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A Large Collapsed-state RNA Can Exhibit Simple
Exponential Single-molecule Dynamics
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The process of large RNA folding is believed to proceed from many
collapsed structures to a unique functional structure requiring precise
organization of nucleotides. The diversity of possible structures and
stabilities of large RNAs could result in non-exponential folding kinetics
(e.g. stretched exponential) under conditions where the molecules have not
achieved their native state. We describe a single-molecule fluorescence
resonance energy transfer (FRET) study of the collapsed-state region of the
free energy landscape of the catalytic domain of RNase P RNA from Bacillus
stearothermophilus (Cthermo). Ensemble measurements have shown that this
260 residue RNA folds cooperatively to its native state at ≥1 mMMg2+, but
little is known about the conformational dynamics at lower ionic strength.
Our measurements of equilibrium conformational fluctuations reveal
simple exponential kinetics that reflect a small number of discrete states
instead of the expected inhomogeneous dynamics. The distribution of
discrete dwell times, collected from an “ensemble” of 300 single molecules
at each of a series of Mg2+ concentrations, fit well to a double exponential,
which indicates that the RNA conformational changes can be described as a
four-state system. This finding is somewhat unexpected under [Mg2+]
conditions in which this RNA does not achieve its native state. Observation
of discrete well-defined conformations in this large RNA that are stable on
the seconds timescale at low [Mg2+] (b0.1 mM) suggests that even at low
ionic strength, with a tremendous number of possible (weak) interactions, a
few critical interactions may produce deep energy wells that allow for rapid
averaging of motions within each well, and yield kinetics that are relatively
simple.
© 2008 Elsevier Ltd. All rights reserved.
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Introduction

RNA folding is structurally hierarchical due to
three effects: the stacking of bases facilitated
by base-pair hydrogen bonding, the electrostatic
screening of the polyanionic backbone by mono-or
divalent cations, and specific binding of cations.1,2

Sequestering base pairs in local runs of helical se-
condary structure occurs very early (i.e., at low ionic
strength) in the process of RNA folding.3–5 Tertiary
compaction into dense functional structures requires
much higher concentrations of Mg2+for sufficient
screening of the phosphate groups.6 Because sec-
ondary structure can be stable independent of ter-
tiary structure, RNA passes through collapsed
d.
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structures along the folding pathway that contain
some secondary structure, but minimal tertiary
structure.4,7 These collapsed states are intermediate
between an electrostatically self-repelling structure,
and the compact native state.4,5,7–10
Some non-equilibrium RNA folding studies have

demonstrated that when folding begins from an
ensemble of collapsed structures, the dominant
folding pathway depends strongly on the initial
ionic strength conditions under which the collapsed
RNA is pre-equilibrated.11,12 The collapsed struc-
tures are, therefore, important in the early folding
steps of large RNAs,2,5,7,13 and strongly determine
the subsequent sequence of structure formation.
Hence, characterizing the equilibrium conforma-
tional dynamics and free energy surface(s) of these
collapsed structures at low ionic strength can reveal
critical aspects of tertiary RNA folding.
Single-molecule studies allow transcending

ensemble averaged measures of behavior. Previous
single-molecule RNA folding studies have found
heterogeneity in equilibrium structural dynamics
that are not identifiable in the ensemble.11,14–27
Studies of the four-way hairpin ribozyme,14,15 and
the tetraloop-receptor16 showed that even a loop
docking interaction can yield significant heteroge-
neity in the dynamics. These studies did not
establish whether the heterogeneity was static (i.e.,
long-lived for each molecule) or dynamic (i.e., with a
time-dependent rate constant). However, the two-
way junction hairpin ribozymewas observed to have
long-lived (e.g., hours timescale) memory effects
attributed to a loop–loop interaction.17–19 By con-
trast, the four-way junction exhibits quite homo-
geneous dynamics and therefore little variability in
structural adjustment during conformational
switching.14 The range of dynamics in these smaller
RNAs is shared by larger RNAmolecules.11,20 These
congruent observations support the premise that
RNA dynamics are hierarchical, in part because
individual structural elements retain their dynamics
in folded molecules.
In this study, we investigate the dynamics of

single molecules of a 260 nt RNA under conditions
of electrostatic collapse but far from the native
folded conformation. Previous small-angle X-ray
scattering (SAXS) studies of this ribozyme, the
(independently folding) catalytic domain of RNAse
P from Bacillus stearothermophilus (Cthermo, Fig. 1),
have shown that the unfolded state of Cthermo under-
goes gradual Mg2+-driven compaction between
0.001 mM and 0.1 mM Mg2+with a 20% decrease
in the radius of gyration, Rg, from 78 Å to 60 Å.28

