem-loop exists as an ensemble of two
zipped and two unzipped conformations

We utilized a single-molecule field effect transistor (smFET)
device to investigate the dynamics of a model stem-loop con-
struct comprising a stem of two GC base pairs and a UUCG
tetraloop [20, 22, 24, 33] (Fig. 1A and Supplementary Table
S1; see the ‘Material and methods’ section) over a range of
temperatures. Upon tethering the stem-loop to the smFET de-
vice [38, 39] (Fig. 1A and Supplementary Fig. S2; see the
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‘Material and methods’ section), we observed a current sig-
nal that transitioned between a high-current state [normal-
ized current of 0.7 arbitrary units (a.u.)] and a low-current
state (normalized current of 0.3 a.u.) (Supplementary Fig. S3).
Based on previous smFET studies [37, 41, 45, 46], we could
assign the 0.7 and 0.3 a.u. states to zipped and unzipped stem-
loop conformations, Z and U, respectively (Fig. 1B). Consis-
tent with these assignments, the population of U increased
as a function of temperature, reflecting the greater propen-
sity of the stem-loop to be unzipped at higher temperatures
(Fig. 1C). To confirm these assignments, we analyzed the equi-
librium between these conformations using a two-state as-
sumption (i.e. making the simplifying assumption that each
state corresponded to a single conformation). This analysis
accurately recapitulated the thermodynamic stability of this
stem-loop as obtained from the standard two-state analy-
sis of a conventional ensemble thermal melting experiment
of the same construct (Supplementary Figs S1 and S4, and
Supplementary Tables S2 and S3; see Supporting Information
for a detailed description of this analysis). In addition, the pop-
ulations of the two current states at each temperature were in
striking agreement with the expected populations for a single
stem-loop, demonstrating that the smFET device was indeed
reporting on the behavior of a single, tethered stem-loop con-
struct (Supplementary Fig. S4 and Supplementary Table S3;
see Supporting Information for a detailed discussion of this
comparison). Collectively, these results validated our assign-
ment of the two current states and demonstrated that the ob-
served zipping dynamics originated from a single stem-loop
construct that had been tethered to the smFET device.

Although the two-state thermodynamic analysis described
above confirmed that our smFET experiments elicited the
same stem-loop stability that is obtained from ensemble exper-
iments, the kinetics of both the zipping and unzipping transi-
tions in the smFET experiments could not be explained by in-
terconversions between single zipped and unzipped conforma-
tions. Specifically, the kinetics of both the zipping and unzip-
ping transitions consisted of at least two distinct kinetic phases
at all temperatures tested (Fig. 1D and E, Supplementary Figs
S5 and S6, and Supplementary Tables S4 and S5). The slow
and fast phases of zipping transitions from U to Z arise from
long- and short-lived unzipped conformations, UL and U,
respectively (Fig. 1F). Similarly, the slow and fast unzipping
transitions from Z to U arise from long- and short-lived zipped
conformations, Z- and Z5, respectively (Fig. 1F). Whereas the
zipping transition rates decreased with increasing tempera-
ture, the unzipping transition rates increased (Fig. 1D and E).
This is a common characteristic of the folding kinetics of struc-
tured biomolecules [47-51].

The fact that these phases could be detected for both U and
Z suggests that the rates of interconversion between UL and
US and between ZF and Z5 must be slow compared to our 40
us experimental acquisition time. The UUCG stem-loop thus
exists as an ensemble of at least four conformations, two un-
zipped, U* and U3, and two zipped, Z* and Z5 (Fig. 1F). How-
ever, because the normalized current values of U* and U, as
well as ZF and Z%, could not be distinguished, we were unable
to identify transitions between the unzipped conformations or
between the zipped conformations using our current analysis
tools. This means we could not directly determine how these
states were connected. For example, we could not ascertain
whether UL transitions specifically to one of the Z conforma-
tions or to both, and the same applies for U® transitions.

