
Compact intermediates in RNA folding:
Annual Reviews in Biophysics

Sarah A. Woodson
T. C. Jenkins Department of Biophysics, Johns Hopkins University, 3400 N. Charles St., 
Baltimore, MD 21218 USA

Abstract

Large non-coding RNAs fold into their biologically functional structures via compact yet 

disordered intermediates, which couple the stable secondary structure of the RNA with the 

emerging tertiary folding. The specificity of the collapse transition, which coincides with the 

assembly of helical domains, depends on RNA sequence and counterions. It determines the 

specificity of the folding pathways and the magnitude of the free energy barriers to the ensuing 

search for the native conformation. By coupling helix assembly with nascent 3D interactions, 

compact folding intermediates in RNA also play a crucial role in ligand and protein recognition.
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INTRODUCTION

Many families of non-coding RNA fold into a specific three-dimensional (3D) shapes in 

order to function in the cell. Despite their diverse architectures and sizes ranging from 30 to 

≥ 3000 nt, common rules govern their self-assembly. Combined advances in biochemical 

footprinting, NMR, SAXS, single molecule spectroscopy, force denaturation and 

computational modeling are producing a remarkably coherent picture of how RNAs fold (for 

recent reviews, see (7, 19, 50, 79, 103)).

One theme is that the hierarchical division of RNA structures into secondary and tertiary 

interactions is more plastic than previously realized, because the 2D and 3D interactions are 

coupled during the formation of compact folding intermediates. A second theme is that RNA 

folding pathways are heterogeneous and parallel, owing to the stability of the 2D 

interactions and the electrostatic forces driving the formation of compact structures. The 

partitioning of molecules between different folding pathways is exquisitely sensitive to small 

changes in the sequence of the RNA. Thus, it is important to know what conditions 

maximize the fidelity of the folding process, and how the intermediates are remodeled. This 
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review will discuss recent work on the folding pathways in RNA, and how compact but 

disordered intermediates contribute to the fidelity and cooperativity of the folding process.

STRUCTURAL HIERARCHY IN RNA

Folding Energetics

Stable Watson-Crick interactions between complementary RNA strands provide a dominant 

organizing force in RNA, that is followed by weaker tertiary interactions between elements 

of the secondary structure (8). Although nucleation of a double helix or hairpin loop is 

unfavorable, the propagation of base pairs is exothermic, owing to the large negative 

enthalpy change associated with stacking of adjacent base pairs. Typical nearest neighbor 

free energy terms for adding a base pair range to a helix range from −1 to −3.6 kcal/mol (1 

M NaCl, 37 °C) (33).

By contrast, RNA tertiary structures are maintained by a smaller number of weak 

interactions that are usually not Watson-Crick (8, 49). Kissing loops are among the most 

stable, with ΔG37 ranging from −6 to −15 kcal/mol, depending on the number of base pairs 

between the loops (41, 47, 102). Docking of GAAA tetraloops with their helical receptors 

(ΔG of −2 to −4 kcal/mol; (26, 106) are also driven by a favorable ΔH ~ −17 kcal/mol (97). 

Other common tertiary interactions, such as ribose zippers and A-minor interactions, are less 

energetically favorable (80).

Despite these energetically favorable interactions, net folding free energies can be as small 

as −2 to −4 kcal/mol (16, 47, 76, 106). One reason is the enormous electrostatic force 

opposing the juxtaposition of phosphates, which come much closer together in the 3D fold 

than in a double helix. Consequently, the stability of RNA 3D structure depends strongly on 

the presence of multivalent ions, and ΔG for folding is diminished by the unfavorable 

entropy associated with localizing ions around the RNA (27).

A second reason is the contextual nature of the 3D interaction motifs (49). By their very 

nature, RNA functional sites lie within internal loops or at helix junction, where irregular 

twists of the RNA backbone create intricate pockets for ligand recognition and catalysis. 

These pockets are not only less stable than Watson-Crick helices, but are often formed at the 

expense of Watson-Crick base pairs. The net ΔG for folding is reduced by the energy 

required to deform or reorganize the secondary structure.