The RNA forms a tremendous amount of structure
in a cooperative fashion in the subsequent folding
transition (around 1 mM Mg2+) to the catalytically
active native state, as determined by chemical
protection assays.28–30
Fig. 1. (a) Secondary structure
representation for the catalytic do-
main of RNase P RNA from Ba-
cillus stearothermophilus, (Cthermo).
CthermoL18 structural modifications
that allow introduction of a Cy3/
Cy5 FRET pair by hybridization to
the 3′ terminus and L18 loop are
shown in gray. (b) Approximate
(three-dimensional) position of the
Cy3 (green spheres) and Cy5 (red
spheres) dyes are shown in the ter-
tiary structure representation taken
from Ref. 32.
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We study the structural dynamics of Cthermo by
fluorescence resonance energy transfer (FRET) bet-
ween the 3′ end and the L18 loop of Cthermo, termed
CthermoL18.

31 The labeled regions do not form
tertiary interactions,32 but they are sensitive to the
formation of structures elsewhere in the RNA at all
concentrations of Mg2+studied. This is readily
apparent in single-molecule FRET trajectories mea-
sured at different points (i.e., thermodynamic con-
ditions) along the Mg2+titration. We find that the
pre-native collapsed Cthermo RNA fluctuates bet-
ween two discrete states that have FRET values
different from the fully folded structure at 1 mM
Mg2+. The dynamics of conformational fluctuations
for individual molecules are consistent with single-
exponential kinetics, suggesting a simple two-state
description. However, the dwell time distributions
accumulated over all molecules at a given [Mg2+]
show the presence of a second exponential time cons-
tant for both low and high EFRET states. Together with
findings from a non-equilibrium single molecule
study of CthermoL18,33 we conclude that a “hidden
degree of freedom” affects the observed RNA
structural transition. A surprisingly simple four-
state hidden Markov model is sufficient to describe
these collapsed-state RNA structural transitions.34
Fig. 3. Monotonic shift in the cumulative EFRET histo-
grams shows that higher [Mg2+] favor more compact
states. At low [Mg2+] (0.001–0.1 mM, 20 mM Tris–HCl, pH
8.1), two EFRET states are populated. The mid (0.45) EFRET
state appears only at concentrations of Mg2+above 0.1 mM.
Results

Single molecule trajectories show a
[Mg2+]-dependent evolution of structure

Representative individual trajectories (Fig. 2a) and
FRET efficiency histograms (FRET efficiency is de-
fined as the fraction of total fluorescence due to the
acceptor Cy5 fluorophore, EFRET=IA/(ID+IA)) con-
structed from these individual trajectories (Figs. 2b
and 3) show that the conformational dynamics
Fig. 2. Behavior of individual CthermoL18 molecules. (a) Re
[Mg2+], 20 mM Tris–HCl, pH 8.1. (b) Corresponding EFRET his
dwell times of two-level EFRET trajectories with N20 transition
associated with the Mg2+titration of CthermoL18 can
be divided into two regimes. In the low [Mg2+]
regime (0≈0.1 mM, where [Mg2+] ≈0 mM was
measured in 20mMTris–HCl, pH 8.1 without added
Mg2+or chelator), the conformational fluctuations of
presentative single molecule EFRET trajectories at varying
tograms. (c) At concentrations of Mg2+ below 0.1 mM, the
s can be fit to a single-exponential decay.

10.1073/PNAS.0801436105.
10.1073/PNAS.0801436105.
10.1073/PNAS.0801436105.


Fig. 4. Averaged EFRET signal from (●) single molecule
EFRET histograms or from (○) solution ensemble measure-
ment as a function of [Mg2+] (in 20 mM Tris–HCl, pH 8.1).
The titration is divided into low and high [Mg2+] regimes,
according to the single molecule behavior (two-state or
multistate, respectively).

Fig. 5. [Mg2+]-dependent changes in average τl-fast
(low EFRET state time constants) and τh-fast (high EFRET
state time constants) determined from single-exponential
fits to individual dwell time histograms. Each symbol (×,
○, +, ▾) corresponds to rate constants from a single
molecule, and shows that the transition rates are distri-
buted in an uncorrelated manner. Large filled circles
indicate the mean value of individual rate constants with
standard deviation shown as black error bars.
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CthermoL18 are two-state, with discrete jumps (with a
transition time b50 ms) between low and high EFRET
states (EFRET 0.2 and 0.8), while in the high [Mg2+]
regime (i.e., 0.1 to 1 mM), the conformational
fluctuations are multi-state and more complex.
The two [Mg2+] regimes are distinguished by

