Rapid compaction during RNA folding
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We have used small angle x-ray scattering and computer simulations with a coarse-grained model to provide a time-resolved
picture of the global folding process of the Tetrahymena group I
RNA over a time window of more than five orders of magnitude.
A substantial phase of compaction is observed on the low millisecond timescale, and the overall compaction and global shape
changes are largely complete within one second, earlier than any
known tertiary contacts are formed. This finding indicates that the
RNA forms a nonspecifically collapsed intermediate and then
searches for its tertiary contacts within a highly restricted subset of
conformational space. The collapsed intermediate early in folding
of this RNA is grossly akin to molten globule intermediates in
protein folding.

I

n the process of adopting a functional structure, biological
macromolecules must fold from a highly disordered polymer to
a discrete structure. In this process, the number of accessible
conformational states starts out extraordinarily large in the
unfolded state but is radically reduced in the folded, functional
structure. As originally pointed out by Levinthal (1), there is
insufficient time to explore all conformations in the search for
the correct folded structure, indicating that macromolecular
folding must proceed through intermediate states with increased
bias to continue the folding process.
A fundamental property of folding is compaction from a
highly flexible and dynamic set of unfolded conformations to a
tightly packed functional structure. This process of compaction
severely limits the number of accessible conformations, so
formation of a compact intermediate may aid folding by restricting the conformations of the macromolecule to a subset of states
that includes the functional state (2). Alternatively, or in addition, a compact state can slow folding by fostering formation of
nonnative interactions and by providing steric barriers to formation of the native state, generating long-lived, off-pathway
folding intermediates (3, 4).
Many early discussions in the protein folding field centered on
the ‘‘molten globule’’ (5). Under nonnative conditions, species
with considerable hydrophobic collapse and secondary structure, but little or no set tertiary structure, are often observed and
have been generically referred to as molten globules. Kinetic
experiments have established that molten globule intermediates
are formed early in folding for several proteins (6, 7), and, in a
limited number of cases, early compaction has been observed
directly by small angle x-ray scattering (SAXS; refs. 8 and 9).
Early compaction is not obligatory for proteins, however, as
folding in the absence of early collapse also has been observed
(10). Further, numerous proteins have been observed to fold
with two-state kinetics, suggesting that accumulation of a collapsed intermediate is not a general feature of protein folding (11).
RNA macromolecules also fold to biologically functional
structures. Revealing the properties of RNA as it folds in vitro is
important for understanding the constraints on the in vivo
process conferred by the nature of the polymer. In addition,
RNA folding studies provide a distinct and potentially valuable
perspective on the general problem of the conformational search
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of a polymer for its functional state. There are major differences
between RNA and proteins, including a lower information
content of RNA (with 4 side chains instead of the 20 protein side
chains), which may render folding to a discrete state more
difficult (12, 13), and the polyelectrolyte nature of the RNA
backbone (which presents an electrostatic barrier to formation
of a compact, functional structure). Further, unlike proteins,
RNA readily forms stable secondary structure in the absence of
enforcing tertiary structure, suggesting that RNA folding may be
largely hierarchical and thus easier to understand than that of
proteins (12, 14).
For RNA, the question of whether overall compaction precedes or is concomitant with tertiary structure formation has not
been addressed. Several studies have raised the possibility of a
rapid collapse (15–18), prompting suggestions of an early collapse for RNA folding in general, with accumulation of nonspecifically collapsed species (19, 20). However, none of these
previous studies directly probed the global structure of the RNA
at times earlier than required for tertiary structure formation.
SAXS provides a unique vantage point from which to view the
folding process. This solution scattering method lacks the atomic
resolution possible with x-ray scattering from a crystal lattice, but
it can describe the overall size and shape of a macromolecule in
solution. Unlike scattering from a crystal, SAXS can follow the
evolution of macromolecular size and shape during folding
(21, 22).
Therefore, we have used SAXS to follow the folding of the
Tetrahymena group I ribozyme (Fig. 1A). This RNA was previously shown to exhibit a large difference in SAXS between the
unfolded and folded states, and a late folding intermediate was
shown to be compact (15). Here, we directly follow compaction
of the ribozyme during folding by SAXS. Compaction is found
to be substantially faster than stable formation of any known
tertiary contacts, which are detectable by protection from solution radicals (23) and, in some cases, by protection from complementary oligonucleotides (24). The results suggest that there
is global collapse of the RNA before there is significant formation of specific tertiary structure.
Methods
SAXS Measurements. All experiments herein used the standard