A well-studied example is the hairpin ribozyme, in which the active site is created by the 

association of internal loops from two different helical domains (72) (Figure 1). Both loops 

have different structures in isolation, and tertiary docking requires the sacrifice of Watson-

Crick base pairs not present in the native ribozyme (12, 13). In other examples, tertiary 

folding of the P5abc RNA and the Varkud Satellite (VS) ribozyme is coupled to a shift in 

secondary structure (2, 105). In these cases, the tertiary structure must be stable enough to 

offset the ΔG gained by the change in secondary structure (90).
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Timescales for RNA folding

The timescales for RNA folding correlate with the stability of the RNA interactions and the 

number of interactions that join residues distant from one another in the RNA chain. 

Temperature-jump and NMR studies showed that hairpins with short loops have closing 

times of 10 to 100 μs, with the time-scale for adding base pairs to an existing helix on the 

order of 1 μs (21). This is followed by the assembly of double helices into compact 

intermediates, in which tertiary interactions between helices are initially established. As 

discussed below, collapse transitions occur in ≤ 10 ms in the presence of multivalent ions 

(30, 74).

The collapse to a compact state is followed by a slower, diffusive conformational search 

leads to the lowest ΔG state, which in most cases is the native state (91, 92). The final search 

for the tertiary structure, which in some cases requires significant reorganization of the RNA 

structure, requires anywhere from 10 ms in tRNA (22) and stable ribozymes (17, 30) to 1–

1000 s in larger RNAs with complex topologies and multiple domains (78, 86, 107). The 

timescale for this final stage of the folding process depends on the specificity of the collapse 

transition, and the degree to which the compact intermediates refold.

KINETIC PARTITIONING OF FOLDING PATHWAYS

Folding of proteins and RNA can be modeled as a diffusive and stochastic search among 

probable conformations toward the most stable state (usually the native state). This search 

occurs within an “energy landscape” defined by the free energies of the conformations and 

the energy barriers between them (e.g., (19, 91)). The stability of RNA secondary structure 

and the low complexity of the primary sequence means that many RNA sequences can form 

stable secondary structures that are not compatible with the native 3D fold (38, 92). Because 

base pairing interactions in RNA are stable, the energy barriers between correct and 

incorrect structures are high. As a result, the free energy landscape for RNA folding is 

rough, with many local minima that compete with the global minimum or native state (92). 

Molecules that fall into these local minima (representing misfolded structures) become 

kinetically trapped on their way to the native structure.

A key prediction of energy landscape theories is that individual molecules follow different 

trajectories to the native state, due to stochastic fluctuations in the molecular interactions. 

When the folding landscape is “rough”, the folding trajectories lead individual RNAs 

through different intermediates, explaining the stretched folding times often seen in RNA. 

Because folding times of minutes or hours are likely incompatible with biological activity, 

interactions that are formed early during the folding process can determine the fate of an 

RNA. As we shall see below, the fraction of molecules folding directly to the native state 

depends on the potential for alternative secondary structures and the stability of the tertiary 

interactions.

Experimental evidence for kinetic partitioning

Experimental evidence for kinetic partitioning in RNA initially came from native gel 

experiments on the Tetrahymena self-splicing RNA (56). Most of the self-splicing RNA or 
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ribozyme folds in 1–2 min through metastable intermediates in which the P3/P7 pseudoknot 

region is mispaired (58). However, ~8% of the population folded more rapidly, bypassing the 

metastable I’s. Single molecule FRET experiments showed more directly that 6% of 

transitions from a low FRET (unfolded) state to a high FRET (folded) state occurred directly 

with an average rate constant of 1 s−1, while the remaining transitions were slower and 

included an intermediate FRET state (109). Consistent with the presence of kinetically 

trapped, misfolded I’s, urea accelerated refolding of the Tetrahymena self-splicing RNA and 

the B. subtilis RNase P ribozyme (56, 62), while Mg2+ and tertiary interactions that stabilize 

the I’s lower the refolding rate (59, 69, 95).

Since then, heterogeneous folding pathways have been observed in many RNAs, and are 

clearly intrinsic to the dynamics of RNA structures (7). In some cases, individual molecules 

persist in the same type of dynamic behavior for minutes or even hours (55, 110). In the 

hairpin ribozyme, such “memory effects” resist denaturation of the RNA (25), and must 

either represent an extraordinarily high barrier to refolding or a covalent modification that 

has so far eluded detection.

Pathway diversity in small RNAs

Even the simplest elements of RNA structure exhibit the complex dynamics characteristic of 

a conformational search among competing structures. Temperature-jump experiments 

showed that hairpin closing times are dominated by an entropic search for the correct loop 

conformation (3). The search is lengthened by alternative loop conformations (3) and by 

interactions within the single-stranded loop (52, 82). Stochastic jumps between folding paths 

have also been observed by exquisitely precise force-denaturation experiments (reviewed in 

(93, 103)).

