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Structured RNAs achieve their active states by traversing complex,
multidimensional energetic landscapes. Here we probe the folding
landscape of the Tetrahymena ribozyme by using a powerful
approach: the folding of single ribozyme molecules is followed
beginning from distinct regions of the folding landscape. The
experiments, combined with small-angle x-ray scattering results,
show that the landscape contains discrete folding pathways. These
pathways are separated by large free-energy barriers that prevent
interconversion between them, indicating that the pathways lie in
deep channels in the folding landscape. Chemical protection and
mutagenesis experiments are then used to elucidate the structural
features that determine which folding pathway is followed. Strik-
ingly, a specific long-range tertiary contact can either help folding
or hinder folding, depending on when it is formed during the
process. Together these results provide an unprecedented view of
the topology of an RNA folding landscape and the RNA structural
features that underlie this multidimensional landscape.

RNAs that adopt specific functional structures face the ex-
acting challenge of attaining these specific structures from a

myriad of unfolded conformations. An early and critical step in
understanding the folding process is the development of a
quantitative kinetic and thermodynamic description. For the
Tetrahymena group I ribozyme, work over the past decade has
established a complex pathway for folding. Intermediates have
been identified (1–3), structurally characterized and shown to
represent kinetic traps (4–6), and a folding model that unifies
many results has been presented (7).

A newer view of folding, first proposed for proteins and explored
with lattice models, describes a folding funnel (8–10). In its most
rudimentary form, the folding funnel represents a statement that
any complex molecular process with many degrees of freedom can
be described in terms of a multidimensional energy landscape. For
functional macromolecules, kinetic and thermodynamic consider-
ations provide general constraints on the shape of the landscape,
necessitating some degree of overall funnel-like shape. That is,
folding intermediates leading to the final structure must progress
downhill energetically, in general, to allow folding on observed time
scales, and the final folded state must sit in a relatively narrow
region at the bottom of the energy landscape to ensure that the
specific functional state is favored over the ensemble of all other
possible conformations (11, 12).

Beyond these requirements, there are many models and
disagreements about the topology and nature of barriers in
folding landscapes (9, 10, 13, 14), but little experimental data
that describe actual folding landscapes beyond individual path-
ways. For example, it is generally held that folding landscapes for
RNAs are more rugged than those for proteins (6, 15, 16), and
we believe this to be likely from consideration of the molecular
properties of RNA (17, 18). Nevertheless, exploration of folding
landscapes will be required to directly address the fundamental
question of landscape shape and to provide a framework for
revealing potential intermediates and the structural features
responsible for ‘‘choosing’’ among the multitude of potential
folding pathways (19–21).

The visualization of single molecules provides a powerful means
of identifying and characterizing multiple folding pathways (22).
However, the ability of this or any other approach to broadly

explore features of a folding landscape may be limited by confor-
mational biases present in the starting unfolded conformation
(23–25). Such biases may be particularly severe for RNA, which
typically has considerable secondary structure present in the start-
ing state. Because there is insufficient time during folding for all
unfolded and partially folded conformations on the landscape to be
explored (12), a bias in the starting state must give a bias in the
portion of the landscape explored during folding. Similarly, a
change in the bias of the starting state, leading to population of a
different portion of the top of the folding funnel, must lead to
exploration of a different part of the landscape during folding. The
extent to which folding through different portions of the landscape,
or sides of the funnel, leads to gross changes in the folding process
remains an open question.

We have therefore turned to a protocol that allows us to
populate different ensembles of starting states for the Tetrahy-
mena ribozyme, and then rapidly change conditions so that
folding proceeds in all cases on the same energy landscape. We
follow the folding pathways of the ribozyme by using single-
molecule fluorescence methods and demonstrate the presence of
discrete folding pathways from the different ensembles of start-
ing states. Structural studies and mutagenesis are then carried
out to uncover the structural differences between the starting
ensembles and the specific structural features that determine
which pathways are traversed.