L-21 ScaI form of the Tetrahymena ribozyme (25), which was
prepared by in vitro transcription and column purification as
described (26). SAXS experiments at Advanced Photon Source
(APS; 5–50 ms folding time) were performed at the 8-ID
beamline of IBM兾Massachusetts Institute of Technology兾
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Whitehead-CAT). Folding experiments were performed at 25°C
by flowing 1.9 mg兾ml (15 M) ribozyme in 50 mM Na-Mops
[3-(N-morpholino)propanesulfonic acid], pH 7.0, through the
inlet channel of the microfabricated flow cell to mix with
equivalent buffer solution containing 10 mM MgCl2.
Data were collected (1 min per time point) by using pink beam
(27, 28), with defining slits set to 10 m in the vertical dimension
and 40 m along the direction of flow. These conditions give a
beam flux of ⬇3 ⫻ 1010 photons per s; with a flow rate of 86
mm兾s along the outlet channel, these slits give an exposure time
of 400 s. In addition to providing high temporal resolution, the
short exposure time of each RNA molecule to the x-ray beam
minimizes the potential for radiation damage to the RNA.
Consideration of the beam intensity used in synchrotron hydroxyl radical cleavage experiments (23) suggests that only ⬇1%
of the RNA is cleaved during the 400-s SAXS exposure.
SAXS experiments at Stanford Synchrotron Radiation Laboratory (SSRL, beamline 4–2) were performed by stopped-flow
and manual mix methods as described (8, 15, 29). Equal volumes
of buffer solutions containing 3.2 mg兾ml (25 M) ribozyme and
30 mM MgCl2 were mixed to initiate folding of the ribozyme.
Previous experiments showed that the scattering was essentially
independent of ribozyme concentration from 1–4 mg兾ml, suggesting that the ribozyme is predominantly monomeric in this
concentration range (15). A significant amount of the total Mg2⫹
after mixing (15 mM) is expected to be bound by the ribozyme
(30), such that the free Mg2⫹ concentration is expected to be
similar to that in the continuous-flow experiments. (In the
continuous flow experiments there is a large excess of the 10 mM
Mg2⫹ buffer, so that the Mg2⫹ concentration can equilibrate to
10 mM in the sample stream.) X-ray energy was selected by using
a pair of Mo兾B4C multilayer monochromating crystals (29). For
stopped-flow measurements, 10 identical experiments were performed sequentially, and for each time point scattering profiles
from the 10 experiments were summed.
Quantitative Analysis of SAXS Data. SAXS data for folding times

from 5 ms to 1,000 s were fit by using singular value decomposition (SVD) analysis (22, 31). SVD analysis allows determination of the smallest number of independent curves required to
reconstruct a series of related experimental curves. In this
analysis, the series of scattering profiles acquired at different
times is represented as a two-dimensional matrix, with each
column corresponding to a scattering profile and each row
corresponding to scattering intensities for a small range of S
values. An SVD algorithm (MATLAB) transforms this data matrix
into the product of three matrices UWVT. The matrix U consists
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Simulations. For computational tractability and simplicity of

interpretation, we have used a coarse-grained model in which
five- to six-bp segments and five- to six-residue single-stranded
segments of the ribozyme are represented by single spheres. The
folded structure of the ribozyme was taken from the model
developed by Michel, Westhof, and colleagues (33). More information about the simulations is provided in supporting
information.
To select the frame of a simulation that gave the scattering profile
most similar to a given experimental time point, each frame of a
simulation was compared with the experimental scattering data by
linear regression [I(S)simulation vs. I(S)experimental]. Least-squares
analysis of the plots were performed with the residuals weighted by
S2 to emphasize low S values in Kratky plots, rendering the
weighting approximately inversely proportional to the SD of the
experimental data (data not shown).
Results
Previous studies have established that stable tertiary structure is
formed in the Tetrahymena ribozyme under standard in vitro
conditions (pH 7–8, 10 mM Mg2⫹, ⬇10 mM Na⫹, 37–42°C), with
rate constants for different parts of the structure ranging from
⬇1 s⫺1 to 0.02 s⫺1 (23, 24). To determine whether collapse
precedes tertiary structure formation, we would need to collect
SAXS data at folding times sufficiently short (⬍100 ms) so that
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Fig. 1. The Tetrahymena ribozyme. (A) Secondary structure of the ribozyme.
(B) The course-grained model used in simulations. In this model, each group of
approximately five base pairs or five residues of a single-stranded region is
represented as a sphere (see Methods).