The UUCG stem-loop folds through two distinct
zipping pathways

We considered two potential kinetic schemes that could ex-
plain our observed dynamics, one where U predominately
exchanges with Z&, and US with Z5 (Fig. 2A), and one where
U’ mainly exchanges with Z%, and U with Z% (Fig. 2B).
These schemes together encompass all of the possible zip-
ping and unzipping pathways the stem-loop may take (here-
after referred to simply as zipping pathways). To determine
the kinetic scheme that was consistent with our experimental
data, we used the thermodynamic parameters yielded by our
temperature-dependent kinetics measurments. In each kinetic
scheme, the net equilibrium change in thermodynamic param-
eters between two arbitrary states must be the same regardless
of the path used to calculate them. For instance, the net equi-
librium change in enthalpy (AH.q) between two conforma-
tions (e.g. U® and UT), which represents the difference in sta-
bilizing interactions between the two conformations, should
be equal when calculated along a direct path (Path A, solid
arrow in Fig. 2) or an indirect path (Path B, dashed arrows in
Fig. 2). Similarly the net equilibrium change in entropy (AS.q),
which represents the difference in the flexibility of the con-
formations and/or the ordering of the surrounding solvent,
should be equal when calculated along Paths A and B.

Our experiments allowed us to directly calculate the equi-
librium change in enthalpy (AH.q) and in entropy (AS.q) be-
tween two of the four states (between U' and US, and Z*
and Z%) (Supplementary Fig. S7 and Supplementary Table S7;
see the ‘Material and methods’ section for details). Our data,
however, did not allow us to do the same between the U and
Z states, so we needed to determine these indirectly. Using
our temperature-dependent kinetics measurement, we deter-
mined the activation enthalpy (AH?) and activation entropy
(AS?) that acted as barriers to the transition out of these four
states (Supplementary Fig. S7 and Supplementary Table S6,
see the ‘Material and methods’ section for details). We as-
sumed that the zipping and unzipping transitions for our stem-
loop construct do not proceed through any intermediate state.
Thus, the transition state conformation (T'S? ) that acts as a
barrier for a zipping transition out of one of the U states corre-
sponds to the same T'S* that acts as a barrier for an unzipping
transition out of one or the other of the Z states. By matching
these T'S*s, and correspondingly, the related activation barri-
ers, to each other (e.g. matching the transition state out of U’
to that out of Z5 in Fig. 2A or to that out of Z* in Fig. 2B),
we could calculate the net AHeqs and AS.qs between the U
and Z states for both kinetic schemes (Fig. 2, a more detailed
description of these calculations is provided in the Supporting
Information).

While the direct Path A is the same in both schemes, we see
that the different connectivity of the conformations in the two
schemes lead to differences in the indirect Path B. Thus, if the
first scheme is correct, equating the thermodynamic parame-
ters for the two paths, we would have

AHe(US — U) = AHo(US — Z°) + AH, (zs - ZL)
+ AHq (ZL — UL) ,and
ASeq (US > UY) = A8 (U° - Z°)

+ ASeq (zs N zL) + ASeq (ZL N UL) ,
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Figure 2. Two possible kinetic schemes for zipping and unzipping of the RNA stem-loop. The hypothetical kinetic schemes (left) showing predominant
transitions (A) between Ut and 2%, and US and ZS, and (B) between Ut and Z8, and US and Z', and the corresponding thermodynamic cycle depicting
the direct Path A (solid arrow) and the indirect Path B (dashed arrows) between US and UL. The undetected transitions between the U conformations
and Z conformations are shown with dashed equilibrium arrows. The bar graphs depict the calculated (C) AHeqs and (D) ASeqs for Path A and Path B for
the two schemes in panels (A) and (B). The error bars represent the propagated errors of fit for the linear fits of free energies as a function of

temperature (Supplementary Fig. S7).
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where AHe(US — Z5), AH.o(ZF — U"Y), AS,,(US — Z5),
and ASeq(Z" — U") are calculated from the activation pa-
rameters based on our placement of the corresponding T'S*s
(Fig. 2A). On the other hand, if the second scheme is correct,
we would similarly have