Materials and Methods
Materials. DNA encoding 5�- and 3�-extended ribozymes was
prepared by PCR and cloned into the plasmid pT7L-21 (26).
Ribozymes were prepared as described (27). Cy3 and Cy5
(Amersham Pharmacia) labeling of RNA oligonucleotides
(Dharmacon, Lafayette, CO) was performed as described (22).

Single-Molecule Fluorescence Resonance Energy Transfer (FRET). Ex-
periments were performed essentially as described (22). For
FRET experiments the ribozyme was extended by 5 nucleotides
at the 5� end with the sequence GGUUU. This allowed tight
binding of an oligonucleotide substrate (S) capable of base-
pairing to the 5�-extension and to the internal guide sequence of
the ribozyme (S-CCCUCUAAACC), thereby minimizing dis-
sociation of S from the immobilized ribozyme during experi-
ments. These modifications have no detectable effect on the
enzymatic activity of the ribozyme (data not shown).

Small-Angle X-Ray Scattering (SAXS) Measurements. Data were
collected on beamline 4–2 at the Stanford Synchrotron Radia-
tion Laboratory essentially as described (ref. 28; see SAXS
Measurements, which is published as supporting information on
the PNAS web site, www.pnas.org).

Abbreviations: DMS, dimethyl sulfate; FRET, fluorescence resonance energy transfer; S,
oligonucleotide substrate; SAXS, small angle x-ray scattering.
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Dimethyl Sulfate (DMS) Footprinting. Footprinting was performed
essentially as described (29). Only residues that reproducibly
gave protections of �2-fold are shown as giving protections in
Fig. 3. A196, A304, and A306 gave increased DMS accessibility
in the presence of Na�, but these enhancements were not
reproducibly larger than 2-fold.

Results
Exploring the Folding Landscape for the Tetrahymena Ribozyme. We
wanted to initiate folding with RNA molecules having different
starting structures. In the language of energy landscapes, we
wanted to populate different regions within the unfolded por-
tions of the landscape and then determine what effect, if any,
these different starting states had on the folding process. To do
this we incubated the Tetrahymena group I ribozyme with
different concentrations of Na� ion, with the idea that varying
the cation concentration would change the structure, by ame-
liorating electrostatic repulsion, without allowing folding to
occur, as formation of the native state requires divalent cations
(30, 31). We then wanted to add divalent metal ions to observe
individual RNA molecules that initiate folding from different
structures. If, however, the variable Na� concentrations were
maintained after addition of Mg2�, the intent of the experiment
would be defeated; molecules starting from different structures
would also be folding under different conditions, undermining
direct comparison. It was therefore critical to rapidly adjust the
solution to a constant Na� concentration simultaneous with
divalent metal ion addition. With this protocol, all of the
molecules face the identical energy landscape, and differences in
folding behavior can provide information about the topology of
the energy landscape.

We followed the folding of individual ribozyme molecules with
FRET after preincubation with 20–620 mM Na�; folding was
always performed with 5 mM Mg2� and 20 mM Na�. Individual
ribozyme molecules on a glass surface were visualized by fluores-
cence emission of Cy3 and Cy5 dyes attached to the S of the
ribozyme and to the oligonucleotide tether used in immobilization
of the ribozyme (22). For each molecule, we recorded the time at
which the FRET value increased to 0.9, indicating native state
formation [the ribozyme molecules acquire enzymatic activity
concomitantly with the FRET value of 0.9 (22)]. We then plotted
the number of native ribozyme molecules as a function of time.

Fig. 1A shows results from a representative experiment, with
folding following preincubation with 170 mM Na�. As observed
with 20 mM Na� present both before and after Mg2� addition
(22), folding to the native state is well described by the sum of
two exponential curves with rate constants of �1 s�1 and �0.02
s�1. A third folding phase, conversion of a long-lived misfolded
state to the native state, does not occur significantly on the time
scale of these experiments (7, 27). These two folding phases are
collectively referred to as ‘‘correct’’ folding, giving a fraction of
the population that folded correctly (i.e., avoided the long-lived
misfolded form).