of the independent basis curves that can reconstruct the data,
and W contains the so-called singular values, one for each basis
curve in U, which provides a measure of the weights of each basis
curve required to reconstruct the data. The number of significant singular values (i.e., with a magnitude significantly larger
than noise) indicates the number of independent basis curves
required to completely reconstruct the data.
SVD analysis of the data herein yielded only two singular
values that were clearly significant. The presence of two major
singular values indicated that two independent curves were
sufficient to reconstruct the data. Therefore, we analyzed the
data by determining the projection of each scattering profile
onto two physically meaningful states, unfolded and folded, by
using a least squares fit to minimize the difference between the
linear combination and the scattering profile at each time point.
For most of the data, the residuals of these fits are indistinguishable from random noise (see text in supporting information, which is published on the PNAS web site, www.pnas.org).
However, for some data sets, small amounts of systematic
deviation were observed when using only two SVD components.
The magnitude of this deviation varied between data sets, and
inclusion of a third SVD component to account for the deviation
did not significantly affect the relative weights of the primary two
components (data not shown), so the simpler two-component
analysis is presented here.
There were small differences in scattering of the unfolded
state at the lowest values of S between data collected at APS and
at SSRL. Because of the differences in scattering of the unfolded
states, two-state fits to each time point were performed by using
the scattering profile of the unfolded state that was collected at
the same facility as the time point. Fitting each point by using the
unfolded state data collected at the other facility instead gave
small changes in the weights of the unfolded and folded states in
the fit (⬍10% of the values) but had no significant effects on the
rate constants for the two phases of compaction (data not
shown). The SAXS profile of the long-lived misfolded state was
used in all two-state fits as an approximate description of the
folded form, because under all conditions herein, most of
the ribozyme population folds to the misfolded form (26, 32); the
SAXS profiles of this misfolded form and the native state are
similar (ref. 15, and R.R., I.M., S.D., and D.H., unpublished
results).