COLLAPSED STATES IN RNA

There is now ample evidence that the final search for the native structure occurs within 

compact intermediates, in which the helices interact but are not yet stably packed (104). 

“Collapsed” intermediates, which can form in physiological salts, provide a context in which 

tertiary interactions can emerge. In doing so, they form a crucial bridge between the 

secondary structure and the native state.

Size exclusion chromatography and native gel electrophoresis first showed that the bI5 

group I ribozyme from yeast mitochondria formed compact structures in 3–7 mM MgCl2, 

even though 40 mM MgCl2 is needed to bury the RNA backbone from solvent and for 

ribozyme activity (9). Rapid photocrosslinking of the bI5 RNA showed that the intermediate 

could be chased to the native state and contained at least transient tertiary interactions, as 

well as non-native interactions (10).

SAXS experiments on the RNase P C-domain and the Tetrahymena group I ribozyme 

provided physical evidence for a collapse transition in RNA (28, 73). Compaction of the C-

domain correlated with a large increase in the UV hypochromicity of the RNA, indicating a 

significant increase in base stacking (30). This step was sensitive to urea, as expected for a 

transition that involves a burial of RNA surface area (29). Stopped-flow spectroscopy and 
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SAXS showed that the collapse transition occurs within a millisecond after Mg2+ is added to 

the RNase P C domain and begins within 10 ms for Tetrahymena ribozyme (30, 74).

Partial cleavage by ribonuclease T1 and small angle neutron scattering (SANS) on the 

Azoarcus group I ribozyme showed that the formation of compact intermediates (IC) in 0.3 

mM MgCl2 correlates with the assembly of core helices, including a triple helix and the P3 

pseudoknot (63, 68). A second transition in 2 mM MgCl2 led to protection of the RNA 

backbone from hydroxyl radical cleavage and the onset of catalytic activity (68). Mutations 

that disrupt tertiary interactions between the helical domains destabilized IC, causing it to 

form at higher Mg2+ concentrations (16). Thus, like the bI5 and Tetrahymena ribozymes, 

collapse of the Azoarcus ribozyme produces an intermediate that contains some tertiary 

structure, even though the RNA backbone remains solvent accessible.

Tertiary interactions direct helix assembly

Unlike the Tetrahymena group I ribozyme, the smaller Azoarcus ribozyme can fold in 10–20 

ms at 37 ˚C without becoming trapped in metastable states (15, 17). This is due in part to its 

stable, GC-rich secondary structure. However, tertiary interactions between helices also 

significantly reduce misfolding of the RNA by increasing the cooperativity of helix 

assembly (Figure 2) (17). Mutation of the L9 GAAA tetraloop, which docks with a receptor 

in P5, destabilized IC as well as N (16). More intriguing was that base pairing of G’s in the 

core helices spread out over a much wider range of Mg2+ concentrations in the mutant 

ribozyme (17).

This reduced cooperativity of helix assembly correlated with increased misfolding of the 

RNA population in time-resolved hydroxyl radical footprinting experiments (17). While 80–

90% of the wild type Azoarcus ribozyme folds in 10–30 ms at 37 ˚C, only half the mutant 

RNA did so (Figure 2). The remaining population reached the native state very slowly (100 

s), through I’s in which the P3 pseudoknot as well as other interactions within the ribozyme 

core were malformed (15). Mutations that disrupt other tertiary interactions yield similar 

results (R. Behrouzi and S.W, unpublished data).

Therefore, tertiary interactions can influence the cooperativity of base pairing, via the 

process of helix assembly in compact I states. One explanation is that there exists an 

ensemble of base paired I states, and this ensemble is biased toward native-like structures by 

tertiary interactions between helices. When the collapse transition (and helix assembly) 

favors native-like I’s, the folding process becomes more specific.

Specificity of collapse

If the accuracy of helix assembly controls the homogeneity of the folding paths, what factors 

make this step more specific? Polyelectrolyte effects from the counterions and RNA tertiary 

interactions both contribute to the formation of compact intermediates.