Varying the Na� concentration in the preincubation from 20 to
620 mM increased the fraction that folded correctly from 0.2 to
�0.8 (Fig. 1B) even though folding was always under the same
conditions (5 mM Mg2�, 20 mM Na�). Also, the fraction of the
correct-folders that folded fast (1 s�1) increased from �0.45 to
�0.9. With high Na� concentration in the preincubation (�400
mM), nearly the entire population folded rapidly and to the native
state. Replacing Na� with other monovalent cations (Li�, K�,
NH4

�) gave similar changes in folding properties (not shown). The
changes in folding properties, despite folding under identical con-
ditions, suggest that the initial Na� concentration affects the
starting conformation. Then, from these different starting confor-
mations (or, more precisely, ensembles of starting conformations),
different portions of the landscape are traversed during folding.

If Na� were shifting the ribozyme between only two confor-

mational ensembles, one of which gave slow and largely incorrect
folding whereas the other gave fast and correct folding, the
dependencies of both fast and correct folding on initial Na�

concentration would be the same. However, the changes in fast
and correct folding give distinct Na� concentration dependen-
cies (Fig. 1B), suggesting the presence of at least three confor-
mational ensembles. These three conformational ensembles are
as follows. (i) One, populated with low Na� in the preincubation,
gives mostly slow and incorrect folding. (ii) With intermediate
Na� in the preincubation, the populated ensemble gives mostly
incorrect folding, but the molecules that fold correctly also fold
rapidly. (iii) With high Na� in the preincubation, the populated
ensemble gives mostly fast and correct folding.

Although in principle Na� dilution to 20 mM is instantaneous
with Mg2� addition and the onset of folding, in practice there is
a finite mixing time. Thus, the differences in folding properties
could arise if, instead of or in addition to changing the starting
conformation, the Na� still present only milliseconds after Mg2�

addition affected very early folding steps. To test this possibility,
we performed an experiment in which Na� was washed out with
variable time delays before the addition of Mg2�. Although the
bulk and RNA-associated Na� ions are expected to exchange on
the submillisecond time scale (32), the time dependencies for the
changes in folding behavior upon removal of Na� were on the
scale of seconds (Fig. 6, which is published as supporting
information on the PNAS web site). These slow transitions
provide strong evidence that the changes in folding behavior
arise from changes in starting conformation rather than Na�

effects on very early events in folding. Further, the losses of
correct folding and fast folding gave distinct rate constants (0.6
s�1 and 0.09 s�1, respectively), confirming the existence of at
least two discrete structural transitions induced by Na� (i.e., at
least three conformational ensembles).

The experiments above build on previous results by Woodson
and colleagues (33, 34), who showed that preincubation with
Na� allows the ribozyme to fold to the native state in the
presence of Mg2� within the time required to enter a native gel
(�30 s). Here, we have used the increased time resolution and
decreased mixing time in our single-molecule approach to
directly demonstrate and follow a fast-folding phase. Further, we
have shown that the observed change in folding behavior results

Fig. 1. Exploring the folding landscape. (A) Folding was initiated by flowing
buffer containing 5 mM Mg2� over the surface-attached ribozyme, replacing the
170 mM Na� solution present initially. The fraction of molecules that attained
FRET values of �0.9, indicating native-state formation, is plotted against folding
time. The curve represents a fit by two exponentials with rate constants of 1.21 �
0.07 s�1 and 0.025 � 0.001 s�1. The combined amplitude of these two folding
phases, 0.219 � 0.003, represents the fraction of ribozyme that folded to the
native state without forming the long-lived misfolded state. (B) The fraction of
ribozyme that folded correctly (E), and the fraction of the correct-folding mol-
ecules that folded fast (�1 s�1, ƒ), are plotted against initial Na� concentration.
Only the correct-folding molecules were analyzed for the rate of folding because
the molecules that misfold do not give a detectable change in FRET value after
formation of an early intermediate (22). The dependence of fast folding on Na�

concentration gave a half-maximal value for Na� (K1/2) of 183 � 9 mM and a Hill
coefficient (n) of 4.4 � 0.9. For correct folding, these values were K1/2 � 267 � 8
mM, n � 5.0 � 0.7.
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from at least two structural transitions; one transition gives fast
folding and the other gives correct folding. Below we use these
results to further our understanding of the folding landscape,
first by providing evidence that the starting states induced by
Na� give folding along discrete pathways through the folding
landscape and then by identifying structural features that deter-
mine which pathways are followed.