characteristically different structural transitions. In
the low [Mg2+] regime, the EFRET population shifts
gradually and monotonically from the low EFRET 0.2
state to the high EFRET 0.8 state. In the higher [Mg2+]
regime, the multiple populations evolve in a com-
plicated manner, ultimately shifting to a state with
EFRET 0.45. Figure 4 shows the changes in average
EFRET value at each [Mg2+] that reflect these two
major structural transitions; ‹EFRET› increases in the
low [Mg2+] regime, and ‹EFRET› decreases in the
high [Mg2+] regime. The titration curve shows
clearly that the low [Mg2+] regime transition takes
place over more than a 1000-fold range in [Mg2+],
while the high [Mg2+] regime transition takes place
within a tenfold range in [Mg2+]. The mechanisms
of these two transitions are likely to be quite diffe-
rent and are discussed below. However, our focus
is on the low ionic strength conditions in which
CthermoL18 behaves in a two-state manner.

Individual molecule dwell time analysis

We used FRET to determine transition rates for
each molecule by extracting dwell times, the length
of time spent in a single EFRET state, from the tra-
jectories. For individual molecules that undergo N20
transitions within the observation window (5–
10 min), dynamics of the low and high EFRET states
can be analyzed as described to determine the EFRET
state lifetimes.20 The dwell time distribution, here
defined as:

D tð Þ ¼ 1� 1
N

X
tibt

p tið Þ;
where N is the total number of dwell times and p(ti)
are the number of dwell times with length ti, is
plotted for individual molecules in Fig. 2c. The
logarithm of the dwell time distribution, ln[D(t)],
was used for weighting purposes. We find that
dwell time distributions for individual molecules fit
well to single exponentials, yielding the microscopic
transition time constants, τl and τh, for the two-state
model:

low EFRET⇌
H l;i

H h;i
high EFRET;

where the subscript i enumerates each single
molecule.
Although each molecule obeys well-defined two-

state kinetics, the collection of microscopic time
constants shown in Fig. 5, demonstrates that there is
molecule-to-molecule variation in their kinetics with
no correlation between τl and τh. The scatter in τl
and τh is small; e.g., it is comparable to the relatively
narrow and homogeneous distributions observed
for the 4H junction14 or the nanometronome.35

Inspection of individual EFRET trajectories indicates
that some of this variation cannot be explained by
sampling-based statistical variation. In particular,
the outliers maintain a persistent behavior; slowly
fluctuating molecules remain slow while rapidly
fluctuating molecules remain rapid (see Fig. 6,
0.01 mM Mg2+). This result is similar to the hetero-
geneity observed in the distribution of average
dwell times per molecule for the hairpin ribozyme.14
Thus, individual molecules follow a well-defined
two-state kinetic scheme within the observation
window. This small but persistent variation in indi-
vidual rate constants suggests that the structural
change probed by the 3′-L18 label pair is sensitive to
slow conformational changes. These changes are
“hidden”, in that they do not change the EFRET
values but alter the dynamics sampled by the RNA



Fig. 7. Dwell-time distributions (ln[D(t)]) versus log
time) accumulated over all (N250) trajectories at a given
[Mg2+] for the low EFRET (a) and high EFRET states (b). For
weighting purposes:

ln D tð Þ½ � ¼ ln 1� 1
N

X
tibt

p tið Þ
" #

was fit to the natural logarithm of a double exponential
and is shown on a log–linear scale. (c) Comparison of
residuals for single (red), double (black), and stretched
(green) exponential fits to the low EFRET dwell time
histogram at 0.01 mM Mg2+ (note the different time axis
range).
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structure on the minutes timescale. Similar slow
conformational changes have been attributed to slow
interconversion of alternate loop configurations in
theminimal active form of the hairpin ribozyme.17–19

Cumulative dwell time analysis

Distributions of dwell times for each EFRET state
accumulated overN250 individual molecules at each
condition establish the relaxation properties of the
entire population. The resulting distributions, D(t),
constructed in the same manner as the individual
dwell timehistogramsdescribed above, displaydwell
times extending over three decades from 100 ms to
N100 s. These (decay) histograms fit well to a double
exponential (Fig. 7b and c). Single or stretched
exponentials give poorer fits as measured by the
residuals (Fig. 7a). The fast components of the double
exponentials (τl-fast and τh-fast) dominate the fits with
N80% amplitude at nearly all concentrations of Mg2+.
The exponential time constants, τl-slow, τl-fast,