AHe (US > UY) = AHq (US - Z1) + AH (24 - Z°)
+ AHq (ZS — UL) ,and

ASy (US > UY) = Ay (UF - 21)

+ ASq (28> Z5) + 8Se (25 > U).

where AHeq(US — ZF), AHey(Z5 — U"), ASeq(US — ZF),
and ASeq(Zs — U")are calculated based on our placement of
the corresponding TS*s in the second scheme (Fig. 2B). Upon
computing the net AHcq and AS.q for Path B based on the two
schemes, we found that only those for the first scheme were
equal to Path A (Fig. 2C and D).

UUCG stem-loop zipping is therefore characterized by two
distinct kinetic pathways that exist in parallel to one another,
a slow pathway consisting of transitions between UL and Z-,
passing through TSZLAZL (which we shall hereafter refer to
as TS%), and a fast pathway consisting of transitions between
US and Z5, passing through TS%/SAZS (which we shall here-

after refer to as TSiS), (Fig. 2A). In both pathways, zipping
transitions occur at a faster rate than unzipping transitions.
Thus, within the temperature range of our experiments, which
is below the stem-loop melting temperature, T,,, of 57.0°C,
the equilibria for both pathways favor the zipped conforma-
tions over the corresponding unzipped conformations. No-
tably, upon an increase in temperature, the slow pathway be-
comes progressively more populated over the fast pathway
(Supplementary Tables S4 and S5), revealing that this zipping
pathway of transitions between U and Z" is more dominant
at higher temperatures.

The two zipping pathways arise from differences in
the structure of the loop

We next sought to identify what RNA structures corre-
spond to UL, US, Z', and Z5. We expected our exper-
imentally determined AH,s (Supplementary Fig. S7 and
Supplementary Table S7) to predominantly report on the
relative stabilizing interactions present in these conforma-
tions (with a negative AH,q indicating formation of stabiliz-
ing interactions), and the AS.qs (Supplementary Fig. S7 and
Supplementary Table S7) to predominantly report on their
conformational flexibilities (with a negative AS¢q indicating
loss of conformational flexibility). U*, in which the stem-loop
possesses the least stabilizing interactions and is the most flex-
ible, thus corresponds to the fully unfolded structure (Fig. 3A).
Analogously, Z%, in which the stem-loop forms the most stabi-
lizing interactions while also being the most rigid, corresponds
to the previously characterized fully folded, native stem-loop
structure (Fig. 3A).

To determine the identity of ZL, we compared the two
zipped conformations. The stem-loop has less stabilizing in-
teractions and is more flexible in Z* than in Z% (Fig. 3A). Since
7" and Z5 both correspond to zipped conformations, the RNA
must have similar stem structures in both; it is therefore the

structure of the UUCG loop that differs between the two con-
formations. Having established that this loop adopts the pre-
viously characterized native structure in Z5 [27, 29], the loop
in Z" must adopt an alternatively folded structure that lacks
some of the native Z3 stabilizing interactions (e.g. the trans-
Gr4-Ur; wobble pair and/or the stacking interaction between
Uy and Cp3) and is therefore more flexible. The absence of
both of these interactions easily accounts for the ~40 k] mol!
difference in stabilizing interactions that we observe between
the two Z conformations. While the UUCG loop has previ-
ously been predicted to be capable of adopting multiple non-
native structures [24, 30, 32, 52], this alternatively folded loop
structure has not previously been experimentally observed.