even the tertiary structure that forms first, the P4-P6 domain,
would not have formed to a significant extent. To allow direct
comparison with the earlier results, the SAXS experiments
herein were performed under solution conditions similar to
these previous studies. (As described in Discussion, it has recently been shown that increased ionic strength increases the rate
of tertiary structure formation in P4-P6; ref. 34).
To achieve the high temporal resolution necessary in an
apparatus sufficiently resistant to radiation damage from the
intense x-ray source needed, we improved a previous mixing
device (ref. 9; Fig. 2). As the RNA solution passes through the
microfabricated flow cell, incoming Mg2⫹-containing buffer
from the side channels focuses the RNA solution to a narrow
stream that flows rapidly through the outlet channel of the cell.
The narrow width of the RNA stream allows Mg2⫹ to mix
diffusely on the submillisecond time scale, initiating folding of
the RNA. Time-resolved SAXS data are collected by acquiring
a series of scattering profiles at different locations along the
outlet channel, corresponding to well defined times after mixing
with Mg2⫹. The rapid flow of the RNA stream allows experimental access to very short times after mixing and gives high
temporal resolution by illuminating only a short length of the jet,
corresponding to a narrow time window (⬍0.5 ms under these
conditions).
SAXS data for folding times from 5 ms to 45 ms were collected
by using this mixing device at the APS. For longer folding times,
data were collected at the SSRL by using stopped-flow (0.1–30
s; refs. 8 and 35) and manual mix (80–1,000 s) methods. Multiple
independent data sets for the stopped-f low and manual mix
data were in reasonable agreement with each other and were
only weakly dependant on temperature between 15 and 37°C.
Robustness of the methodology and the global folding properties was established further by the continuity that was
observed between the continuous-f low (⬍50 ms) and stoppedf low (⬎50 ms) data, despite differences in mixing devices and
beam conditions.
Representative scattering profiles for RNA folding times
ranging over five orders of magnitude (5 ms to 1,000 s) are shown
in Fig. 3 A as Kratky plots [I(S)S2 vs. S (21); see legend to Fig.
3], which allow features of the scattering profiles indicative of
global structural changes to be readily discerned. The Kratky
plot of a random coil gives a continuously increasing function
over a wide range of S, whereas the Kratky plot of a compact
molecule gives a decrease at large S, producing a maximum value
and the appearance of a peak. In the unfolded state there is a
rising tail (S ⬎ 0.008 Å⫺1), indicating a highly extended structure. As folding begins in the low millisecond time regime, this
rising tail disappears, and a small bulge appears at low S
(0.005–0.01 Å⫺1), consistent with a more compact species. At
times longer than 50 ms, the bulge turns into a distinct peak,
indicative of substantial globular nature. Between 2 s and 30 s,
there is a gradual decrease in the high S tail, leading to stronger
definition of the peak. The intensification of this peak indicates
that the ribozyme has increased further in globularity.
A quantitative analysis of the progress of folding was obtained
by performing SVD analysis of the time-resolved data (8). This
analysis showed that the data across the entire time course (5
ms–1,000 s) are well represented by a linear combination of two
independent states (see Methods). To provide a conceptual
measure of the progress of folding, the experimental scattering
profile at each time is represented as a linear combination of the
starting (unfolded) state and the folded state (Fig. 3B). The
compactness at each time point is represented by the relative
weight of the folded conformation in the fit. At the earliest times
after Mg2⫹ addition, substantial progress in folding is apparent,
followed by a plateau region in the range of 20–40 ms. These
data indicate that a discrete transition occurs with a time
constant of 7 ⫾ 1 ms.
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Fig. 2. Schematics of the flow cell used to collect SAXS data on the low
millisecond timescale. (Upper) Principle of operation of the flow cell. (Upper
Left) Cross section through the center of the flow cell indicating one possible
location of the x-ray beam. Details of operation are given in the text. (Upper
Right) Calibration of the mixing time for the device. The mixing time for ions
from the side channels was determined by monitoring Ca2⫹ concentration
with multiphoton microscopy.‡‡ Changes in free Ca2⫹ concentration, representing diffusion of Ca2⫹ across the focused stream, were determined from
the emission characteristics of the Ca2⫹-sensitive dye Indo-1 (Molecular
Probes) under the flow conditions of the folding experiments. Binding of Ca⫹
to the dye results in a shift of the emission peak from ⬇475 nm in the absence
of bound Ca⫹ (shown in false color as green) to ⬇400 nm with bound Ca⫹
(shown as red). Determination of the distance from the junction of the side
channels with the inlet channel to the point at which the complete color
change was observed, combined with the flow speed (86 mm兾s), gave a value
for the mixing time of 400 s. Flow speeds were determined by using fluorescence correlation spectroscopy (J. Korlach, L.W.K., and L.P., unpublished
work). (Lower) A three-dimensional schematic of the flow cell. For clarity, only
the channels of the microfluidic mixer are shown in the drawing. The cell is
constructed in three layers. At its center is a silicon wafer with two throughetched crossed channels (9). The addition of top and bottom layers, fabricated
from polydimethyl siloxane (PDMS; ref. 46), prevents the macromolecules
from sticking to the surfaces and produces the uniform flow profile for the
RNA stream shown.§§

At folding times between 40 ms and 1 s, a second transition is
observed, giving a time constant of 140 ⫾ 30 ms.§§ Fluorescence
resonance energy transfer experiments have detected a folding
transition with a similar time constant of 130 ⫾ 50 ms (X.
Zhuang, H. Babcock, R.R., D.H., and S. Chu, unpublished
results), suggesting that both approaches can follow this second
phase of compaction.
Upon completion of these two early folding transitions (t ⬎
1 s), the ribozyme gives a scattering profile similar to that of the
fully folded form, indicating that most of the global shape change

‡‡Ca2⫹

was used for calibration instead of Mg2⫹ because of the availability of well
characterized calcium-sensitive dyes. As the hydrated radii of Ca2⫹ and Mg2⫹ are nearly
equal (45), their diffusive mixing times are expected to be similar.