Determination of Multiple Pathways on the Folding Landscape.
Scheme 1 depicts two models that can account for the data
described above. [The models also incorporate previous results (7,
22)**.] In Model 1, different Na� concentrations cause three
different starting states to be differentially populated. These dif-
ferent starting states then fold along discrete pathways through the
landscape (Scheme 1A). With low concentrations of Na� in the
preincubation, a significant fraction (0.55) starts folding from U1.
These molecules proceed through the late folding intermediate Itrap
and then slowly escape this intermediate to partition between the
native and long-lived misfolded forms (1, 2, 7). With intermediate
Na� in the preincubation, folding starts from U2; Itrap is avoided but
the partitioning between the native and long-lived misfolded forms
is the same as at low Na�. This identical partitioning suggests the
presence of the common folding intermediate Icommitment (22). With
high Na� in the preincubation, U3 is populated and essentially all
of the ribozyme folds fast and correctly; thus, both Itrap and
Icommitment are avoided.

In Model 2, the changes in folding properties arise because
increasing Na� concentration causes the ribozyme to fold part of
the way along a single pathway; i.e., when Mg2� is added the
ribozyme is already partially folded (Scheme 1B). Folding with
�150 mM Na� begins with U, proceeds through a rate-limiting
step escaping from the intermediate Itrap, and then, after for-
mation of Icommitment, partitions between formation of the native
and long-lived misfolded states. Folding is faster after preincu-
bation with 150–250 mM Na� because an intermediate (e.g.,
Icommitment) situated after the rate-limiting step is populated at
the start of folding. With still higher Na� in the preincubation
both Itrap and Icommitment are avoided so that folding is fast and
gives exclusively native ribozyme.

The models in Scheme 1 A and B were distinguished by per-
forming SAXS on the conformational ensembles induced by Na�.
Model 2 predicts that Na� allows the ribozyme to form folding
intermediates that are also formed in Mg2� after the rate-limiting
step for overall folding (after Itrap in Scheme 1B). Previous SAXS
experiments showed that Itrap is nearly as compact as the native state
(28) and the simplest expectation is that intermediates after Itrap

would also be compact (see Determination of Discrete Pathways by
SAXS, which is published as supporting information on the PNAS
web site). As the concentration of Na� was increased in the range
that gives changes in the folding properties, SAXS profiles showed
appearance of a peak in Kratky plots (Fig. 2) (35). This peak
indicates that the ribozyme becomes somewhat more compact and
globular as the concentration of Na� is increased. However, even
the highest concentration of Na� used (820 mM), sufficient to give
essentially all fast and correct folding, gave a Kratky peak much less
pronounced than that of the intermediate Itrap or the native
ribozyme.

These results indicate that the ribozyme is substantially less
compact and globular than Itrap and the native ribozyme across
the range of Na� concentrations, providing strong evidence
against Model 2. Further, solution radical protection experi-
ments gave no indication of native tertiary structure formation
in Na� concentrations that give fast and correct folding (ref. 31;
M. Brenowitz, personal communication). Thus, the results
strongly favor Model 1 (Scheme 1A), in which folding starts from
different conformational ensembles that depend on the initial
Na� concentration and proceeds through discrete pathways.