To determine the identity of US, we similarly compared
the two unzipped conformations. U’ possesses more stabiliz-
ing interactions and is significantly more constrained than U*
(Fig. 3A). Since U’ and U* both represent unzipped conforma-
tions, these differences must also arise from differences in the
structures of the loop in US and UL. Since US directly transi-
tions to Z5, we hypothesize that U® corresponds to a partially
unfolded, frayed structure in which the stem-loop is unzipped,
but the loop retains its natively folded structure (Fig. 3A). Per-
sistence of the native loop structure in U® is in good agreement
with the ~61 k] mol™ difference in stabilizing interactions we
observe between US and UL. Our results therefore reveal a
hierarchical mechanism of UUCG stem-loop folding in which
the loop structure dictates whether the stem-loop folds along a
‘native’ zipping pathway from U* to the natively folded Z° or
an ‘alternative’ zipping pathway from U" to the alternatively
folded ZF.

The alternative UUCG loop structure forms
base-stacking interactions with the zipped stem

We next sought to further characterize the alternative stem-
loop structure we discovered by identifying stabilizing in-
teractions in ZX that are not present in Z5. Unzipping
along the alternative pathway resulted in a greater disrup-
tion of interactions than unzipping along the native path-
way (|AH,,(U* — Z")| > |AH,, (U — Z%)|, Fig. 3A). This
greater disruption in stabilizing interactions suggested that the
stem itself is more stable and resistant to unzipping in the al-
ternative pathway than in the native pathway. We stress that
this increased stability refers to the stem alone; when consid-
ering the stabilizing interactions contributed by both the stem
and the loop, the natively folded Z® is more stable overall than
the alternatively folded Z* (AHeq(ZL — Z5) is negative, Fig.
3A). Nonetheless, this greater stability of the stem in Z* rel-
ative to Z5 is counterintuitive based on the widely described
role of the native UUCG loop structure in preferentially sta-
bilizing the zipped stem-loop [13, 25, 27, 28].

Since stem unzipping is not expected to lead to any changes
in the loop structure itself, the increased stability of the zipped
stem in Z- must arise from the alternative loop structure form-
ing more interactions with the stem than the native loop struc-
ture. Previous computational studies guided our identification
of these interactions [24]. In the native loop structure, G4 in
the UUCG loop (Fig. 1A) adopts the syn-configuration to form
the trans-G-U wobble base pair. An anticonfiguration of Gp4
would inhibit the formation of this trans-G-U wobble interac-
tion, but instead allow Gp4 to stack against the adjacent G¢pp
(G in the closing base pair; Fig. 1A) [24]. We hypothesize that
it is this stacking interaction in ZF that stabilizes the zipped
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Figure 3. The structural identities of the U and Z conformations. (A) Schematic representations of the unzipped conformations (U), transition states
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the observed U and Z conformations are shown. (B) Activation enthalpies (AH's) for the native and alternative pathways. (C) Activation entropies (AS's)
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as a function of temperature (Supplementary Fig. S7).

stem and needs to be overcome during unzipping in the alter-
native pathway (Fig. 3A). The stronger stabilizing interactions
that the stem makes with the alternative loop structure versus
the native loop structure, suggests that the role of the native
loop structure in stem-loop folding goes beyond the formation
of these interactions.

Formation of the closing base-pair determines the
rate of stem zipping

To explore the role of the native loop structure in stem-loop
folding, we sought to identify the conformations the stem-
loop adopts in the TS*s. Our measurements of AH's and
AS's allowed us to directly access the stabilizing interac-
tions and flexibilities of these transient RNA conformations
[44]. For zipping transitions in both pathways, the negative
ASHUS — TSiE) and ASHUY — TSi) indicate that the TS*s
are significantly more constrained than the corresponding U
conformations (Fig. 3B and C). Thus, these barriers are dom-
inated by the challenge of constraining the stem in order to
zip. In contrast, the T'S*s are almost equally as constrained
as the corresponding zipped conformations [AS!(Z5 — TS§)