§§The PDMS layers contain channels that are directly above and below the side channels and

the outlet channel of the silicon device, but not above or below the inlet channel. Buffer
solutions that do not contain RNA flow through these channels against the top and
bottom sealed surfaces of the chip. Thus, the RNA solution in the outlet channel is
surrounded by buffer on all sides, minimizing surface effects on the flow profile of the
RNA solution.
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is complete (see Fig. 3A). The earliest stable tertiary structure
detected by protection from solution radicals, the P4-P6 domain
(Fig. 1 A), is formed at least 5-fold slower than this compaction
under similar conditions (23), providing direct evidence that a
collapsed intermediate lacking the known tertiary contacts is
formed early in folding. Additional small but significant changes
were observed in the scattering profile between 1 and 1,000 s,

¶¶Additional

uncertainty, beyond the reported value obtained from the fit, exists in the
time constant for this 140-ms phase. This additional uncertainty arises because of uncertainty in the amplitude of the fast phase under the experimental conditions used to
measure the slow phase (25°C for the fast phase vs. 15°C and 37°C for the slower phase).
Changes in the amplitude of the fast phase would give changes in the time constant of
the slower phase by changing the ‘‘starting’’ point (the y axis value in Fig. 3B) of the
slower transition. This uncertainty does not affect the conclusion that both phases of
compaction are completed more rapidly than stable tertiary structure has been shown to
form.

Russell et al.

consistent with rearrangements that give the slower formation of
tertiary contacts, as observed by other approaches (23, 24).
As noted above, the changes in shape of the scattering profiles
indicate substantial compaction over the millisecond time scale
(Fig. 3). Nevertheless, the scattering profiles do not directly
provide a physical description of the intermediate species.
Therefore, we used folding simulations with a simplified ribozyme model to obtain molecular shapes representative of the
observed scattering profiles (Fig. 4).
This coarse-grained model represents groups of residues as
spheres, as depicted in Fig. 1B. Folding simulations were begun
from a model for the unfolded ribozyme, which was generated
by applying a universal repulsive Coulomb potential intended to
mimic the low ionic strength conditions in the absence of Mg2⫹.
SAXS profiles generated from the folding simulations were
systematically compared with the experimental SAXS profiles to
identify the simulated intermediates that give scattering profiles
most similar to the experimental profiles.
Intermediates from the folding simulations that best fit the
observed scattering profiles for the unfolded ribozyme, and for
two early time points, are shown in Fig. 4 A–C. SAXS data for
the unfolded ribozyme are best approximated by conformations
of the model in which the ribozyme domains are extended away
from each other, suggesting that the structure is dominated by
electrostatic repulsion. Some structural elements are in close
proximity with each other even at 40 ms, when the first kinetic
phase is essentially complete, and there is considerable globular
character to the overall structure by 500 ms. Further, the
scattering profile of the fully folded ribozyme is best fit by
simulated structures that are only slightly more compact and
ordered than the 500-ms structure (Fig. 4D). Additional simulations and experimental time points support this general picture
PNAS 兩 April 2, 2002 兩 vol. 99 兩 no. 7 兩 4269
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Fig. 3. Time course of shape changes in ribozyme folding. (A) The progression of Kratky plots (IS2 vs. S; S ⫽ 2sin兾, where 2 is the scattering angle and
 is the x-ray wavelength) over the entire time course of these experiments.
Each Kratky plot is positioned by its folding time, which increases logarithmically from bottom to top. (B) Quantitative analysis of folding. To fit the data,
we projected each experimental scattering curve onto two static states of the
RNA representing the beginning and ending points of folding: the unfolded
(U) and folded (F) states. The fractional weight of F in the projection (PF) is
shown as a function of time for data from the APS at 25°C (E) and data
collected at SSRL at 15°C (F) and 37°C (Œ). The time course was described well
by three successive first-order processes. The fastest process occurs with a time
constant of 7 ⫾ 1 ms, and a second phase gives a time constant of 140 ⫾ 30
ms.¶¶ Slower third transitions, which do not give large changes in overall shape
(Fig. 3a) and, therefore, have smaller amplitudes than the initial two phases,
give time constants of 26 ⫾ 9 s (15°C) and 26 ⫾ 3 s (37°C). Note that although
the time constants for the slow transitions at 15°C and 37°C are identical
within error, the amplitudes are different, giving the observed deviation of
the two curves from each other.