Time-resolved SAXS experiments on the Tetrahymena ribozyme revealed a series of 

transitions to more compact populations (23, 74). The earliest step (~10 ms) was unaffected 

by mutations that disrupted five long-range tertiary contacts, suggesting that this stage 

depends only on neutralization of the phosphate charge by counterions (Figure 3) (23). 
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However, these mutations prohibited subsequent steps (100 ms and ≥1 s), which clearly 

depend on sequence-specific folding (23, 45). Thus, full compaction to a native-like state 

requires the capacity to form tertiary structure. A similar picture was obtained from time-

resolved experiments on the P4–P6 domain of the Tetrahymena ribozyme (77).

The equilibrium collapse transitions in the Azoarcus and Tetrahymena group I ribozymes 

showed that both RNAs experience specific and non-specific contraction of the RNA in the 

presence of counterions (53). In both RNAs, the neutralization of the phosphate charge upon 

condensation of counterions around the RNA creates a driving force for the collapse 

transition. However, the different stabilities of the RNA tertiary interactions lead to very 

different outcomes (Figure 3). In the stable Azoarcus ribozyme, specific collapse occurs in 

the same window of Mg2+ concentration as charge neutralization, resulting in a sharp 

transition to the native-like IC state. In the Tetrahymena ribozyme, charge neutralization 

produces non-native I’s (60–64 Å) (23, 53) that must undergo a second specific collapse 

transition at higher Mg2+ to form the native ribozyme (38 Å; (53)).

The specificity of the collapse transition correlates strongly with the time required to reach 

the native state (91). The Azoarcus and RNase P C domains both form compact 

intermediates that are similar in size to the native state (28, 63), and both RNAs fold within 

5–50 ms under native conditions (30, 68). By contrast, non-specific collapse of the 

Tetrahymena ribozyme means that more than 90% of the RNA folds through misfolded I’s 

that require extensive refolding to become fully native (56, 109).

Counterion charge density and compact states of RNA

As the counterions also contribute to the stability of RNA tertiary structure, how might they 

affect the specificity of collapse? In general, multivalent cations stabilize compact forms of 

the RNA more efficiently than monovalent ions (reviewed in (19, 27)). However, compaction 

of the RNA also depends on ion size, with larger ions stabilizing the folded state less 

effectively than small ions (11, 35). This is because small, multivalent ions interact closely 

with the RNA, and produce stronger ion-ion correlations that enhance helix association (70, 

89).

Titrations of the Azoarcus and Tetrahymena ribozymes with tri-, di- and monovalent ions 

showed that the initial contraction of the unfolded RNA depends on the valence of the 

counterion, but not on its size (53). However, the transition to native-like structures was 

sensitive to ion size, requiring higher concentrations of larger ions such as Sr2+ and Ba2+ 

than smaller ions such as Mg2+. This outcome was consistent with native PAGE experiments 

showing that the folding free energy of the Tetrahymena ribozyme in divalent metal ions 

diminished linearly with the size of the ion (42). This is not simply due to changes in ion 

hydration or direct coordination, because similar trends are observed in polyamines and can 

be simulated by coarse grained models that ignore the details of ion hydration and chelation 

(42, 43). A similar trend in the stability of the RNase P C domain in divalent metal ions was 

observed in ensemble fluorescence experiments (31).

Specific collapse transitions are more sensitive to ion size (or charge density) because the 

ion-ion interactions become more pronounced as the RNA structure becomes more compact 
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(42). The folded RNA must be stabilized by tightly localized ions, yet the ions are confined 

to a smaller volume. A recent comparison showed that RNAs with complex 3D folds that 

bury parts of the RNA backbone are significantly more stable in Li+ and Na+ than in Cs
+ (47). Molecular dynamics simulations on the TAR-TAR* kissing complex explained that 

small ions are able to enter deep, negatively charged pockets on the surface of the RNA and 

have a greater probability of exchanging their water ligands for ligands within the RNA (18).

An interesting question is how much the counterions affect the local and global dynamics of 

the RNA. The Tetrahymena ribozyme, for example, refolds faster in monovalent salts or 

large multivalent cations (34, 46). This has been attributed to less stable I’s and a broader 

transition state ensemble in low charge density ions, such as K+, Ba2+ or putrescine (44). As 

discussed below, ions can also participate directly in the last stages of refolding (31). At the 

same time, the initial TSE for the collapse transition likely also depends on how well the 

counterions promote helix assembly. Time-resolved footprinting on the Tetrahymena 
ribozyme in Na+ and Mg2+ suggests that RNA sequence is more important for partitioning 

among different folding pathways than ions (46), but more work is needed to resolve this 

question.