and ASH(ZF — TS;) are close to zero], but contain less sta-

bilizing interactions [AH(Z5 — TS%) and AH}(ZF — TSiL)
are positive] (Fig. 3B and C). Specifically, AH}{US — TSi)
(=57 kJ mol~!) and AHH(U" — TS;) (—61 kJ mol~") are al-
most exactly half of AHeq(US — Z5) (=111 kJ mol™') and
AHeq(UL — ZF) (=125 kJ mol™'), respectively, suggesting
that these TS*s both possess half of the stabilizing interac-
tions that are required for the stem to fully zip (Fig. 3A and
B, and Supplementary Table S6). Given that zipping of the
stem in our construct involves formation of only two base-
pairs, this result suggests that one, and only one, of these base-
pairs is already formed in the T'S%s, and it is the formation of
this base-pair, associated with a significant loss in flexibility
of the RNA, that determines the rate of stem zipping in both
pathways.

Comparison of the two pathways revealed that forma-
tion of the first base-pairing interaction leads to greater
stabilization in TS} than in TS, (AHYU"— TS}) >
[AHYHUS — TS§)|, Fig. 3B). We attribute this increased stabi-
lization to the additional base-stacking interaction formed be-
tween G4 and Gepp in TSiL. Since this stacking interaction is
likely to be formed only when Gggp is base-paired, it is specif-
ically the closing base pair that is formed in TS;. Given the
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overall similarity between zipping in the alternative and na-
tive pathways, we expect TSE to also contain just the closing
base pair. The formation of the second base pair also leads to
greater stabilization between TSi and Z%, than between TS§
and Z% (|AHY(ZF — TS})| > |AHYZS — TS})|, Fig. 3B),
as would be expected when the stacking network in TSlL sub-
sequently expands to the outer base pairs in Z~.

Our results thus reveal that it is the loss of flexibility asso-
ciated with formation of the closing base-pair of the stem that
serves as the barrier for zipping. On the other hand, the barrier
for unzipping is almost exclusively due to the disruption of the
outer base-pair (Fig. 3A), and therefore, is not associated with
any significant increase in flexibility (Fig. 3C). The small dif-
ferences in entropy that we observe between the Z conforma-
tions and the TS's [AS'(ZS — TS}) and ASH(Z" — TS])]
likely arise from changes in the ordering of the solvent when
the outer base pair forms [53] rather than from changes in the
flexibility of stem-loop itself.

UUCG stem-loop folding is a hierarchical two-step
process

The results described above demonstrate that the process of
UUCG stem-loop folding is two-step, using a set of hierar-
chical loop and stem dynamics. The UUCG loop, starting
from the fully unfolded U, can either pre-organize into a
native loop structure (U®), in which case, stem-zipping pro-
ceeds rapidly to the Z°% conformation along the native path-
way, or adopt an alternative loop structure, in which case,
stem-zipping proceeds to the ZL conformation. A powerful

way to visualize the folding mechanism of the UUCG stem-
loop is through a schematic of the potential energy landscape
(PEL), where each point represents the potential energy of a
single stem-loop microstate (Fig. 4A). Stable conformations
appear as wells in PELs, where the height of the well represents
the enthalpy or stability of the corresponding conformation,
while its width represents the number of microstates that com-
prise the conformation, and thus, its entropy or conforma-
tional flexibility [54] (Supplementary Fig. S8A). In addition,
for systems where the enthalpy and entropy are temperature-
independent—an assumption we make for the relatively small
temperature range probed in our experiments—a single PEL
can capture the effect of perturbations such as changes in tem-
perature on the system. Conformational dynamics, such as the
folding of the UUCG stem-loop, can be captured as random
walks on the landscape [55], with the probability of making
an unfavorable (higher energy) step increasing with the tem-
perature of the system (Fig. 4).