Fig. 4. Comparison of experimental and simulated SAXS profiles. Each panel
shows the experimental SAXS profile from a given folding time or condition
(blue) superimposed on the simulated SAXS profile that gave the best fit to the
experimental data (black). The corresponding simulated structures are shown
adjacent to the plots.

of these folding intermediates (data not shown). The simulations
provide a useful tool for visualization of the global folding
process, and we anticipate that coordination of simulation with
additional physical data will prove valuable in interpreting
experiments, deriving folding models, and designing decisive
experimental tests.
Discussion
As a macromolecule folds to its functional form, it must undergo
compaction from a disordered chain to a specific structure.
Here, we have used SAXS to directly monitor the compaction
during folding of a structured RNA, the Tetrahymena ribozyme.
We wanted to determine whether compaction occurs as an early
step in folding, before specific tertiary structure formation, or
whether it occurs as long-range contacts form, which by their
nature necessitate collapse. The results show that compaction is
largely complete in less than one second, whereas under similar
conditions, the earliest detected tertiary structure is formed
5-fold slower (23). Thus, compaction largely precedes specific
tertiary structure formation, indicating that a nonspecifically
collapsed intermediate is formed and transiently accumulates
during folding. The direct observation of an early collapse for
RNA provides support for interpretations of earlier experiments
that have suggested the possibility of rapid collapse for this and
related RNAs (15, 16, 18).
The early collapse was found to occur in two distinct kinetic
phases, giving time constants of 7 ms and 140 ms. Two general
models can account for the presence of two kinetic phases: in
Model 1, compaction proceeds in two steps, with the transient
accumulation of an intermediate that has undergone partial
compaction (see Scheme 1A), whereas in Model 2, the two

Scheme 1

phases arise because there are two populations of unfolded
ribozyme that undergo compaction with distinct rates (see
Scheme 1B). Although the data describing the early collapse
were adequately represented by combinations of two states in
SVD analysis (Fig. 3B), the presence of two kinetic phases
necessitates at least three states. There is no inherent contradiction; the presence of two states in SVD analysis indicates the
existence of at least two species. The scattering profile of the
third state identified by the kinetic fitting can be reasonably
described by a combination of the scattering profiles of the other
two states.
Model 1 requires that the SAXS profile of the partially
collapsed intermediate be approximated by a combination of the
SAXS profiles of the folded and unfolded states, whereas Model
2 requires that there be two populations of starting states that do
not interconvert with each other and collapse with different
rates. Model 1 is favored because of its simplicity—there is no
evidence for multiple pathways during compaction under these
conditions, and evidence does exist for a single pathway later in
folding (32). However, as there is ample evidence for multiple
pathways under different conditions and for different versions of
this RNA (26, 36–38), Model 2 is plausible. The dependence of
4270 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.072589599