Structural Features That Determine Which Pathway Is Traversed. To
identify the structural changes that might be responsible for the
different observed folding behavior after preincubation with
different concentrations of Na�, protection of adenosine and
cytosine residues from DMS was monitored. As the concentra-
tion of Na� was increased, residues in P9, P3, and P4-P6 became
protected from DMS modification with distinct concentration
dependencies (Fig. 3). Interestingly, two sets of protections were
observed at Na� concentrations in the range that gives changes
in folding properties (100–300 mM; Fig. 1B). The observed
protection of residue C278 in P3 suggests the formation of P3 (3),
and the protection of residues in loop L9.1 suggests the forma-
tion of P13, a long-range base-pairing contact between residues
in L9.1 and L2.1. This interpretation was supported by the
finding that a variant ribozyme with a three-nucleotide substi-
tution in L2.1 sequence to disrupt P13 [	P13 (36)] does not give
protection of L9.1 (data not shown). These results raise the

**In Scheme 1 A and B, the Na� concentration ranges shown indicate which conforma-
tional ensemble is most populated. At any given Na� concentration, a mixture of these
ensembles is expected to exist as shown by the data in Fig. 1B.

Scheme 1.

Fig. 2. Structural changes in the starting ensemble monitored by SAXS.
Kratky plots are shown for the standard L-21 ScaI ribozyme at 25°C in buffer
containing 20 mM Na� (black), 70 mM Na� (blue), 120 mM Na� (green), 420
mM Na� (red), 820 mM Na� (purple), the intermediate Itrap (orange, formed at
15°C), and the native ribozyme in buffer containing 15 mM Mg2 � (brown).
Kratky plots have the form of I(S)S2 against S, where I(S) is scattering intensity
and S is related to the scattering angle [S � 2sin���, where � is the x-ray
wavelength, 1.54 Å, and 2� is the scattering angle (35)].
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possibility that initial formation of P3 and�or P13 in the presence
of Na� is responsible for the observed fast and correct folding.

P3 formation was particularly appealing as a structural deter-
minant for folding pathways in light of previous studies showing
that an alternative local duplex termed Alt P3 replaces P3 in the
long-lived misfolded state (3). Further, a variant ribozyme,
U273A, in which P3 is stabilized relative to Alt P3, has been
observed to fold both fast and correctly (37). These previous
results suggested a model in which formation of the correct
secondary structure early in folding is critical: if P3 is formed
correctly, folding is fast and correct, whereas if Alt P3 is formed
early, the ribozyme gets trapped in misfolded species (37, 38).

Our results confirming that correct folding is observed with
high initial Na� concentration (33) and showing P3 is formed
initially under these conditions provides further support for the
model that P3 formation is responsible for the correct folding
(37, 38). On the other hand, the observation that the confor-
mational transitions that give fast folding and correct folding are
distinct (Fig. 1B) calls into question the previous conclusion that
P3 formation is also responsible for fast folding.

To determine whether early P3 formation is responsible for
both fast and correct folding we examined folding of the variant
U273A by single-molecule FRET as a function of initial Na�

concentration. As expected (3, 37), folding of the U273A variant
ribozyme was largely correct at all initial Na� concentrations
(Fig. 4A). Further, DMS footprinting revealed that P3 is formed
initially in the U273A variant across the entire range of Na�

concentration (20–820 mM; data not shown). However, with low
initial Na� concentrations, two rate constants for folding were
observed as with the wild type; about half of the variant ribozyme
folded slowly (0.012 s�1), approximately the same fraction of
slow folding as for the wild type. The concentration of Na�

required to give fast folding of the U273A variant was similar to
that for the wild type. Thus, although initial P3 formation

correlates strongly with correct folding, it is not sufficient to give
fast folding. It is also suggested that P3 formation is not
necessary for fast folding, as fast folding with the wild-type
ribozyme occurs at Na� concentrations lower than required to
give correct folding.

For the U273A variant, as for the wild type, residues in P13
became protected from DMS in the Na� concentration range that
gave fast folding (not shown). We therefore tested the effect of P13
on fast folding, monitoring the folding of the variant ribozyme in
which P13 is disrupted (	P13). This substitution was made in the
background of the U273A variant to simplify analysis by allowing
predominantly correct folding at all Na� concentrations. We rea-
soned that if P13 formation were responsible for fast folding, the
	P13 variant would give slow folding at all initial concentrations of
Na� because of the inability to form P13 (36).