τh-slow, and τh-fast, depend on [Mg2+] (Fig. 8a and b)
as is required by the observed population shift
favoring the high EFRET state at increased [Mg2+]
(Fig. 3). Although all time constants increase from
0.01 mM to 0.1 mMMg2+, τh-fast increases by a factor
of 51, while the τl-fast increases only by a factor of 6.
This asymmetry results from increased stabilization
of the high EFRET state relative to the low EFRET state.
We note that although the τl and τh time constants
generally decrease with decreasing [Mg2+], at
≈0 mM Mg2+the time constants for the low EFRET
state are larger than at 0.001 mM Mg2+(see Figs. 5
and 8). This non-monotonic behavior may be due to
experimental limits in time resolution (i.e., high
EFRET dwell times are so short that they are not
detected, increasing the apparent dwell time in the
low EFRET state), or may indicate a structural tran-
sition. Further studies are required to resolve the
origin of this result.
The mean values of the time constants of the indi-

vidual molecule results at each [Mg2+] (heavy filled
circles in Fig. 5) are plotted in Fig. 8a and b (black
crosses). The mean values are in excellent agreement
Fig. 6. Two trajectories at 0.01 mMMg2+, 20 mM Tris–HCl (pH 8.1) demonstrate static heterogeneity: the dynamics of
some molecules are slow (top) while dynamics of other molecules are fast (bottom) for the duration of the measurement.
Individual molecule dynamics are characterized by well-defined barriers that do not change on the observation timescale.



Fig. 9. (a) Double-exponential components in both low
and high EFRET dwell time histograms require two or more
substates with low or high EFRET signals. Shown here is a
minimal model that fulfills this requirement, although
there may be other hidden substates that are undetected in
our experiments and not all interconversions (arrows)
need be present in the underlying model. (b) Schematic of
the [Mg2+]-dependent changes in the free energies of the
low and high EFRET states relative to the transition (‡) state.
The low EFRET state is stabilized by only a small degree
with increased [Mg2+], while the high EFRET state becomes
significantly more stable.

Fig. 8. Double-exponential fit parameters τl-slow, τl-fast
(a) and τh-slow, τh-fast (b) (●, left-hand axis) vary with
[Mg2+] (20 mM Tris–HCl, pH 8.1). Fast time constants are
blue, slow time constants are red. The fast time constant
dominates all dwell time distributions, as can be seen from
the percentage amplitude of each component (○, right-
hand axis). The average time constant (black+) determined
from single exponential fits to individual molecule dwell
time histograms (see Fig. 5) is superimposed, showing
agreement.
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with the fast time constants, τl-fast and τh-fast. Dwell
times associated with the slow dynamics, τl-slow and
τh-slow, are rare so that, in general, the slow time
constants cannot be measured for individual mole-
cules under current experimental conditions unless
the slow time constants are sufficiently fast, as
shown in Fig. 6. The amplitude of the slow com-
ponent in the cumulative dwell time histograms is
small, so that only a fraction of all dwell times arise
from the slow time constants. Additionally, even if a
molecule's dynamics were governed by a slow time
constant for a significant portion of a trajectory, the
number of dwell times observable within the
5–10 min trajectory length (which is determined by
the photobleach lifetimes of the Cy dyes) is insuf-
ficient for fitting to a single exponential.
The cumulative dwell timedistributions for both the

low and high EFRET states exhibit biexponential
dynamics implying a minimum of two low and two
high EFRET substates (Fig. 9a).

34 A three-state model is
not possible because the singlydegenerate statewould
yield single-exponential kinetics with a time constant
equal to the sum of the two transition time constants
associated with leaving the singly degenerate state.
Higher-order consecutive dwell time correlations are
consistent with the four-state model (data not shown),
although we cannot rule out the existence of other
hidden states with low amplitude (i.e., rare conforma-
tions) or similar time constants as those measured.36

Furthermore, despite the large sample size, we are not
able to specify the connectivities of states (see37 and
references therein for a discussion of information
extraction and model building).
Although a specific kinetic model for the observed

EFRET state behavior is not accessible without greater
sampling of the dwell times that arise from the slow
dynamics, the double exponential rather than
stretched-exponential kinetics allow us to suggest
the most plausible models. The RNA structure may
rapidly sample the many shallow wells defined by
weak interactions that one would presume exist in
the collapsed region of the energy landscape. How-
ever, the simple exponential kinetics that we observe
rather than stretch exponential (or power law) ki-
netics suggest that only a very few states and barriers
actually define the folding landscape. This presum-
ably follows from energy scale separation of the
interactions/contacts that form. This is quite remark-
able considering the size of CthermoL18 and the large
number of possible stabilizing interactions available.
Presumably, the energetics of the alternative interac-
tions are much lower than the observed stable states
so that their influence on the dynamics is averaged
out on the measurement timescale. CthermoL18 does
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not display dynamic heterogeneity; instead, indivi-
dual molecules maintain well-defined kineticswithin
a trajectory. This is unlike the heterogeneity observed
in RNA systems in which the interaction being
studied is a loop–receptor interaction.14–17,19,
Discussion