SEARCH FOR THE NATIVE STRUCTURE

Ions provide a strong driving force for helix assembly and RNA compaction. As discussed 

above, however, a further search among 3D contacts is needed to achieve the native 

structure. For molecules that collapse to native-like I’s, local structural changes should be all 

that are needed to reach the native state (91, 92). For molecules that collapse non-

specifically, the resulting I’s are more likely to contain non-native interactions that require 

extensive remodeling of the RNA structure.

Helix docking and induced fit

What kinds of structural rearrangements typically limit RNA folding rates? Single-molecule 

FRET experiments on the hairpin ribozyme found that docking of the two helical domains 

was faster when the concentration of Mg2+ or Na+ was raised, while the rate of undocking 

changed very little (6). Therefore, the transition state for docking is compact and likely 

involves a slow reorganization of base stacking interactions in the docked state (Figure 1). 

This is consistent with a significant and unfavorable activation entropy for folding (64) and 

sensitivity of the folding and cleavage kinetics to mutations throughout the ribozyme (71). 

Rapid orientation of the four-way helical junction which is present in natural forms of the 

hairpin ribozyme speeds up docking 500 fold, yet formation of the catalytically active state 

still requires internal reorganization of docked intermediates (65, 88).

Like the hairpin ribozyme, folding of the P4–P6 domain of the Tetrahymena ribozyme 

requires docking of two helical domains, but in this case, docking is achieved by a 150° 

bend in the J5/5a internal loop (14). When P4–P6 RNA is refolded from low ionic strength, 

interactions within the J5/5a “hinge” limit docking (87), and the folding time is ~1 s (24, 77, 

81). Moreover, most docking events are non-native, in that they inhibit refolding of the 

P5abc subdomain (24). If the RNA is first incubated in Na+ before Mg2+ is added, however, 

pre-structuring of the J5/5a hinge lowers the barrier to docking and shortens the folding time 
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(20–50 ms; (24, 77, 81)). Thus, helix assembly is a necessary for 3D folding, but is typically 

followed by a further search for more stable 3D interactions.

Slow refolding of the group I ribozyme core

For the complete Tetrahymena ribozyme, the slow steps of compaction coincide with the 

formation of specific tertiary interactions (45). Early studies showed that tertiary interactions 

in the P3–P9 domain emerge much more slowly than those in the stable P4–P6 domain (78, 

108), due to mispairing of the P3/P7 pseudoknot and nucleotides near the 5’ splice site (58). 

Pseudoknots form slowly in many other RNAs as well, in part because the pseudoknot base 

pairs are easily replaced by less topologically constrained secondary structures (36, 39, 60).

In the Tetrahymena ribozyme, footprinting, single-molecule FRET and SAXS experiments 

show that the ribozyme core often refolds after peripheral tertiary interactions have formed 

(75, 78). Mutations that destabilize these peripheral tertiary interactions increase the 

refolding rate, indicating that they stabilize the misfolded I’s and must open during 

reorganization of the ribozyme core (59, 95, 96). Thus, rescue of these I’s not only requires 

many base pairs to exchange, but also relaxation of the surrounding tertiary interactions. 

This explains why the folding rate is slow and decreases in higher Mg2+ (57, 69).

As the rate of helix assembly and the stability of core tertiary interactions contribute to RNA 

folding pathways, it should not be surprising that the topology of the RNA also influences 

the folding energy landscape. One way that circular permutation of the RNA sequence can 

change the preferred folding pathway is by changing the connections between domains (37, 

62). One permutant of the Tetrahymena ribozyme nicked a linker between the P4–P6 and 

P3–P9 domains. Their folding was totally decoupled, so that the stable P4–P6 domain folded 

even more rapidly than before, but the P3 pseudoknot and the ribozyme core folded much 

more slowly, diminishing the yield of active RNA (48). A similar decoupling between 

domains was obtained by permuting the sequence of RNase P ribozyme (60).

Local conformational change in RNase P C-domain

For RNAs that avoid misfolding, what local structural changes might determine their folding 

rates? The RNase P C-domain folds through at least three intermediates, with an overall 

folding time < 200 ms at 37°C (30). The slowest step of folding occurs after collapse and is 

insensitive to urea, consistent with a local rearrangement of the structure (30). However, the 

rate-determining step is very sensitive to the metal ions. Although the C-domain is stabilized 

best by the smaller Mg2+ and Ca2+, folding was faster in the larger Sr2+ and Ba2+ (31). The 

ΔH‡ for folding was directly proportional to the ion charge density and ΔH‡ for metal 

dehydration, suggested that the rate determining step for folding of the C domain involves 

consolidation of the RNA around one or more metal ion binding sites (31). This event could 

involve direct chelation of a metal ion, or indirect RNA-metal ion interactions as suggested 

by us for the Tetrahymena ribozyme (42).