Contrary to this prediction, predominantly fast folding was
observed after preincubation with both low and high Na�

concentrations (Fig. 4B). This surprising result indicates that the
order of tertiary structure formation can be important. That is,
if P13 is initially formed, fast folding is observed. Likewise, if P13
cannot form, fast folding is also observed. However, if P13 is not
formed initially but has the ability to form during folding, folding
is slow for a fraction of the ribozyme.

One general possibility for the origin of these effects is that
formation of P13 at the ‘‘wrong’’ time can lead to topological
barriers in folding (Fig. 4C). According to this model, if P13 is
formed initially, as it is with high initial Na� concentration for the
U273A variant and the wild-type ribozyme, folding is fast because
constraints imposed by the preformed P13 give a ribozyme core that
is prearranged to fold rapidly. In contrast, if P13 is not formed

Fig. 3. Structural changes in the starting ensemble monitored by DMS
accessibility. Residues that increase in protection from DMS in the presence of
NaCl are indicated with filled circles. Residues that gave an Na� concentration
for half-maximal protection (K1/2) � 100 mM are colored yellow (C315, C316,
C332, C371), residues that gave K1/2 values between 100 mM and 300 mM Na�

are green (C278, A347, A351, A352), and residues with K1/2 � 300 mM Na� are
blue (A151–153, A196, C216, C217, A246). Results are for the standard L-21 ScaI
ribozyme in the presence of bound S. The extended version used for single-
molecule experiments gave an indistinguishable Na� dependence of DMS
protection (data not shown), suggesting that the structural changes induced
by Na� are similar for the two versions of the ribozyme. The strands that pair
to form Alt P3, which can replace P3 (3), are shown with thick lines.

Fig. 4. Structural changes responsible for distinct folding properties. (A)
Folding of the U273A variant ribozyme, in which P3 is stabilized. The fraction
of ribozyme molecules that folded correctly (E) and fast (ƒ) are plotted
against initial Na� concentration. A fit by the Hill equation gave values for fast
folding of K1/2 � 100 � 50 mM Na� and n � 0.9 � 0.2. (B) Folding of the 	P13
variant (U75A, G76C, C77G), in which P13 is disrupted. The ribozyme also
contained the U273A substitution, allowing it to avoid the long-lived mis-
folded form. An increase in rate at early times (a kinetic lag) was observed,
necessitating two rate constants of 0.30 � 0.04 s�1 and 0.29 � 0.04 s�1 to
describe the fast phase of folding [620 mM Na� initially; similar results were
obtained with an initial Na� concentration of 20 mM. A small fraction (10%)
folded slowly, giving a third rate constant of 0.038 � 0.005 s�1]. These two
larger rate constants are the same within error as that for docking of the P1
duplex (0.23 s�1; unpublished results). As docking is required for efficient FRET
(22), the other rate constant of 0.3 s�1 is assigned to overall folding. (C) Model
for the effects of P13 formation on folding (see text). The model reflects
folding in the context of preformed P3, shown as two thick lines connected by
thin lines. Other secondary structure elements are shown as cylinders, and
long-range contacts are shown as thin connecting lines.

158 � www.pnas.org�cgi�doi�10.1073�pnas.221593598 Russell et al.



initially but has the potential to form, as is the case with low Na�

concentration for both the U273A and wild-type ribozymes, folding
of a large fraction is slow, consistent with a barrier to rearrangement
that is created after P13 formation, as suggested (6, 39). Fig. 4C
shows one specific possibility: after formation of P13, the P8 duplex
becomes trapped outside the ring composed of P2, P2.1, and P9.
Finally, if P13 is prevented from forming by mutagenesis (	P13),
barriers created by P13 formation would not be present, allowing
the observed fast folding (see Additional Results from P13 Disrup-
tion, which is published as supporting information on the PNAS web
site).

Discussion
When a macromolecule folds to an active structure, it traverses a
multidimensional energetic landscape; thus, understanding the
energetic topology of the landscape is essential for understanding
the folding process for a given molecule. The landscape is a
representation of intermediates and their energetic connections
with each other and with the native and unfolded states. Beyond this
energetic description, structural descriptions of intermediate forms
are needed. Further, we want to know what specific parts of the
structure are important for defining the different intermediates and
the energy barriers for interconversion between them.