CthermoL18 EFRET fluctuations are sensitive to
collapse at low [Mg2+] and cooperative folding at
high [Mg2+]

Cthermo is known to undergo two types of struc-
tural changes during equilibrium folding: a gradual
global collapse at low [Mg2+], and a cooperative
structural transition at higher [Mg2+].28–30 Both
transitions are observed in the present single-
molecule study of CthermoL18. Fig. 10 shows that in
the low [Mg2+] regime, the FRET signals increase
slightly with increasing [Mg2+], presumably due to
non-specific electrostatic compaction. In addition to
this continuous (small) EFRET value shift, increasing
[Mg2+] also shifts the RNA population from a dis-
crete low EFRET 0.2 state to amore collapsed but non-
native high EFRET 0.8 state. The discrete nature of
this global collapse has not been reported.
In the high [Mg2+] regime (N0.1 mM Mg2+), the

cooperative transition to the native state is observed
in CthermoL18 as the introduction of new EFRET states.
The new EFRET 0.45 state that dominates trajectories
at 1.0 mMMg2+corresponds to an inter-dye distance
of approximately 60 Å (assuming κ=2/338), in good
agreement with the 3-L18 distance one can deter-
mine from the crystal structure (Fig. 1b).32 In sum-
mary, the dyes in the high EFRET (0.8) state are closer
than they would be in the native structure. Pre-
sumably, the formation of some native tertiary struc-
ture, e.g. the P2-P4 pseudoknot, results in a slight
separation of the dye pair.

Structure of low and high EFRET states

The native (crystal) structure of the full-length
RNase P RNA32 (Fig. 1b) provides a starting point for
interpreting the dynamics observed in CthermoL18.
Fig. 10. A slight increase in average EFRET value for the
low (black) and high (red) EFRET states as a function of
[Mg2+] is consistent with electrostatic collapse. Noise is
due to variability of background subtraction for indivi-
dual molecules.
There are two major stabilizing interactions in this
RNA: (i) docking between loops L5.1 and L15.1; and
(ii) the catalytic core, a complex central structure that
pulls together the stems by arranging junction regions
in a network of non-canonical interactions.We believe
that topological constraints of the native state require
formation of the following helices: P4 first, then P2,
then finally P5, with a number of non-canonical
stabilizing interactions in the catalytic core. Formation
of these helices in different order or combinationsmay
result in intermediate states that are kinetically stable.
In the following discussion of a possible structural
context for the observed EFRET states and dynamics,
any number interactions can be hypothesized, but we
will restrict ourselves to discussion of the stabilizing
interactions observed in the crystal structure.
Polynucleotides generally obtain their structure

by maximizing base pairing while minimizing the
electrostatic repulsion.39 For both the low and high
FRET states, we assume that the local helices P5.1,
P3, P1, P19, P18, P15.1, and P15 are formed (Fig.
1a).4,5 The dyes at the 3′ end and the L18 loop are
tethered by the intervening RNA strand with an
effective single-stranded length of ∼70 nt, where the
effective single strand consists of the residues
outside of Watson–Crick base-paired regions plus
two residues for each base-paired stem (Fig. 1a). The
EFRET 0.2 state is comparable to the EFRET value
determined for a 70 nt single-stranded poly(dT).40,41

This suggests that the simplest model for the low
EFRET state of CthermoL18 contains just these local
helices and an effective single-stranded tether of∼70
nt separating the Cy3/Cy5 FRET pair.
The EFRET 0.8 state corresponds to an inter-dye

distance of ∼50 Å, which is shorter than the ∼60 Å
(expected EFRET≈0.5) separation observed in the
crystal structure. A shorter inter-dye distance, toge-
ther with a [Mg2+]-dependent population shift fa-
voring the high EFRET state, implies that non-local
structure is formed in the high EFRET (0.8) state.
Among the three long-range helices, P2, P4, and P5,
formation of either P2 or P4 alone will not bring the
dyes close enough to give a 0.8 EFRET signal. P5,
however, could position the L18 loop within 50 Å of
the 3′ end if one assumes the chain is free to undergo
movement. Formation of other tertiary structures in
the native state presumably reduce the rotational
orientations of the helices (dyes) and force them
further apart. Further studies are required to test
whether the formation of P5 is indeed responsible for
the EFRET 0.8 state.
The gradual two-state population shift in the low