the kinetics of collapse on solution conditions before and during
Mg2⫹-induced folding (38) should be valuable in distinguishing
the models above and in beginning to probe the physical origins
of the collapse.
What structural features could be present in the partially
collapsed intermediate postulated in Model 1 (Scheme 1 A,
Ipartial collapse)? Comparison with simulation suggests that an intermediate in which a subdomain is collapsed but other parts of the
structure remain largely extended could give the observed SAXS
profile (Fig. 4B). A recent study has shown that under higher
ionic strength conditions, upon addition of Mg2⫹, the P4-P6
domain forms its native tertiary structure on the timescale of
milliseconds, indicating that any compaction of P4-P6 must also
occur at least this fast, at least under the high ionic strength
conditions (34). As formation of the native structure requires the
P5abc element within P4-P6 to bend over and onto the rest of the
subdomain (Fig. 1 A), substantial compaction from an extended
structure is necessary. This result raises the possibility that
compaction of P4-P6 is also comparably fast under the low ionic
strength conditions used here and in previous studies (e.g., ref.
23), but formation of an ensemble of misfolded species slows the
onset of specific native structure. Early compaction of P4-P6 is
supported by the finding that native structure within P5abc is
formed within 30 ms at low ionic strength when P4-P6 is
prevented from bending over (by mutations that rigidify the
hinge region between P5 and P5a) but not for the wild-type
P4-P6. This difference suggests that the wild-type P4-P6 bends
at the P5-P5a hinge in less than 30 ms to give a more compact
species (16).
Thus, it is possible that the partial collapse seen by SAXS
represents formation of a family of intermediates in which P4-P6
has collapsed by bending over upon itself, but other subdomains
of the ribozyme are not yet fully collapsed. Partial compaction
of other domains also could contribute to the rapid phase of
compaction, as could formation of small amounts of local
secondary structure not formed in the starting population (39).
Further compaction of this partially collapsed intermediate may
require disrupting fortuitous nonnative contacts and兾or rearrangements that are hindered by topological barriers, giving rise
to the slower phase of compaction.
The observation that both phases of compaction are completed before any stable tertiary structure is detected indicates
that a nonspecifically collapsed folding intermediate is populated. It is possible that subsets of the known contacts are formed
transiently in this state, with each contact formed in a sufficiently
low fraction of the population so as not to give detectable
protection from solution radicals. It is also possible that contacts
are formed in the collapsed intermediate that do not give burial
of the ribose moiety, and so do not give protection from cleavage
by solution radicals. However, the solution radical protection
pattern of the folded ribozyme identifies all known tertiary
contacts and is globally consistent with solvent accessibility in a
model for the overall structure (23, 33, 40), indicating that the
protection approach is a sensitive probe for tertiary structure.
Thus, the absence of any protections for the early collapsed

Fig. 5. A model for rapid, Mg2⫹-induced collapse of RNA. A simple RNA is
shown, consisting of duplex regions connected by short single-stranded segments. Mg2⫹ ions, shown as red circles, bind rapidly to RNA duplexes, neutralizing negative charge and, therefore, favoring convergence of structural
elements to give a global collapse (see text). This process could be aided or
hindered by fortuitous interactions within the RNA (e.g., refs. 13 and 47).
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intermediate strongly suggests that there is little or no stable
tertiary structure in the collapsed state.
On the one hand, the ability of RNA to rapidly compact opens
up the possibility of rapid folding—this can be imagined if the
preformed secondary structural elements are correctly formed
and if they collapse in the vicinity of their positions in the final
folded structure. Indeed, under certain conditions, the overall
folding of a fraction of the ribozyme population gives a rate
constant of ⱖ1 s⫺1 and may be as fast as the compaction
observed here (41, 42). On the other hand, the compact state
could hinder the conformational search for the native state for
the fraction of molecules that collapses incorrectly by introducing topological barriers or by favoring the formation of fortuitous
nonnative interactions.
The collapsed intermediate in RNA folding is grossly akin to
the molten globule intermediate in protein folding (5), but the
physical origin is presumably distinct. A general model to
describe rapid and highly cooperative collapse of an RNA
molecule upon addition of divalent cations is shown in Fig. 5.
Divalent cations localize near one or more helices, increasing the
probability that the helices come together; when they do come
together, the local negative charge is increased, facilitating the
localization of still more cations, thereby giving progressively
increased cation localization and compaction. Collapse of polyanions upon the addition of multivalent cations has been suggested on theoretical grounds from ion–ion correlation effects
(43) and entropic effects arising from delocalization of counte-

rions in a collapsed state (44). As the collapse for the Tetrahymena ribozyme occurs before tertiary structure formation, it
may result from basic features of RNA and, therefore, may be
general for RNA. Understanding the physical origins of the
collapse provides exciting new challenges and an opportunity to
enhance our understanding of the fundamental behavior of
RNA molecules and how these molecules traverse complex
energetic landscapes to find their native functional structures.
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