Recent single molecule FRET experiments show how such energy barriers can trap 

molecules in different regions of the free energy landscape under non-equilibrium conditions 

(66). As the Mg2+ concentration is raised, fluctuations between low FRET and high FRET 

conformations slow down and folding becomes multistage, consistent with an increasingly 
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rough free energy landscape (66). As the Mg2+ concentration is cycled between denaturing 

and native conditions, sub-populations with different dynamics (but the same FRET value) 

emerge. These subpopulations are separated by a hidden energy barrier and cannot 

equilibrate within the 10 s Mg2+ pulse. These experiments illustrate how non-equilibrium 

measurements, along with pulse-chase labeling schemes (51), can tease out folding energy 

landscapes in more detail.

Folding barriers in group II ribozymes

The aI5γ group II ribozyme from yeast mitochondria represents a different example in 

which a small region controls the overall folding rate. Group II ribozymes are composed of 6 

helical domains that associate via an extensive network of tertiary interactions that includes 

tetraloop-receptor and kissing loop motifs (20, 94).

As the ribozymes discussed so far, domains 1, 3 and 5 (D135) of aI5γ go through a collapse 

transition in the presence of counterions. Although the Stoke’s radius (RH) shortens 

dramatically (~75% of the total) in 0.5 M KCl, Mg2+ is needed to form a native-like 

intermediate (32, 84). Hydroxyl radical footprinting and hydrodynamic measurements 

showed that Mg2+-dependent folding steps are very slow (min to hr) (32, 84, 86), indicating 

a high energy barrier to forming the native structure.

What is unusual about aI5γ, however, is that the entire tertiary structure forms at the same 

rate (84). The folding rate increases with MgCl2 concentration and is unaffected by sub-

denaturing urea (32, 84, 86). These results are seemingly inconsistent with a kinetically 

trapped intermediate. They suggest firstly that refolding does not involve opening buried 

surface area, and secondly, that Mg2+ stabilizes the transition state or helps populate a high 

energy intermediate. Single-molecule FRET trajectories also revealed at least one obligatory 

folding intermediate, although there may be other transitions (83).

Footprinting and nucleotide analog interference (NAIM) studies showed that once the 

domain 1 folds, the other domains dock quickly (85, 99). The rate-limiting step of folding 

correlates with a Mg2+-dependent rearrangement of contacts in the κ-ζ region of domain 1 

(100). This region positions the catalytically essential domain 5 within the folded ribozyme, 

explaining why it is required to dock the other domains.

A crystal structure of a group II ribozyme from Oceanobacillus iheyensis shows that domain 

1 forms an A-frame structure that folds over the domain 5 stem-loop, contacting it on both 

sides (94). This unique architecture raises the question of how the structure of domain 1 

opens to allow rapid docking of domain 5. The κ-ζ region forms two sharp bends, shaping 

the helices on one side of the A-frame into a jelly roll (94). Two nucleotides adjacent to the 

ζ motif form another interaction (ω-ω’) that helps hold the “jelly roll” in place. 

Interestingly, the analogous residues in aI5γ appear to change conformation in the native-

like compact state (32). An intriguing possibility is that Mg2+-dependent assembly of the 

jelly roll limits folding of domain 1.
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PROSPECTS FOR RNA BIOLOGY

Much remains to be learned on how RNAs fold in the cell. Yet, indirect evidence suggests 

that RNAs do misfold in ways that impair their cellular function. Point mutations that 

increase misfolding of the Tetrahymena self-splicing RNA in vitro reduced the extent of 

splicing in yeast and E. coli (40, 54), and the half-life of the unspliced RNA is consistent 

with the turnover of misfolded RNAs within a limited window after transcription (40).