[Mg2+] regime (Figs. 3 and 4) is consistent with these
suggested structures of the low and high EFRET
states. In an ensemble experiment, the low [Mg2+]
regime of the EFRET titration curve (Fig. 4) would be
fit to a two-state Hill model, yielding a small Hill
coefficient of 1.4.42 Such non-cooperative behavior
has been shown to characterize the formation of
non-native intermediate structures in the collapsed
states for other large RNAs, such as the bI5 core,7

Tetrahymena ribozyme,43 as well as formation of the
isolated tetraloop–tetraloop receptor interaction.16
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A small Hill coefficient may reflect uncorrelated
transitions, which would be consistent with our ob-
servation that the hidden degrees of freedom do not
alter the EFRET values.
The simplest description of structural dynamics at

low [Mg2+] is that the various structural motifs
(stems, loops, single-stranded regions) of CthermoL18
move relatively independently. For [Mg2+] N0.1 mM,
a multi-state search for the fully folded state (Fig. 2a)
replaces the two-state behavior. With greater charge
shielding and increased binding of Mg2+, the inde-
pendent motions of structural components that
stabilize the fully folded state can be expected to
become more concerted and cooperative.32 Close
coordination of the motions of several structural
elements is a plausible requirement for formation of
the pseudoknot core and thereby narrows the
conformational search at high [Mg2+].44 Thus, the
CthermoL18 RNA folding titration can be character-
ized as a transformation from non-cooperative to
cooperative structural changes. Changing the probe
placement may allow observation of different beha-
viors or other aspects of the overall conformational
change. Work is ongoing to investigate this issue.

Characteristics of the free energy surface

The Mg2+-dependence of individual molecule
time constants (τl and τh), EFRET state population
shifts, and cumulative dwell time histogram time
constants yield the picture of relative free energies of
the low EFRET, high EFRET, and transition states
shown in Fig. 9b. Because we measure microscopic
rate constants that directly reflect the forward and
reverse barrier heights but do not measure the
absolute free energy of any state, it is convenient to
represent the changes in the free energy surface
relative to a fixed barrier height. (Of course, this
kinetic scheme is isomorphic with one in which the
free energy of the open state is held fixed and both
Table 1. [Mg2+]-dependence of the two-state time constants (t
motifs

Nucleic acid structural motif
featuring two-state dynamics [Mg2+] ≤0.001

Three-helix junction [23] τclosed (ms) 2
τopen (ms) 37

GAAA tetraloop-receptor motif [16] τclosed (s) 0.097
τopen (s) 0.20

Two-way hairpin ribozyme [18] τclosed (s) 3
τopen (s) 50

Four-way hairpin ribozyme [14] τclosed
Individual timτopen

4H junction [14] τclosed Individual timτopen
Nanometronome [35] τclosed (s) 0.7

τopen (s) 0.1
CthermoL18 RNA τclosed (s) 2.6

τopen (s) 0.9

The percentage change of time constants with increasing [Mg2+] ((τ0.1m
in time constants for the four-way hairpin ribozyme and 4H junction a
sum of rate constants was reported by Tan et al.14 The last column lists
deviation from exponential behavior.
the barrier height and the stability of the closed state
are increased as [Mg2+] increases.) Firstly, the pop-
ulation shift with increasing [Mg2+] favoring the
high EFRET state indicates that its free energy is
stabilized significantly relative to the low EFRET
state. Secondly, τl increases by a factor of 6 between
0.001 mM and 0.1 mM Mg2+ (Fig. 8) whereas τh
increases by a factor of 51. The free energy of the low
EFRET state, therefore, is stabilized to only a small
degree relative to the barrier, while the high EFRET
state is stabilized by another factor of 8.
Stabilization of both low and high EFRET states

(relative to the transition state) with increasing [Mg2+]
is unusual among single-molecule RNA folding stu-
dies. A number of systems show only stabilization of
the high EFRET (compact) state with destabilization
of the low EFRET (open) state (See Table 1 for a
summary of time constants). For example, over
the range from ≈0 to 0.1 mM Mg2+, the three-helix
junction,23 GAAA tetraloop-receptor motif,16 four-
way hairpin ribozyme,14 and two-way hairpin ribo-
zyme,18 all stabilized the closed state and destabi-
lized the open state relative to the transition state.
On the other hand, the 4H junction stabilized both
the low and high EFRET conformations equally,14 and
the nanometronome stabilized both conformations
nearly equally.35

The explanation given for simultaneous stabiliza-
tion of the low and high EFRET states in the 4H
junction and nanometronome may be applicable to
CthermoL18. If Mg2+stabilizes one EFRET state, the
immediate implication is that the structure is col-
lapsed. Electrostatic repulsion tends to destabilize
close contacts at low ionic strength so increasing
[Mg2+] allows better charge shielding. If increased
[Mg2+] increases the barrier height, then the barrier
crossing must involve some Mg2+dissociation, which
is unfavorable at higher [Mg2+]. The low and high
EFRET states of CthermoL18 are both stabilized relative
to the transition state with increasing [Mg2+], and
closed, topen) of previously described nucleic acid structural

mM [Mg2+] ∼0.1 mM Change (%)
Observed

heterogeneity?