In our hierarchical PEL, we use two large basins to rep-
resent the ensembles of conformations in which the UUCG
tetraloop adopts the native or alternative loop structure (Fig.
4A). These basins each contain one low-potential-energy well
corresponding to the stable Z5 or ZF conformations respec-
tively. The natively folded Z°, which has more stabilizing in-
teractions and is more constrained than Z-, corresponds to a
deeper and narrower well. The wide and shallow regions of
basins outside these wells represent the ensembles of flexible
unzipped conformations the stem-loop can adopt in U and
UL respectively. Since the fully unfolded U* has less stabiliz-
ing interactions and is more flexible than US, where the UUCG
loop has already assumed a native loop structure, the corre-
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sponding U" basin is wider and shallower than the US one.
Our existing data analysis tools cannot identify the transitions
between the two basins in our experimental data (i.e. the tran-
sitions between the slow and fast phases of zipping and un-
zipping in our current trajectories). As a result, we could not
extract any information regarding the transitions between the
basins of our PEL and therefore, we represent the barrier be-
tween the two basins as a discontinuity.

Our results show that in both pathways, the barrier to zip-
ping is purely entropic (AS* < 0) and is enthalpically favorable
(AH* < 0). The corresponding TS's are located at the entrance
of the wells in each basins (Fig. 4A), demonstrating that even
though the pathway of folding is energetically downhill (see
Supplementary Fig. S8B for a one-dimensional representation
of the PEL), the barrier to zipping comes from the significant
loss of flexibility associated with the transition from the wide
basins to the narrow wells. Thus, while our PEL is mostly il-
lustrative, it is a powerful tool to capture and explain even
subtle mechanistic details of the hierarchical two-step folding
pathways of the UUCG stem-loop.

The native loop structure facilitates zipping by
increasing the proximity between the closing bases

Using the above constructed PEL, we can now explore the
mechanistic roles played by the RNA conformations we have
observed in the folding of stem-loop. We see that the process
of stem-loop folding from the fully unfolded U* to natively
folded Z5 can be represented on the PEL as the conformational
search from the shallow and wide non-native loop basin into
the deep and narrow Z5 well. This process involves a signif-
icant loss of flexibility and is thus entropically unfavorable.
Our results show that the existence of the metastable inter-
mediate, U®, facilitates this folding process in two ways.

Firstly, a folding pathway comprising hierarchical loop and
stem dynamics allows the entropic cost of stem-loop folding
to be paid over two steps. The first part of the entropic cost
of folding can be paid by nucleating the process using the pre-
organization of the loop into the native structure in U®, shift-
ing the stem-loop to the native folding pathway. This con-
strains the conformational search for the native folded con-
formation within the deeper and, more importantly, narrower
US® basin, facilitating transitions to the narrow Z° well (as
shown by the track in Fig. 4B). By further coupling the step-
wise loss of flexibility from U” to Z5 with a gain in stabilizing
interactions at each step (Fig. 4 and Supplementary Fig. S8B),
this hierarchical separation of loop organization and stem zip-
ping results in a guided conformational search for the natively
folded stable but rigid stem-loop structure.

Secondly, while any structured intermediate would support
the above guided conformational search to the native Z5 well,
our results show how the native loop structure in US is par-
ticularly optimized to facilitate stem-zipping. We show above
that the barrier to stem-zipping is the formation of the clos-
ing base-pair (Fig. 3A). Thus, RNA structures that increase the
proximity between the two closing bases particularly facilitate
zipping by reducing the change in flexibility that is needed
to form the stem. This is the case for US, where formation
of the first base-pair is associated with a smaller loss of flex-
ibility than for the fully unfolded UL [|ASH(US — TSiS)l <
[ASHUL — TSi)l, Fig. 3C]. The pre-organization of the na-
tive loop structure in US thus leads to a faster rate of zipping
from U (Fig. 1D). Counterintuitively, in the alternative path-
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way, the stacking interaction between Gr4 and Gcpp leads to
a further loss of flexibility that needs to be overcome to form
the stem, contributing to a more negative AS', resulting in a
slower rate of zipping despite the greater stabilization that re-
sults from forming this interaction. Taken together, this de-
scribes the mechanism through which pre-organization of the
tetraloop significantly in US reduces the conformational space
of the stem-loop and expedites the folding process.