To obtain new information about the topology of the land-
scape for the Tetrahymena ribozyme, we used a procedure that
allowed us to broadly explore the landscape. Preincubation with
different concentrations of Na� allows folding to be initiated
from different starting structures, i.e., different regions of the
folding landscape. To probe the same landscape, folding was
then followed under identical conditions in all experiments. With
this procedure, we found that the folding properties strongly
depend on the region of the landscape from which the molecules
start to fold. With increasing concentrations of Na� present in
the preincubation, the fraction of ribozyme molecules that
folded fast increased, as did the fraction that avoided a long-lived
misfolded conformation.

Two models were considered to explain this behavior: the
different starting structures lead to folding along discrete path-
ways or the different starting structures instead represent suc-
cessive intermediates along a single folding pathway. It was
shown that the folding properties of the ribozyme depend on
starting conditions (33, 34), but the models above were not
distinguished. Here, SAXS experiments and our knowledge of
the compactness of folding intermediates provided strong evi-
dence for discrete folding pathways. Two discrete folding path-
ways have also been demonstrated for a circularly permuted
variant of RNase P (40).

These results extend our understanding of the folding land-
scape for the Tetrahymena ribozyme (Fig. 5A). The landscape
contains pathways that lie in deep channels, with barriers, likely
with both enthalpic and entropic components, sufficient to
prevent interconversion of molecules on the different pathways
(see also refs. 41 and 42 for further discussions of discrete
pathways). The solution conditions before Mg2�-induced folding
determine the starting RNA structures and, thus, which path-
ways are entered. After incubation in low Na� (�150 mM),
pathway A (which lies in Channel A in Fig. 5A) is predominantly
traversed, leading to slow folding by means of Itrap and parti-
tioning between N and M, the native and long-lived misfolded
states, respectively. Pathways B and C give fast folding by
avoiding the intermediate Itrap, and pathway C gives correct
folding by avoiding the region of the landscape that drains into
the long-lived misfolded form M (this corresponds to avoiding
Icommitment in Scheme 1A).

To probe the structural underpinnings of the discrete folding
pathways, we used chemical protection to identify structural
differences between the starting conformations and then mu-
tagenesis to identify what structural changes are important for

defining the different pathways. DMS footprinting showed that
several regions became protected with increasing concentration
of Na� and identified the long-range base-pairing contact P3 as
a strong candidate for involvement in the changes in folding
properties (3, 37).

The involvement of early P3 formation in fast folding and
correct folding was tested by following folding of a ribozyme
variant in which P3 is stabilized. Folding of this variant showed
that formation of P3 in the starting population is responsible for
correct folding as suggested (37). On the other hand, we found
that P3 formation in the starting population is not necessary or
sufficient for fast folding. Thus, multiple structural changes are
responsible for determining which pathways are traversed.

Interestingly, when P3 is formed initially in the variant, DMS
protection experiments suggest that essentially all of the sec-
ondary structure is correctly formed (unpublished results);
nevertheless, folding can be slow. This finding suggests that there
are substantial energy barriers for RNA folding from preformed
secondary structure, such as topological constraints on the

Fig. 5. RNA folding pathways contained in channels. (A) A schematic of
channels for the wild-type ribozyme. The dependence of folding properties on
initial conditions indicates the presence of free energy barriers between the
channels, whereas the figure is contoured by internal free energy (9, 10). At
least some of these barriers are likely to be present when considering internal
free energy because interconversion between the starting states requires base
pairs to exchange. Therefore, ‘‘walls’’ are shown separating the channels. The
simplest model is shown, in which there are three pathways, A–C, that lie in
channels A, B, and C, respectively. Pathways A and B predominate at low initial
Na� concentration, pathway B at intermediate Na� concentration, and path-
way C at high Na� concentration. The fast-folding fraction under low Na�

conditions could instead arise from an additional pathway that branches from
pathway A during folding before the formation of Itrap (not shown). Ic is a
collapsed intermediate that forms along pathway A (R.R., I.S.M., M. Tate, L.
Kwok, B. Nakatani, V. Pande, S. Gruner, S. Mochrie, S.D., D.H., and L. Pollack,
unpublished data), and analogous intermediates are postulated along path-
ways B and C. (B) Effects of P13 formation during folding starting with a
preformed P3 (see text). The landscape for folding of the U273A ribozyme is
depicted for simplicity, in which the long-lived misfolded form is not formed
significantly and is therefore not shown.
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dissolution of fortuitously formed nonnative tertiary interactions
and on movements of subdomains relative to each other.