12 600 Yes
14 38
0.130 134 Yes
0.095 47
10 333 Yes
3.3 7

e constants not reported
N100 Yes
b100

e constants not reported
Increased equally No

7 1000 No
0.7 700
15.9 610 No
46.6 5170

M/τ0mM)×100%) is given in the fifth column. The qualitative trend
re included rather than individual rate constants because only the
reported heterogeneity of the time constants, which we define as
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are therefore both likely to be collapsed to some
degree, with the transition between states requiring
Mg2+dissociation. Although our FRET pair reports
only on the collapsed nature of the high EFRET state
(by definition, a high EFRET signal implies that the
FRET dyes are close together, a low EFRET signal
implies the FRET dyes are further apart), our results
predict that the low EFRET state is collapsed in a re-
gion of the RNA not probed by the 3′-L18 FRET pair.
The homogeneity of time constants in the nano-

metronome supports the suggestion that the high
EFRET state in CthermoL18 involves formation of a
base-pairing interaction. The homogeneity of kine-
tics in CthermoL18 are similar to the homogeneity of
kinetics for the sticky ends in the nanometronome
and in the base-pairing of molecular beacons,45 and
unlike loop–receptor interactions. Formation of the
P5 helix in the high EFRET state is a reasonable
proposal for the interaction that describes the
“observed” degrees of freedom.
Conclusion

For the [Mg2+]-dependent low-to-high EFRET tran-
sition studied here, the simple picture of a mono-
tonic shift from an open to a closed structure, sug-
gested by the ensemble averaged behavior, masks
structural complexities apparent from analysis of
single-molecule dynamics and kinetics. Both the low
and high EFRET states observed in the low [Mg2+]
range studied are likely to contain collapsed subs-
tructures that are stabilized by non-specific ction
shielding; both states become more stable relative to
the transition state with increasing [Mg2+]. Homo-
geneity of time constants suggests that the high
EFRET state most likely includes formation of a long-
range helix with canonical base-pairings. Double-
exponential fits to cumulative dwell time distri-
butions suggest that the two observed EFRET states
probe one major structural interaction, but that
other structural interactions that are hidden from the
3′-L18 FRET pair affect the dynamics of the ob-
served states. The minimal model required to en-
compass all observations is a four-state Markovian
model, as shown in Fig. 9a.
Large RNAs at low ionic strength generally ex-

hibit chemical protection patterns that indicate the
absence of stable tertiary structure.2 This fact and
previous small-angle X-ray scattering measure-
ments of the C-domain,28 and other RNAs8,9 have
suggested that RNA intermediates can exist as a
relaxed ensemble with well-defined secondary but
ill-defined tertiary structure. In this view, the RNA
conformational free energy surface contains only
very shallow ripples of energy difference between
conformations. An observation of discrete well-
defined conformations in CthermoL18 that are stable
on the seconds timescale at low [Mg2+] suggests that
even at low ionic strength, with a tremendous
number of possible (weak) interactions, a few critical
interactions may produce deep energy wells and the
resulting kinetics are relatively simple.
Given the hierarchical nature of the interactions
and secondary structure formation in RNAversus the
“even keel” energetics in protein folding (i.e., many
interactions including the hydrophobic effect, solva-
tion, electrostatics, H bonding, etc. are similar in
magnitude), one might suppose that the dynamics
(hence energy landscape) would also be different in
proteins and RNA. However, simple structural
dynamics are consistent with the exponential
kinetics observed in the folding of most small
proteins.46 Synnergies or cooperativity of apparently
distinct driving forces may be the key. The simplicity
of the kinetics we observe suggests a “landscape” or
kinetic scheme as shown in Fig. 9 for collapsed state
dynamics: a single dominant barrier for the observed
degree of freedom (3′-L18 distance) but sensitivity to
conformations and structures of other parts of the
ribozyme that we term hidden. Figures 3 and 4 show
that these hidden conformations/structures even-
tually do affect the EFRET states (values) and their
populations at high [Mg2+] and in non-equilibrium
periodic [Mg2+]-jump experiments.33