The alternative zipped conformation resists
unfolding through compensatory changes in
flexibility

In addition to the guided-search mechanism of folding along
the native pathway described above, we see that the alternative
folding pathway also contributes significantly to the observed
stability of the UUCG stem-loop. This is specifically observed
under unfavorable conditions, such as at higher temperatures,
where the alternative zipping pathway becomes progressively
more dominant (Supplementary Tables S4 and S35). This ef-
fect can also be visualized using the PEL for UUCG stem-loop
folding (Fig. 4).

When faced with destabilizing perturbations like higher
temperatures, the guided conformational search of the native
pathway cannot function as efficiently as in favorable condi-
tions. The loss of flexibility required to access the narrow Z°
well is too unfavorable at higher temperatures, as seen by the
greatly decreased zipping rate in the fast native pathway (Fig.
1D). Furthermore, at higher temperatures, given the rigidity of
the Z5 native conformation, the increased thermal fluctuations
of the stem-loop cannot be accommodated while remaining
folded within the narrow Z° well. Consequently, these ther-
mal fluctuations result in a greater probability for transitions
out of the Z5 well, overcoming the primarily enthalpic barrier
to unzipping in the native zipped stem conformation (Fig. 3)
and leading to an increased rate of unzipping of Z% in the fast
native pathway (Fig. 1D). Thus, increased thermal fluctuations
both cause an unfolding of the native stem-loop structure and
prevent its refolding into the narrow Z° well.

Importantly, the Z- well is wider than the Z5 well. Thus, the
conformational search for this well from the fully unfolded U*
is easier than for the narrower Z5 well. This can be seen in the
PEL by the more diffusive track in the alternative pathway
basin—representing more thermal fluctuations of the RNA—
still being able to find and zip into the wider Z" well (Fig. 4C),
albeit at a slower rate than the native pathway (Fig. 1D). Sec-
ondly, the wider ZF well, reflecting the larger variation of more
flexible loop structures that can be adopted in ZL while main-
taining a zipped stem, enables the stem-loop to accommodate
increased thermal fluctuations remaining folded at higher tem-
peratures. Furthermore, due to the additional base stacking in-
teraction between the stem and the loop, Z* possesses a higher
barrier to exit than Z5 (Supplementary Fig. S8B). Thus, once
in the Z well, the alternatively folded stem-loop can better
resist unfolding in unfavorable conditions, as is seen by the
slower rate of unzipping in the alternative pathway compared
to the native pathway (Fig. 1D). Thus, shifting to the alterna-
tive pathway allows the stem-loop to both fold into the more
flexible Z* conformation and to resist unfolding at higher
temperatures.

7l is clearly a kinetic trap in the folding process of the
native UUCG stem-loop structure. However, the crucial role
of this conformation in the stability of the folded stem-loop
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structure as a whole leads us to suggest that Z- does not rep-
resent merely a misfolded conformation, but is instead a previ-
ously unidentified, functionally relevant alternative structure
of this RNA. While beyond the scope of this work, additional
functional roles for this alternative UUCG loop structure need
to be further explored. We note, for instance, that the alterna-
tive loop structure in ZL (see above, Fig. 3A) may position the
UUCG stem-loop to make tertiary contacts with other RNAs
or proteins by freeing the bases in the loop. This conformation
may thus have unexplored biological roles beyond stabilizing
the stem-loop by resisting unfolding.

Discussion

We have elucidated the complete conformational ensemble
of a fundamental RNA structural motif, the UUCG stem-
loop, using a high-time-resolution, single-molecule experi-
mental approach uniquely suited for studying the dynamics
of such biopolymers. We characterize, in molecular detail, the
competing pathways, metastable intermediates, and kinetic
traps that collaborate to give rise to the exceptional thermo-
dynamic stability of this RNA stem-loop. Our findings reveal
that the UUCG stem-loop uses a hierarchical conformational
search process to guide folding into the fully folded native
structure. We further show how the specific ordering of this
hierarchy into the two steps of loop structure organization
and stem zipping facilitates the efficient collapse of the flexi-
ble RNA into the constrained native folded state (Fig. 4A) in
the native zipping pathway—an entirely entropic effect. We
further discover how this RNA stem-loop resists unfolding
when challenged with destabilizing perturbations by shifting
its equilibrium to a more flexible alternatively folded confor-
mation (Fig. 4A), a conformation that may also have addi-
tional, hitherto uncharacterized biological roles. Our results
elucidate how these dual mechanisms of constrained confor-
mational search and compensatory changes to flexibility col-
laborate to give rise to the exceptional thermodynamic stabil-
ity of the UUCG stem-loop.