To further probe the structural features that determine which
pathway is traversed, we explored the effects of disrupting the
long-range contact P13, which was also shown by DMS foot-
printing to form in the presence of Na�. P13 formation is
involved with fast folding but in a surprising manner: forming the
right structure, P13 can either help or hinder folding, depending
on when it is formed during the folding process.

Forming P13 during the folding process is deleterious, leading to
slow folding. This result is analogous to results showing that native
interactions in P5abc can slow fold by stabilizing a kinetically
trapped intermediate (4, 5) and can be rationalized by the location
of P13 on the exterior of the ribozyme model structure (36). The
deleterious effects of P13 could arise because a topological barrier
to folding introduced by P13 formation prevents access of other
structural elements to the molecule’s core (Fig. 4C) or because P13
formation brings together regions of the molecule that have yet to
establish their native interactions and are thus highly susceptible to
formation of fortuitous nonnative interactions.

Remarkably, if P13 is formed early, at the outset of folding, it no
longer hinders folding. This difference in the effect of P13 forma-
tion could arise because when P13 is formed in the starting state the
core elements are preoriented to fold efficiently as depicted in Fig.
4C, or it could be because early P13 formation blocks a nonnative
contact that otherwise forms during folding and is subsequently
stabilized if P13 forms later. Regardless of the molecular origin, this
result indicates that the presence of P13 is not alone responsible for
and does not necessitate the formation of a kinetic trap. This finding
is depicted in the simplified energy landscape in Fig. 5B. If P13 is
not formed initially, pathway I is followed; after formation of P13,
the RNA is shunted to form a trapped species (Itrap�). Thus, if P13
is mutated and cannot form, the trap is avoided and folding to N is
fast. The avoidance of the trap when P13 is formed at the outset of
folding indicates that a distinct folding pathway is followed (Fig. 5B,
pathway II); the barriers separating pathway II from pathway I are
sufficient to prevent significant formation of Itrap�.

Multiple kinetic phases are commonly observed for RNA folding
(e.g., refs. 3, 27, 40, and 42–46), indicating the existence of multiple
folding pathways. Thirumalai and Woodson have proposed that
these pathways are separated from the earliest stages of folding
(41). Results here provide direct evidence that some pathways are
separated from the earliest stages of folding (Fig. 5A), and also
demonstrate the existence of a slow-folding pathway that is sepa-
rated by energy barriers only later in folding, after P13 formation
(Fig. 5B). We showed that there is also a separation of pathways
very late in folding that commits the ribozyme to fold to the native
state or to a long-lived misfolded state (7). Thus, there are likely to
be networks of folding pathways throughout the landscape that
branch and reconnect at different points leading to formation of
trapped species and the native ribozyme.

Recent work in protein folding has emphasized that the
unfolded states can contain residual structure, and this residual
structure is suggested to be important for the folding process (24,
47). For RNA it is particularly striking that the starting states are
not simply ‘‘unfolded’’ but rather contain substantial structure.
Further, results here show that the structural features in the
starting states and structural differences between different start-
ing states can have profound effects on folding. Future charac-
terization of these folding pathways will clarify the relationship
of these starting structures to intermediates on the folding
pathways. Do the starting structures in Na� give enhanced
folding because they resemble late-folding intermediates, or are
they conformations that are largely unfolded but are readily
transformed into the late-folding intermediates? The methods
used here should be valuable as we continue probing the
pathways identified here, and continue exploration to uncover
and understand new pathways and features of this landscape.
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