Finally, an intriguing possibility is that the simple
dynamics observed are related to the fact that this
ribozyme folds in a highly cooperative manner (Hill
coefficient of 7.8).28 Our earlier single-molecule study
of a similar ribozyme but from a mesophilic orga-
nism, whose folding is not as cooperative (Hill
coefficient 2.9),12 showed more complex and inho-
mogeneous kinetics, as would be expected from a
more complex energy landscape.27 It would be inte-
resting and important to know if simple (exponen-
tial) kinetics in the pre-transition region are a hall-
mark or even a necessity for highly cooperative
transitions and folding. These studies are in progress.
Materials and Methods

RNA preparation

The catalytic domain of RNase P RNA from Bacillus
stearothermophilus47 was prepared by standard in vitro
transcription and labeled with FRET donor and acceptor
molecules Cy3 and Cy5, respectively, by an oligonucleo-
tide hybridization method.31 The catalytic domain
sequence was modified to allow site-specific fluorophore
labeling by extending the 3′ end, and by replacing loop 18
(CthermoL18) with a hybridization target sequence (Fig. 1).
Cy3-labeled and Cy5 and biotin-labeled DNA oligonu-
cleotides were purchased from IDT. This labeling method
has been shown to be an efficient method of incorporating
FRET pairs on RNA molecules without perturbing the
folding pathway and catalytic activity.31,48

Single-molecule EFRET measurements

Single-molecule experiments were performed by immo-
bilization of biotinylated CthermoL18 RNA on a coverslip
sparsely functionalized with streptavidin and coated with a
lipid bilayer.49 A perfusion chamber gasket (SA50, Grace
Bio-Labs) allowed the buffer to be exchanged. Coverslips
were cleaned with Pirhana solution (30% H2O2/H2SO4, 1:3,
v/v), exposed to 0.02 mg/mL streptavidin (Invitrogen,

10.1073/PNAS.0801436105.
10.1073/PNAS.0801436105.
10.1073/PNAS.0801436105.


950 Exponential Dynamics in Collapsed-state Single RNA
S888) in 20 mMTris for 15 min, then incubated in 1 mg/mL
DPTC lipid in 5 mM Tris, 50 mM NaCl, 0.5 mM EDTA for
1 h.49,50,51 CthermoL18 was immobilized by incubating the
lipid bilayer-coated coverslips in 500 pM RNA (20 mM Tris
(pH 8), 0.01 mM Mg2+) for 20 min. The RNA was then
equilibrated for 20 min at the desired [Mg2+] in 20 mM Tris
before imaging. Fluorescence trajectories of surface-immo-
bilized RNAwere collected at room temperature (18 °C) in
the presence of the glucose oxidase/catalase oxygen-sca-
venger system:49 0.1 mg/mL glucose oxidase, 0.04 mg/mL
catalase, 1.5 mM Trolox, and 4 mg/mL glucose. Single-
molecule EFRET time trajectories with 50 ms frame
integration time were collected with an objective-based
total internal reflection fluorescence microscope (Semrock
FF545/650 primary dichroic, Chroma 645DCXR secondary
dichroic, and Chroma bandpass filters HQ590/60M and
HQ690/60M), and imaged onto an electron multiplying
CCD array detector (iXon DV887-BI, Andor) with a total
magnification of 150×.52

Trajectory analysis

Trajectories of individual molecules were extracted with
an image processing routine written in MATLAB. For
detection of the Cy5 photobleach event and dwell times,
the trajectory noise was reduced using a non-linear
predictive filter for EFRET trajectories,53 or by three-point
rebinning. These methods produced indistinguishable
results. The FRET efficiency along a trajectory was
calculated according to:

EFRET ¼ IA=ðID þ IAÞ

where ID and IA are the fluorescence intensity from the
donor and acceptor, respectively. 39 Digitization of the
resulting two-state trajectories (high EFRET and low EFRET
states) was accomplished by thresholding, using the mini-
mum between the low and high EFRET Gaussian peaks,
equivalent to the methods used in variational transition
state theory.54

Removing sources of heterogeneity

Earlier measurements of CthermoL18, performed with
the same oxygen-scavenging buffer, except that β-mer-
captoethanol was used in place of Trolox, an the coverslip
surface was passivated with PEG instead of a lipid bilayer,
exhibited more inhomogeneous dynamics and kinetics
(unpublished results). The present experiments using
Trolox essentially do not have “dynamics” due to dye
blinking. Furthermore, PEG-coated surfaces give rise to
significant heterogeneity in the timescales of single-
molecule dynamics. Without changing to a Trolox buffer
and bilayer surface, the accumulated dwell time distri-
butions shown in Fig. 7 are less clearly biexponential, such
that biexponential and stretched exponential dwell time
distributions are equally good descriptions of the data.
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