The folding mechanism we have elucidated here has clear
implications for our views of the biological roles of UNCG
stem-loops (where N denotes any nucleotide). UNCG stem-
loops, including UUCG stem-loops, have typically been con-
sidered to only serve as ultra-stable structural scaffolds [13,
15, 25, 27, 28]. This perspective has predominately been in-
formed by static structures of the fully folded, native struc-
ture of the UUCG stem-loop which can only form a limited
set of tertiary interactions [13, 25, 27, 28]. In contrast, our
results show that when faced with perturbations that dena-
ture the stem-loop, it favors a more flexible alternative loop
structure.

This alternative loop structure has less intramolecular in-
teractions in the loop and we expect it to enable more tertiary
interactions. Consistent with this view, recent study analyzing
existing structures of RNA stem-loops in the PDB database
found that UNCG stem-loops often exist in ‘non-native’ con-
formations when interacting with other RNAs and proteins
[34]. Furthermore, studies combining NMR and molecular
dynamics (MD) methods have shown that even in datasets
in which the fully folded native structure of the UUCG was
determined, the loop is highly dynamic and can populate mi-
nor alternative loop conformations [30, 32]. These alternative
loop conformations mostly retain the syn-configuration and

are likely to be distinct from the alternative loop we observe
during the zipping and unzipping of the stem-loop. Nonethe-
less, the fact that UUCG stem-loops can adopt alternative loop
conformations while it is stably folded highlights that alter-
native loop structures are prevalent in UUCG stem-loops and
serve an important role in defining their stability. Altogether,
these studies point to a unifying view that indeed UNCG
loops exist in diverse alternative loop conformations that are
more viable for tertiary interactions with other biomolecular
partners.

The ability of the UUCG stem-loop to shift between the
native and alternative loop structures in response to perturba-
tions sets up an enticing model for the regulation of stem-loop
interactions with other biomolecules. In this model, pertur-
bations to the UUCG stem-loop, whether through changing
conditions or the allosteric effect of the binding of ligands or
other biomolecules, can shift the equilibrium between the two
loop structures, tuning the ability of the stem-loop to interact
with partners. This, of course, is a hypothesis which needs to
be further investigated in light of our findings.

Finally, the complete folding mechanism of the UUCG
stem-loop that we reveal here (Fig. 4) is in striking contrast
to our current understanding, which attributes the excep-
tional thermodynamic stability of this RNA motif solely to
the interactions within the unique native UUCG loop struc-
ture [13, 27-29]. While beyond the scope of this work, it
will be worthwhile to determine how this folding mechanism
maps onto other thermodynamically stable RNA motifs, in-
cluding GNRA stem-loops (where N denotes any nucleotide
and R any purine nucleotide), which are thought to have
evolved a strategy for achieving their exceptional thermody-
namic stability that is independent and distinct from that of
the UNCG stem-loops [56]. It is worth noting, in this con-
text, that the strategies for thermodynamic stability we de-
scribe here do not appear to be specific to stem-loops—or in-
deed, to RNA—and thus, we expect to see them in the folding
mechanisms of a wide range of biomolecules. In particular,
the strategy we have discovered here of resisting destabiliz-
ing perturbations through compensatory changes in the flex-
ibility of the biomolecule represents an exciting addition to
our understanding of biomolecular stability, the implications
of which must be explored for broader classes of structured
biopolymers.
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