Compact folding intermediates are not only important for guiding the self-assembly of RNA 

structures. They are also necessary for protein binding, ligand recognition, and 

conformational switching. Many large RNAs, including bI5 and aI5γ, exist only as the 

collapsed state in physiological levels of Mg2+ (~1–2 mM) in the absence of proteins. These 

intermediate states of RNA can be engaged and driven towards the native state by specific 

RNA-binding proteins (5, 101). For example, CBP2 protein binds bI5 RNA in yeast 

mitochondria. When the protein is added to native-like intermediates of bI5, the yield of 

active complex is much higher than when the protein is added to unfolded RNA (101). Non-

specific interactions with CBP2 increase the RNA dynamics and may facilitate folding (5). 

Similarly, ribosomal proteins perturb the average structure of early 16S rRNA folding 

intermediates, even under conditions in which specific protein-RNA complexes cannot yet 

form (67).

We are only beginning to understand how osmolytes, RNA binding proteins, chaperones, 

and the process of transcription may increase the specificity of helix assembly and accelerate 

recovery of misfolded transcripts (4, 61, 98). The work reviewed here demonstrates how 

compact, disordered states in RNA ensure the productive coupling of secondary and tertiary 

interactions during the folding process.
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Glossary

Compact intermediate.
An intermediate stage of RNA folding containing secondary structure and transient or 

dynamic tertiary structure. Also called “collapsed state”

Energy landscape.
A statistical thermodynamical model for protein and RNA folding, in which molecules 

diffuse along a hyper-surface constructed from energies of plausible conformational states 

and the barriers between them. For illustrations, chain conformation is commonly depicted 

by a horizontal plane and free energy by the vertical dimension.

Helix docking.
Tertiary interactions between two or more double-stranded RNA helices that align the 

helices with each other in a fixed orientation.
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Hydroxyl radical footprinting.
Chemical method for probing tertiary interactions in RNA. The solvent exposure of each 

ribose sugar is evaluated based on the frequency of strand nicking in the presence of 

hydroxyl radical.

Kinetic partitioning.
The separation of folding molecules into different folding pathways defined by the energy 

landscape for the reaction.

Kissing loops.
An RNA tertiary structure motif formed by base pairing between complementary sequences 

in two terminal hairpin loops.

Pseudoknot.
An RNA tertiary structure motif, in which a single-stranded segment of the RNA folds back 

and base pairs with bases in a loop.

Tetraloop.
A four nucleotide loop at the end of a hairpin, often belonging to one of several sequence 

motifs such as 5’ GAAA (GNRA) or 5’ UNCG.

Acronyms

2D secondary structure (of RNA)

3D tertiary structure (of RNA)

2WJ Two-way (helical) junction

4WJ Four-way (helical) junction

FRET fluorescence resonance energy transfer

SANS small angle neutron scattering

SAXS small angle X-ray scattering

UV ultraviolet light
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Summary

1. Counterions trigger the collapse of RNA chains into compact folding 

intermediates, in which the double helices are fully assembled and engage in 

partial or dynamic tertiary interactions.

2. Secondary and tertiary folding steps are coupled via helix assembly during 

the collapse transition, blurring the concept of folding hierarchy.

3. Specific collapse produces native-like compact states and increases the 

fraction of RNA that folds directly (and rapidly) to the native state. Non-

specific collapse increases the population of misfolded intermediates.

4. Collapse is rapid (1–10 ms or less) and followed bya rate-determining search 

for stable tertiary interactions and the native structure.

5. Specific folding transitions that produce compact structures are most sensitive 

to the valence and size of the counterions.
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Figure 1. Folding of hairpin ribozyme.
Internal loops A and B dock in the native state (72). Rapid fluctuations of the four-way 

junction (4WJ) produces a compact intermediate; conformational changes in loops A and B 

lead to the native docked state. Docking is slower when the 4WJ is replaced by a two helix 

junction (2WJ). Adapted from (65, 88, 110).
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Figure 2. Tertiary interactions increase the cooperativity of helix assembly.
A loop mutation (GAAA to GUAA) in the Azoarcus ribozyme (1) makes pairing of core 

helices less concerted, as revealed by partial digestion with ribonuclease T1 (WT, black 

lines; mutant, red lines). As helix assembly becomes less specific, the fraction of slow 

folding RNA folding rises. Adapted from (17).
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Figure 3. Specificity of collapse from equilibrium SAXS.
The Azoarcus ribozyme collapses to native-like intermediates (IC) while the Tetrahymena 
ribozyme collapses to an ensemble of non-native intermediates (I’s) (16, 23, 74). In both 

RNAs, specific transitions to a native-like fold are sensitive to counterion charge density. 

Redrawn from (53).
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